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Preface

Introduction

Over the last two decades, a number of studies, research papers, and contributions
have been published on wadi system issues. The first specific and original book was
presented by Sen in 2008, and it was named “Wadi hydrology.” In this book, the
author highlighted the wadi terminology to provide a definition for arid basins and
addressed the assessment methodologies from different aspects of water resources
with innovative and distinctive concepts. Additionally, UNESCO IHP established
the “Global Network on Water and Development Information for Arid Lands
(G-WADI)” in 2004. It was originally initiated to strengthen the capacity to manage
water resources in arid and semiarid regions and build an effective global com-
munity through the integration of networks, centers, organizations, and individuals
(https://gwadi.org/). Although many previous studies have focused on arid envi-
ronment characteristics and rainfall-runoff modeling, water management, and dis-
aster risk reduction, the current situation is still challenging due to climate change
impacts and global warming. Therefore, we present this book as an attempt to
continue the efforts of previous researchers and scientists to develop a tangible and
sustainable management process that considers all water resource aspects in arid
and semiarid regions.

Wadi flash floods (WFFs) have recently become more frequent and devastating,
and they result in significant economic, property, and life losses, as well as envi-
ronmental degradation. The wadi systems of arid and semiarid regions face various
challenges that hamper water resource management for secure sustainable devel-
opment. Among these, challenges are data limitations (availability and quality),
dual disaster events (floods and droughts), water shortage (quantity and quality),
improper management (water and sediment), and weak comprehensive under-
standing of the WFF processes and appropriate WFF approaches (models, strate-
gies, and planning). Although several research studies focused on the use of WFFs
to mitigate flash floods in some arid regions based on impact modeling (Saber et al.
2010, 2015, 2017, 2018, 2019, 2020a, b; Saber 2010; Kantoush et al. 2011;
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Cools et al. 2012; Moawad 2013; Sumi et al. 2013; Abdel-Fattah et al. 2015; Saber
and Habib 2016; Youssef et al. 2016; Abdel-Fattah et al. 2016; Abuzeid et al. 2016;
Abdel-Fattah et al. 2017; Abdel-Fattah et al. 2018; Saber and Yilmaz 2018;
Al-Mamari et al. 2019; Abdrabo et al. 2020; Prama et al. 2020; Abdel-Fattah et al.
2021), the spatiotemporal variability in both the magnitude and frequency of flash
floods is still not well understood and has not been scientifically evaluated, espe-
cially in terms of climate change. In this book volume, a comprehensive vision and
research directions are introduced with the goal of enhancing the scientific under-
standing of natural disaster science and WFF mitigation. The book stresses the
urgent need to develop sustainable approaches and methods to simulate and forecast
WFFs by focusing on water management, climate change impacts, disaster risk
reduction, society and environmental development.

The book includes selected high-quality papers from five series of the
International Symposium on Flash Floods in Wadi Systems (ISFF) that were held in
2015, 2016, 2017, 2018, and 2020 in Japan and Egypt, Oman, Morocco, and Japan,
respectively. The main merit of this comprehensive book is its focus on research
and technical papers as well as case study applications in different regions world-
wide (see the global maps, Fig. 1) that cover many topics and answer several
scientific questions.

The main factors that lead to increases in wadi flash floods in terms of frequency
and intensity must be identified to develop robust forecasting programs and proper
mitigation strategies for flash flood risk reduction. Additionally, the hydrological
characteristics, such as rainfall spatiotemporal variability, infiltration processes,
runoff generation, and surface and subsurface water interactions, must be investi-
gated along with geomorphological, topographical, and geological features. This
approach represents an optimal method of overcoming the identified issues.

Water resources are highly scarce in arid and semiarid regions; therefore, water
management is a must. There are challenges in water resource management related

Fig. 1 Target regions and country applications reported in the WFF textbook
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to the increases in population, agricultural areas, and water demand. Moreover, the
hydrological conditions in such regions are not only extremely variable but also
affected by climate change. Due to the absence of water management and sus-
tainable mitigation strategies, the development of effective hydrological models is
desperately needed to overcome wadi system problems. Therefore, we propose a
multidisciplinary approach relying on the addressed factors (Fig. 2). Such a pro-
posed research strategy focuses on WFF modeling, mitigation, and harvesting as
well as the related socioenvironmental issues. We propose an integrated strategy
based on multidisciplinary research according to the following issues:

• Innovative approaches: What factors are missing in the existing approaches for
flash floods? How can we enhance the forecasting and mitigation of models and
methodologies?

• Databased networks: What are the existing challenges of observation and
monitoring networks for modeling and forecasting? How can we enable these
ungauged wadi basins?

• Teamwork: What are the existing global and national networking programs for
research collaboration? How can we start efficient networks that include
researchers, professionals, engineers, and stakeholders from different countries?

• Risk reduction and sediment management: How can we propose flash flood
risk reduction approaches based on innovative hydrological models and miti-
gation actions?

• Water harvesting and water management: How can we integrate methods for
surface and subsurface water management for water harvesting and groundwater
recharge?

Fig. 2 Governing factors and
issues for wadi flash flood
management
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• Society and environment: How can we develop wadi societies and commu-
nities by involving the local population in research project implementation?

• Decision making, planning, and governance: How can we improve the
existing national and global plan for wadi society development?

Overview of the Wadi Flash Flood Textbook

The main purpose of this book is to bring together research studies, developments,
and application-related flash flood topics on wadi systems in arid regions. In this
book, the authors and contributors (engineers, researchers, and professionals) have
introduced their recent scientific findings to develop proper, applicable, and inno-
vative tools for mitigation, forecasting, and water management as well as society
development. The main contents include recent scientific achievements and find-
ings, which are introduced in 22 chapters under seven main research themes as
follows:

Part I. Wadi Flash Flood Challenges and Strategies
Part II. Hydrometeorology and Climate Changes
Part III. Rainfall-Runoff Modeling and Approaches
Part IV. Disaster Risk Reduction and Mitigation
Part V. Reservoir Sedimentation and Sediment Yield
Part VI. Groundwater Management

Uji, Kyoto, Japan Tetsuya Sumi
Sameh A. Kantoush

Mohamed Saber
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Summary

The chapters of the book are summarized in this section. The WFF book contains
six themes and a total of 22 chapters focused on several topics associated with arid
and semiarid regions. The first theme (Part I) is “WFF Challenges and Strategies,”
and it includes three chapters (Kantoush et al. 2021; Loudyi and Fekri 2021; and
Boutaghane et al. 2021) that define the research gaps, directions, strategies, and
challenges at the regional scale of the MENA region and the country scale, such as
Morocco and Algeria.

Kantoush et al. (2021) (Chap. 1) provide a state-of-the-art scientific basis in
terms of integrated flash flood management, and it mainly highlights the research
gaps and emerging research methodologies that can contribute to guiding the
management of WFFs in the Middle East and North African (MENA) arid areas.
The chapter also discusses the importance and objectives of the international
symposium on flash floods (ISFF) project and the different dimensions of flash
flood phenomena, causes, and resulting impacts in the MENA region. This chapter
highlights that flash flood disasters in arid environments are associated with several
challenges related to flash flood features, arid environment characteristics, and data
and methodology limitations. At the country scale, two chapters address local
strategies. The second chapter addresses flood risk management practices in
Morocco by Loudyi and Fekri (2021) (Chap. 2). In this chapter, the phenomenon of
floods in Morocco is discussed, and the evolution of approaches to assess flood risk,
related technical and governance aspects, and best practices for managing floods are
highlighted. This chapter provides holistic insights into flood risk management in
Morocco. The authors stated that the engagement of citizens and other public
stakeholders within a participatory approach is recommended for better commu-
nication of flood risk preparedness and resilience enhancement, and it indicates that
the involvement of international organizations, such as OECD and WB, and
international collaboration in research can also offer a great opportunity for
improving flood risk assessment in the country. The third chapter by Boutaghane
et al. (2021) (Chap. 3) highlights the strategies for flood analysis and mitigation in
Algeria. The flood monitoring network is also addressed by highlighting the data
availability and quality and implementing the first forecasting and early warning
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system. The authors stated that there are problems with the length of historical
datasets obtained from hydrometric and pluviometric monitoring networks.

The second theme (Part II) is “Hydrometeorology and Climate Changes,” and it
includes two chapters. The first study by Nayak and Takemi (2021) (Chap. 4)
focuses on the impact of climate change on temperature and precipitation in India.
The study introduces a comprehensive assessment of future climate change in terms
of the climatologies, distribution patterns, annual cycles, and frequency distribu-
tions of temperature and precipitation over India. The results indicate that some
desert regions in the west and tropical humid climate types in the central and south
regions of the country show possible temperature increases of 4–5 °C while the
temperatures over the subtropical humid climates in the north and east regions
of the country show increases of 3–4 °C. The second chapter by Belarbi et al.
(2021) (Chap. 5) presents an analysis of the hydrological behavior of watersheds in
the context of climate change in Algeria. The study focused on the temporal evo-
lution of the rainfall-runoff relations in four basins in northwestern Algeria. The
results show that in the four basins, rainfall deficits started in 1974/1975 and
continue to the present with annual variability. The authors stated that such chan-
ges, which are characterized by downward trends, have motivated them to pay more
attention to the proper functioning of completed or planned projects with the
challenge of attaining sustainable management of water resources in the region to
mitigate persistent drought. Both studies in India and Algeria highlight the
importance of understanding climatic variability and its impacts on water resources
as well as its relation with different climatic environments, and they also provide
insights to understand climatic dynamics and variability.

The third theme (Part III) is “Rainfall-Runoff Modeling and Approaches,” and it
includes five chapters (Tügel et al. 2021; Holzbecher et al. 2021; Abdelmoneim
et al. 2021; Al-mamari et al. 2021; and Banihabib and Vaziri 2021). Tügel et al.
(2021) (Chap. 6) investigated flash floods in the region of El Gouna in Egypt by
using a 2D robust shallow water model that incorporates time-dependent infiltration
to find the most realistic infiltration settings for this desert area. The study con-
cluded that in addition to the overestimation of infiltration, the DSM lacked
accuracy and resolution because some important topographical features were not
well captured. The authors recommended extending their research work to include
infiltration measurements with a rainfall simulator to better represent the natural
conditions during heavy rainfall events and to investigate the effect of surface
sealing and improve the DSM. Holzbecher et al. (2021) (Chap. 7) introduced smart
technology for an early warning system that includes hydrological sensors, remote
sensing, sensor networks, data integration, hydrodynamic simulation and visual-
ization, decision support and early warning systems and the dissemination of
information to decision-makers and the public. Two case studies are presented in
Australia and Oman with similar flood characteristics. The case of the flash flood
guidance system of Oman shows that technical issues associated with flood warning
systems can be addressed and resolved.

Abdelmoneim et al. (2021) (Chap. 8) presented a study on different global
precipitation estimations based on satellite products (PESPs) with high resolution as
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the input to the distributed Hydrological River Basin Environmental Assessment
Model (Hydro-BEAM) to investigate the potential effects on streamflow predictions
over the Blue Nile basin (BNB). A comparison of PESPs with observed gauge data
reveals that the performance of the TRMM 3B42 V7 product is the most precise in
terms of monthly precipitation estimates. Flash flood monitoring is not well
implemented in arid regions; therefore, Al-Mamari et al. (2021) (Chap. 9) high-
lighted the importance of implementing innovative monitoring techniques that can
use noncontact measurements to extract accurate information and data from wadi
channels. Two different image-based techniques were applied in Oman. The first is
photogrammetry processing to quantify postpeak flood discharge by using a drone
survey to build a digital elevation model (DEM) that is calibrated and validated by a
field survey. In the second method, they combined the previous technique with the
large-scale particle image velocimetry (LSPIV) technique to measure flash flood
discharge by installing a fixed camera at the site. The results show acceptable
agreement between the applied techniques and the real observations, and it will
represent a good step to measure and monitor flash floods indirectly. An additional
study by Banihabib and Vaziri (2021) (Chap. 10) focused on using an experimental
rainfall simulator to generate temporally varied rainstorms. A rainstorm simulator
was designed and built using cascading tanks to generate rainstorm hyetographs
that cannot be obtained using traditional rainfall simulators, and the results and
numerical model showed that the instrument can simulate the temporal distributions
of rainstorms with an accuracy of 95%.

The fourth theme (Part IV) is “Disaster Risk Reduction and Mitigation,” and it
includes four chapters (Abdrabo et al. 2021; Huq et al 2021; Saber et al. 2021;
Saeed and Mills 2021). Abdrabo et al. (2021) (Chap. 11) presented a review study
to address the role of urban planning and landscape tools concerning flash flood risk
reduction within arid and semiarid regions. The chapter stated that the application
of the urban planning approach for FRR in arid and semiarid regions has not yet
received adequate attention and concluded that integration of a DRR strategy with
both structural and nonstructural mitigation measures in spatial planning could be
much more effective than applying the approaches separately. The second chapter
by Huq et al. (2021) (Chap. 12) focuses on assessing the vulnerability of flash
floods in the urban city of Dhaka, Bangladesh. The study addresses the importance
of various factors, including social, economic, structural, institutional, political,
geographic, and environmental factors, for measuring the specific nature of people’s
vulnerability levels to different hazards. The results show that slum inhabitants are
more vulnerable to flash flood hazards than nonslum inhabitants. Additionally,
Saeed and Mills (2021) (Chap. 13) explored the flash flooding risk in the Saudi
Arabian city of Jeddah with a particular focus on the Abruq Ar Rughamah
neighborhood. The results show that most of the area, especially the unplanned
area, is located along a natural flood path. This paper concludes that it is important
to develop a risk management strategy that includes limiting urban expansion in
flood-prone areas and redesigning neighborhoods to increase flood resilience. The
last chapter on this theme was introduced by Saber et al. (2021) (Chap. 14), who
presented a comparison study at Wadi Uday in Oman and Sume Basin in Paraiba,
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Brazil. The climatic characteristics are reviewed for both regions, and the
rainfall-runoff inundation model (RRI) was used to simulate the discharge and flood
inundation of recent flood events in the study areas. This simulation highlighted the
severity and frequency of recent flash flood events to better assess the current
mitigation measures in arid and semiarid basins. The findings indicated that flash
floods tend to be more severe and extreme in arid regions than in semiarid regions
despite the lower frequency of flash floods and the water scarcity in arid regions.
Distributed dams also proved to be more effective in preventing flash floods in arid
regions than in semiarid regions

The fifth theme (Part V) is “Reservoir Sedimentation and Sediment Yield,” and
it includes five chapters (Saber et al. 2021; Holzbecher and Hadidi 2021; Djoukbala
et al. 2021; Adam and Suleiman 2021; Banihabib and Tanhapour 2021). In arid and
semiarid environments, little attention has been focused on sedimentation assess-
ments and impacts associated with flash floods, especially in the MENA region,
with hyperarid conditions. Saber et al. (2021) (Chap. 15) highlighted the integration
of field investigation and modeling as well as remote sensing techniques to
understand the sediment dynamics in hyperarid reservoirs in Oman. This chapter
presents an international collaboration project implemented in Oman focusing on
monitoring and observing sedimentation and its impacts on infiltration in the
Asserin Reservoir, Wadi Mijlas, Oman. Detailed field investigations were con-
ducted, including drone surveys, pedon analysis, and infiltration tests, and ques-
tionnaires about flash floods were also implemented. The detailed field survey is
highly important for assessing sediment transport and sedimentation impacts on
infiltration. Holzbecher and Hadidi (2021) (Chap. 16) introduced a multiphysics
approach that coupled shallow water equations (SWEs) representing water height
and velocity with equations for suspended particulate matter and bed loads by using
COMSOL Multiphysics software. The study examined the capability of the
numerical approach to simulate basic processes that change the bottom elevation of
a water body. However, this study demonstrated that basic phenomena associated
with sediment transport, such as scour creation and sediment deposition, can be
captured by a 2D coupled multiphysics approach. Sedimentation in Algeria is
associated with a high level of challenges, especially in the northern and central
basins. Therefore, Djoukbala et al. (2021) (Chap. 17) aimed to estimate the eroded
and transported sediment yields from the whole Hodna Basin area by two
approaches. In the first model, the eroded yield is estimated by mapping erosion
using the Revised Universal Soil Loss Equation (RUSLE). In the second approach,
the data of the gauged subbasins are extrapolated to the ungauged areas based on
homogeneous factors that influence the water erosion-sediment transport process.
The results of the two methods showed that high eroded and transported sediment
yield values were observed in the basin.

Sedimentation is also a challenging issue in Sudan due to its impacts on the
operations of reservoirs and irrigation networks, as highlighted by Adam and
Suleiman (2021) (Chap. 18). This study discusses the sediment management
practices used in the Khashm el-Girba Dam, which crosses the Atbara River in
Eastern Sudan, and their impacts on maintaining reservoir capacity. Practices
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including operation policy (OP), trap efficiency (TE), sluicing, sediment sluicing,
and flushing operation (FO) were discussed. The authors stated that the adopted
management practices succeeded in removing a considerable amount of silt and
maintaining the lifetime of the reservoir. Determining the precipitation intensity
threshold of debris flood occurrence was addressed by Banihabib and Tanhapour
(2021) (Chap. 19). In this study, a laboratory model was employed to determine the
precipitation intensity threshold at which debris floods occur using a set of factors,
including sediment layer thickness, bed slope, grain mean diameter, length of
sediment, precipitation intensity, and time of debris flood occurrence.

The sixth theme (Part VI) is “Groundwater Management,” and it includes three
chapters (groundwater in arid regions is an important and basic water resource for
different uses in most arid regions). Ebraheem et al. (2021) (Chap. 20) presented
geophysical methods to determine the locations of saturated fractures and karsts and
the thicknesses of the unconsolidated materials in the wadis. The locations of the
two production wells were determined in the Wadi Ham and Ain Madab Springs
areas in the UAE for feeding the spring during drought seasons. The authors
indicated that to avoid losses of spring water, water should be transported by pipes
or by the construction of sealed small canals toward the bathing pool.
Overexploitation of groundwater has led to declining water levels in many aquifers
in arid regions, as stated by Sherif et al. (2021) (Chap. 21). This study was con-
ducted to evaluate the effect of the Wadi Bih Dam on groundwater resources and to
provide data on the hydrodynamics of the aquifer. The results showed that the
additional recharge provided by dam storage does not balance groundwater
extraction; thus, the present exploitation regime is not sustainable. To achieve
sustainable management of the groundwater resources in Wadi Bih, an integrated
solution must be pursued considering demand management as well as options for
further mitigating the impacts of groundwater abstraction. In terms of water quality
and the impact of groundwater overpumping, Saber et al. (2021) (Chap. 22)
investigated the environmental impacts of the increasing groundwater level through
field observations and chemical analyses of the groundwater wells in the Faris Area,
Aswan. The results revealed that the use of flood irrigation systems in the upper
newly reclaimed land area in the study area is the main cause of the decreasing
groundwater levels, which have led to remarkable environmental degradation in the
city. Additionally, the water quality also drastically changed due to the over-
pumping of groundwater.

In conclusion, the presented chapters comprehensively and significantly high-
light different scientific research disciplines related to wadi flash floods, including
climatology, hydrological models, new monitoring techniques, remote sensing
techniques, field investigations, international collaboration projects, risk assessment
and mitigation, sedimentation and sediment transport, and groundwater quality and
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quantity assessment and management. These collections of chapters could provide
valuable guidance and scientific content not only for academics, researchers, and
students but also for decision-makers in the MENA region and worldwide.
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Part I
Wadi Flash Flood Challenges and

Strategies



Chapter 1
Integrated Strategies
for the Management of Wadi Flash
Floods in the Middle East and North
Africa (MENA) Arid Zones: The ISFF
Project

Sameh A. Kantoush, Mohamed Saber, Mohammed Abdel-Fattah,
and Tetsuya Sumi

Abstract Sustainable management of wadi flash flood (WFF) risks is desperately
needed to secure development in wadi systems. Due to rapid flow generation with
sudden high flood peaks, spatiotemporal variability of rainfall occurrence, and
poorly sited rapid development, most Middle East and North Africa (MENA)
region have no comprehensive proper protection from WFFs. In arid regions, single
mitigation measures, including storage dams, recharge dams, artificial lakes and
embankments, are implemented, although soft mitigation measures are not domi-
nant, such as early warning systems. The single management strategy under climate
change impacts is not adequate to reduce flash flood risks; an integrated strategy is
required. The objective of the international symposium on flash floods (ISFF)
project has been to develop scientific understanding of WFFs in wadi systems;
monitor, model, and mitigate; issue warnings; and plan urban development by
discussing and networking the strategies in the MENA region. To achieve this goal,
the project defines priorities for future research challenges and potential projects for
WFFs. This chapter provides a state-of-the-art scientific basis in terms of integrated
flash flood management. Further, priorities are defined for the main research gaps,
and the emerging research methodologies can contribute to guide the management
of WFFs in such regions.
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1.1 Introduction

‘Wadi’ is an Arabic word that is commonly used to refer to dry stream channels and
ephemeral streams or valleys typically in arid zones, such as in the Middle East and
North Africa (MENA) countries (Jackson and Bates 1997; Sen 2008). In the past
(before the year 2003, usually in late October or November), rainfall in the wadis
can be described as episodic, varying widely on spatial and temporal scales, with
many years receiving no precipitation at all. Recently, in the last 10 years, wadi
flash floods (WFFs) in arid regions have become catastrophic and more frequent
due to climate change impacts. In direct response to intense and usually sudden
rains, WFFs can produce enough runoff such that wadis flow for some distance
within the basin, but the flow often does not reach the coast because of high
transmission losses, as documented by El Bastawesy et al. (2009), who analyzed
pre- and post-flood remotely sensed data. Therefore, water harvesting of flash flood
water can be a significant approach to mitigate some potential wadis.

Floods are natural disasters worldwide; however, their adverse impact is superior
in developing countries (Alcántara-Ayala 2002). It was recently reported by the
United Nations Office for Disaster Risk Reduction (UNISDR) that Arabian coun-
tries were affected by many disasters (approximately 270) over the last 30 years,
resulting in over 150,000 deaths and influencing approximately 10 million people
(Guha-Sapir et al. 2016). Recently, WFFs have been extreme and frequent in most
of the MENA arid zone, resulting in substantial economic and property losses. For
instance, flash floods struck Egypt, Jordan, and Saudi Arabia 39 times from 1900–
2016, causing 1,508 casualties and significant damages exceeding 1.8 billion USD
(De Vries et al. 2018). For instance, October 2016 flash floods left 26 dead people
and tens of millions of USD in damages in Ras Gharib City (Abdel-Fattah et al.
2017). Due to extreme precipitation in Sudan during a 6-h period on 7 August 2013,
the Humanitarian Aid Commission (HAC) estimated that 499,900 people coun-
trywide had been impacted and more than 85,385 houses were destroyed in the
affected states, with Khartoum State experiencing the worst effects (IFRC 2013).
Flash floods in Oman are often caused by more severe phenomena, which include
tropical cyclones that bring massive devastation to infrastructure and the loss of
human life. Oman was also hit by an extreme cyclone in July 2007 that killed 54
people, and property damage was assessed at 3.9 billion USD (Al Khatry and
Helmi 2008; Al Barwani 2015). In October 2018, the increased frequency of
extreme rainfall events associated with various flash floods triggered widespread
destruction in most of the MENA region, including Jordan, Kuwait, Qatar, Saudi
Arabia, the UAE, Morocco, Tunisia, Algeria, Mauritania, Sudan and Oman.
Because previous experience of such disasters in arid regions is limited, proper
planning and management are now required. Events such as those in Egypt (2010),
Oman (2007), Yemen (2008), Jordan (2012), and Bahrain (2008) ensure that WFFs
remain the leading meteorological disaster causing death and property damage.
These floods destroy the main infrastructure, such as buildings, villages, agricul-
tural lands, roads, power towers, and pipelines, and they injure and kill humans and
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animals (Murata et al. 2015; Abdel-Fattah et al. 2018). In 2018, wadi flooding
trapped tourists and forced 4,000 tourists to evacuate to safe places within 1 h
before the peak flood reached the historic site of Petra, Jordan (Guardian 2018).
Sirens blared minutes before extreme flash flooding after heavy rainfall approached
Petra (historical city, dating back to 9,000 B.C.). The last deadly flash flood hit
Petra in 1963, when 22 French tourists and a local guide were killed by flash floods
(Laure Van Ruymbeke 2018).

Monitoring, modelling and early warning of WFFs are difficult, especially in
ungauged wadis. Furthermore, the lack of a complete data archive of pre- and
post-WFF events across the MENA region obstructs efforts to mitigate the flooding
risk (Viglione and Rogger 2014; Saber and Habib 2015). Most of the published
studies regarding WFFs have focused on the geology, geomorphology, and
hydrogeology of wadi systems (Moneim 2005; Elewa and Qaddah 2011;
Abdelkareem and El-Baz 2015). The other flash-flood-related features of wadi
systems, such as integrated management, hydrological modelling, and risk assess-
ment, have not been sufficiently addressed. Unfortunately, modelling the response
of wadis to rainfall is challenging due to the lack of data and to special charac-
teristics of wadis; consequently, developing powerful hydrological models is dif-
ficult (Wheater et al. 2007). Different rainfall modelling tools and methodologies
have been widely used, but most of them were originally established for humid
environments; nevertheless, arid and semi-arid regions facing severe water
resources scarcity and flash flood threats have received little attention. The lack of
high-quality observations is hindering the development in arid regions (Pilgrim
et al. 1988). Precipitation events are spatiotemporally irregular, highly variable and
localized. Flow measurements are lacking or uncertain. Moreover, some of the
developed hydrological models that were constructed for humid conditions cannot
be easily adapted to arid environmental conditions (Cools et al. 2012). Generally, in
humid environments, during the dry seasons, flow discharge increases downstream
and groundwater contributes to river systems, whereas in arid environments, the
opposite is valid, the surface flow is reduced because the groundwater table is
usually depressed (Sen 2008). For these reasons, the hydrological processes of arid
lands differ from those of humid lands and present particular challenges.
Developing hydrological models and methodologies is urgently needed in arid and
semi-arid regions. According to many previous studies, nonrioting and measuring
of flow is mostly problematic in arid regions for numerous reasons (Rodier and
Roche 1978; Kilpatrick and Cobb 1985; Pilgrim et al. 1988; Lange et al. 1999; Lin
1999; Abushandi and Merkel 2011) and can be summarized as follows: (1) during
flash floods, there is a rapid rising and falling of the water level; (2) it is difficult to
install monitoring devices in the target area; (3) appropriate natural control sectors
are nonexistent, artificial control in wadis is expensive; (4) extreme physical and
climatologic circumstances exist; (5) sediment transport, moving rocks and debris
can damage the installed instruments; (6) access is difficult due to few drivable
roads, especially during the rainy and flooding seasons; (7) the population density
in arid environments is typically low; (8) there is insufficient awareness of the
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importance of flooding studies and monitoring; and (9) the devices for flood
measurement are expensive, especially in developing countries.

Not all flash floods are destructive, and the harvest of floodwater and
rainfall-runoff for human and livestock usage and agricultural development should
be considered by management in the construction of underground dams, artificial
lakes, recharge dams and off-stream structures. Structures located unwisely in wadis
are vulnerable to damage, and residents and tourists may be killed or injured, as
vividly illustrated by the November 2009 floods in Jeddah (BBC 2009).
Unfortunately, culverts, dams and other flood mitigation structures that have been
designed and constructed in many wadis put significant numbers of people at risk.
In the MENA region, very few researchers have considered the different alternatives
for flash flood mitigation. Al-Weshah and El-Khoury (1999) compared various
mitigation measures, including terracing, storage dams, construction of check, and
afforestation, as well as different combinations of these measures using hydrological
modelling tools. A master plan was proposed by McLane and Wüst (2000) to
mitigate the flooding impact on the archaeological tombs of the Valley of Kings. An
integrated approach using GIS and remote sensing was proposed for flash flood
mitigation and water resource management in Safaga, Red Sea, Egypt. In this study,
the prone area for flood risk was identified and mapped, the appropriate locations
for dam construction were determined, and highly potential sites for water
recharging were determined. Additionally, various rainfall-runoff analyses and
discharge forecasting were conducted, and the inundation areas were identified. To
date, no comprehensive proper strategies for mitigating and managing water
resources have been developed in wadi basins. Establishing guidelines and inte-
grated methods for the management and mitigation of wadis for potential future
development projects is urgently needed to utilize floodwater as an additional water
resource in arid areas.

The ISFF project is focused on disaster risk reduction (DRR) by discussing
existing mitigation strategies for flash flood protection and consequent proper
floodwater management (water harvesting) in arid countries in Egypt, Oman, Saudi
Arabia, Yemen, Sudan, Jordan, and Morocco. Priorities will be defined for future
research challenges, gaps, and potential projects for flash floods in wadi systems.
ISFF projects have different objectives: (1) to initiate a networking platform for
sharing knowledge, data, and experience among researchers, scientists, and
authorities in the MENA countries, (2) to boost collaboration among researchers in
both fundamental and applied sciences, and (3) to transfer Japanese technologies to
the MENA region for FF protection and water harvesting.

The current chapter aims to present the current status of wadi flash floods in
some parts of the MENA region, provide a state-of-the-art summary of current
management and existing WFF mitigation strategies, present and discuss the
approach of integrated flash flood management, and discuss the main research
challenges to be addressed in future years.
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1.2 ISFF Project

The ISFF project was originally initiated by The Water Resources Research Center
(WRRC) and the Global Alliance of Disaster Research Institutes (GADRI) of the
Disaster Prevention Research Institute (DPRI), Kyoto University, to discuss the
research outcomes of the MENA region and to establish research projects with
several Arabian countries, including Morocco, Tunisia, Jordan, Egypt, Morocco,
Oman, Saudi Arabia, Tunisia, Sudan, and Jordan. The first ISFF was organized at
Kyoto University from 14 to 15 October 2015. The main purpose was to bring
together researchers, scientists, and experts from governmental and private orga-
nizations in Japan, Sudan, Saudi Arabia, Egypt, Jordan, Oman, and Europe to
initiate a scientific platform to discuss different topics related to flash floods,
including hydrometeorology, flood disasters, and risk management, and to boost the
foundation of joint research cooperation programmes. The ISFF was established to
fill the current gaps in flash flood knowledge and to confirm a proper integrated
strategy for water resource management in wadi systems. Several related topics
have been addressed from different aspects, including water harvesting, mitigation
measures (structural and non-structural), hydrological modelling, and early warning
systems.

The main outcomes of the first ISFF symposium were drawing a roadmap for the
next five years to support and continue the efforts of organizations and governments
and to implement more scientific research and propose guidelines for assessing,
mitigating and utilizing flash floods. In the symposium, a training course under the
framework agenda of the UNESCO Japanese Fund-In-Trust (JFIT) project was
organized with the title “Urgent Capacity Development for Managing Natural
Disaster Risks of Flash Floods in Egypt, Jordan, Sudan and Yemen”. Many par-
ticipants from developing countries joined the course, which focused on flash flood
management and prediction using the integrated flood analysis system (IFAS) and
the rainfall‐runoff-inundation (RRI) model designed by the International Centre for
Water Hazard and Risk Management (ICHARM), Japan. This training was planned
to foster the participants’ awareness of WFF risk assessment and management.

Based on the road map, the second ISFF was organized and hosted by the TUB,
El Gouna campus, Egypt, with the support of the UNESCO project. The third ISFF
was organized in 2017 at GUTech in Muscat, Oman. It was mainly concentrating
on flood risk mitigation, management, and assessment. The fourth ISFF was
organized in 2018 at Hassan II University, Casablanca, Morocco. From 25 to 28
February 2020, the fifth ISFF was organized and hosted at WRRC, DPRI, Kyoto
University, Japan. The fifth ISFF symposium was focused on wadi flash flood
challenges in arid regions and especially “Disaster Risk Reduction and Assessment
for the Flood Prone Urbanized & Archaeological Wadis in Middle East and North
Africa MENA Region”. During the symposium, a special seminar on flash flood
risk at UNESCO World Heritage Sites (WHS) was held on 26 February 2020. Due
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to COVID-19, the number of participants was limited, with approximately 87 from
12 countries. The sixth ISFF will take place in Amman, Jordan, from 26 to 30
September 2021. The continuity of such ISFF special annual meetings is desper-
ately needed to overcome the water-related challenges in the MENA region.

1.3 Extreme WFF Events and Disasters in Wadi Systems
in the MENA Region

The arid areas in the MENA region are typically hot and dry deserts (Fig. 1.1a) with
rare to intermittent rainfall. However, the climate is variable according to the
topography of each country (compare Fig. 1.1a–c), and extreme rainfall events are a
crucial part of the region’s climate (De Vries et al. 2018). Various examples of
different wadi climates in Egypt, Morocco, and Oman are shown in Fig. 1.1. The
infrequent storms recharge the freshwater storage, supporting agriculture and sus-
tainable development, as shown in Wadi Samail (Fig. 1.1c). However, they can also
be transformed into deadly and economical disasters in a short time. Flash floods in
arid wadis are distinguished from other types of urban and river flooding by the
following characteristics: (1) the dry stream channel is characterized by the absence
of base flow (Fig. 1.1a) (Abdel-Fattah et al. 2018); (2) wadi surface runoff presents
discontinuous flow due to short-duration rainfall events with highly localized
spatial extent (Wheater et al. 1991; Saber 2010; Saber et al. 2010a, b, 2015); (3) the
flow volume from single events is high, starting with low flow before the ascending
hydrograph and increasing to the maximum peak of discharge before flow recession
(Knighton and Nanson 1997; Saber and Habib 2015); (4) the evaporation rate,
permeability of the desert, recharge of ground surfaces, sediment yield and slope are
high; (5) plants and organic material are scarce, and soils are thin and poorly
developed (McIntyre and Al-Qurashi 2009; Camarasa-Belmonte 2016); and
(6) monitoring (rainfall, water level and discharge rates), accurate prediction,
planning and strategies are lacking.

Extreme WFFs in the MENA region are characterized by high spatiotemporal
variability in terms of frequency and intensity (Saber et al. 2017a, b, 2020). In the
wadi systems of Arabian countries, a total of 50 flood events were recorded
between 2000 and 2018, as shown in Fig. 1.2. The regional events in 2010, 2015,
and 2018 affected more than one country. For instance, a single event in November
2018 affected Kuwait, the UAE, Oman, Qatar, Saudi Arabia, and Jordan, and
extreme impacts occurred in most of the region. Figure 1.2 shows the total number
of events in each country in the MENA region. More events occur in Saudi Arabia
and Jordan due to cyclones.
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Fig. 1.1 Arid wadis system in a Wadi Qena (Egypt), b Oued (Wadi) El-Abed (Morocco) and
c Wadi Samail (Oman)
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1.4 Spatial and Temporal Distributions of Wadi Flash
Flood Events

A recent study by De Vries et al. (2018) reported that tropical-extratropical inter-
actions are the main drivers of extreme precipitation events in the MENA region.
Therefore, understanding the variability of extreme rainfall events that mostly form
flash floods is crucial to improving physically based forecasts and DRR. Figure 1.3

Fig. 1.2 Extreme flash floods events in the Arab region (2000–2018) showing the degree of flood
frequency (upper panel) and the increasing trend in floods within the last two decades (lower
panel)
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shows the maximum spatial (Algeria, Arabian Peninsula, and Sudan) and temporal
rainfall for three extreme events based on satellite rainfall datasets. The high
variability in spatial coverage and intensity for the daily time series was investi-
gated. Spatially, the first event over the northeastern part of the region produced a
maximum rainfall rate of approximately 86.778 mm/day, the second event affected
the Arabian Peninsula with 151.40 mm/day, and the third event over Sudan
involved approximately 162.4 mm/day. These WFFs were highly variable
depending on the climate and topography of each region.

1.5 Rainstorms and Tropical Cyclones from the Indian
Ocean

MENA countries represent different climatic, hydrological, land use, and obser-
vational characteristics and storm types. WFFs in most of the region are produced
by convective clouds at the end or beginning of winter and summer, when hot air
masses cause heavy rainfall connected with thunderstorms except for the Arabian
Peninsula, which is affected additionally by tropical cyclones. Most of these
cyclone tracks develop over the Indian Ocean and Arabian Sea from April to June

Fig. 1.3 Comparative analysis of 3 selected extreme events identified based on the maximum
rainfall per day
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and October through December. For instance, Egypt has a very dry and arid climate
with low annual average rainfall (<50 mm), whereas Oman has semi-arid to arid
climatic conditions and a higher annual average rainfall of 50–350 mm. In Oman,
WFFs are mainly discharged to coastal drainage systems. Figure 1.4 shows the
annual average spanning 35 years over Oman associated with the total rainfall
during cyclones. Records show that severe damage occurred in Oman in 1989,
1997, 2002, 2003, 2007, 2010, 2015 and 2016 (Al Barwani 2015) due to WFFs.
The most extreme rainfall events that occurred in Oman were due to tropical
cyclones Gonu-2007 and Phet-2010 (Al Barwani 2015; MRMWR 2015), which
caused 56 fatalities with 6 billion USD of economic losses. Several wadis (W.
Kabir, W. Aday and W. Samail) in Oman have experienced flash floods with huge
impacts on the human life, infrastructure and property (Al-Rawas and Valeo 2008).
Detailed hydrological research studies are desperately required to assess flash flood
risks and propose effective mitigation measures in the MENA region.

1.6 Impacts of Extreme Event Occurrences
on Management

Flash floods in arid environments can be dangerous because when rain falls on
unabsorbent or clay soils, the amount of runoff increases and exceeds the wadi
channel capacities (Saber 2010). Topographic factors play a significant role in the
evolution of rainfall that causes flash floods. There are different issues that have a
critical impacts on the occurrences of flash floods, including rainfall intensity and
duration, topography, soil conditions and terrain. Topographic features, such as

Fig. 1.4 Annual average rainfall over the Arabian countries from PERSIANN data
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steep slopes, highland terrains and narrow valleys, increase the flash flood proba-
bility and accelerate surface runoff. The surface runoff is also affected by shallow
watertight geological and saturated soil layers. Urbanized and affiliated construction
with water-tight materials are supposed to generate runoff several times greater than
that in natural coverage terrains (meadows, fields, and forests). Another flash flood
hazard source is transported sediments and debris during flooding. Debris flow
impacts can be explained as follows (Hungr et al. 1987): (1) hazards of the direct
and indirect influence of high-energy, coarse-grained debris that can adversely
affect structures and (2) hazards of debris deposits associated with the flood waters
leading to the erosion of vulnerable surfaces and consequently flood damage.

The rapid increases in urbanization, population, and touristic and economic
developments have pushed residences to build in vulnerable risk zones, including
wadi flood plains. Figure 1.5 shows the present status of flash floods in different
countries in the MENA region and different times of flood events. Flash flood
management and the determination of flood-prone regions are extremely important
due to residential development on hill slopes and at outlets of wadis as well as the
lack of previous studies addressing flood hazard assessment given the infrequent
occurrence of rainfall and the absence of well-defined watercourses. In general,
most low-lying urban centres are flood-prone areas, which consequently require
assessment and management using advanced techniques. Many cities have been
affected by such flash flood events, such as Taba in Sinai and Wadis Abu-Shieha,

Fig. 1.5 a The affected areas by flash floods in Rafah, Sinai, Egypt, on 20 January 2010 (© Photo
courtesy AF) and b Taba and Nweba flash flood in May 2010 (© El-Masry Elyoum)
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Sohag, Aswan and Kom ombo along the River Nile. Wadi AbuShiha, one of the
most important wadis in the Eastern Desert of Egypt, has suffered from many flash
floods. It is characterized by many sub-basins (Fig. 1.6) in the downstream region,
with many urbanized areas and agricultural reclamation projects. The downstream
delta of the wadi is very large and has many new sites of urbanization, agriculture
reclamation started in 2000, and the extension of agricultural lands increased to
cover a much larger area in front of the outlet of the wadi, which is prone to flash
floods, as shown in Fig. 1.6 (Saber et al. 2017a, b). Due to the importance of this
downstream development in the wadi, the government constructed three mitigation
dams (Fig. 1.6). However, after the 2014 flash flood, the first dam was broken at the
abutment. Considering the climate change impacts and increased urbanization and
reviewing the wadi management according to the occurrence of events are
important, as well as enhancing the design codes for integrated management.

In summary, several factors contribute to flash flood risk, including human
intervention and non-human actions. The flash flooding phenomenon is one of the
most difficult natural hazards to predict and manage. As a result, responding
appropriately is challenging for the concerned communities and authorities, and
response plans are also essential (APFM 2007). During a flash flood, the water
levels in streams rise suddenly, and the flow velocity can be very high. The strength
of the water can be strong enough to uproot trees, move boulders, and destroy
buildings and bridges located in its pathway. Water flowing often changes the
morphology and riverbed characteristics and can consequently appear in locations
where it usually does not. Water at a depth of 1 m depth and speed of 1.0 m/s can
pose a destructive threat for an adult person; flash floods often flow at very high
speeds, and a water level of merely a dozen cm can be very hazardous (APFM

Fig. 1.6 The downstream delta of Wadi Abou Sheih along the river Nile, showing the extension
of urbanization and agriculture reclamation (left panel) and the affected mitigation dams (right
panel). Modified from Saber et al. (2017a, b)
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2007). Early warning systems could be the significant element in dropping the risk
to human lives and their properties. Conventional forecasting approaches cannot
provide satisfactory warning, and people have insufficient time to move away from
the floods.

1.7 Hydrological Measurements of Wadi Systems
and Flash Flood Forecasting

Forecasting of WFFs is only the beginning to correctly design flood mitigation
structures and develop efficient warning systems (Abdel-Fattah et al. 2018). Few
wadis in the MENA region are equipped with hydrological monitoring stations for
rainfall, water level and discharge rates (Al-Mamari et al. 2019). Therefore, cali-
brating and validating the computed runoff discharge and inundation depths in wadi
systems are difficult. Such limited data availability in the wadi systems has resulted
in the improper design and selection of mitigation structures, such as embankments,
culverts, dams and drainage systems (Al-Mamari et al. 2019). Thus, the develop-
ment of hydrological monitoring techniques is needed in the MENA region to
improve wadi management and utilize measurements for prediction and evaluation.
Figure 1.7 depicts an integrated list of the potential sensors and techniques to
monitor spatial rainfall variations with rainfall radar and for continuous monitoring

Fig. 1.7 Ad hoc hydrometric network and potential hydrological sensors/techniques

1 Integrated Strategies for the Management … 15



of water levels, soil moisture and infiltration using radar sensors and ultrasonic
devices to measure flow velocities and calculate discharges. Moreover, the available
techniques for the direct measurement of evaporation rates and remote sensing
systems produced spatial datasets for different applications in hydrology (Tomsett
and Leyland 2019). Wadis present various challenges to installing rain gauges and
measuring flow, Therefore, there are a limited number of wadi monitoring stations
in Oman and Egypt except for the rain gauges, water flow, and ground water wells
(Fig. 1.8).

1.8 Image-Based Techniques

Monitoring systems that use recorded videos have the advantage of capturing
real-time floods so that the flow discharge can be computed, which can help in flood
management. The implementation of large-scale particle image velocimetry
(LSPIV), which is an image-based technique, was recently accomplished for the
first time in Oman at Wadi Samail (Al-Mamari et al. 2019). Various fixed cameras
have been installed on the bridges crossing the wadi channel, and they can record
the surface flow movements. LSPIV based on drone images is now common in
many applications among the river engineering community, such as for
time-averaged surface velocities. The rapid development of unmanned aerial sys-
tems (UASs) has allowed us to measure streamflow in real-time with high spatial
and temporal variations (Tauro et al. 2016). To capture valuable information about
the river hydraulic conditions during flash floods in humid environments, a UAS
was successfully utilized by Perks et al. (2016). The potential of UASs during
low-flow conditions was demonstrated by Detert and Weitbrecht (2015).

Fig. 1.8 Available wadi monitoring stations in Egypt (left panel) and Oman (right panel). Sources
The National Water Research Center in Egypt and Ministry of Regional Municipalities and Water
Resources in Oman
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A considerable amount of literature on using photogrammetric techniques to
monitor riverbed morphology and riverbanks has been published (Brasington and
Smart 2003; Bird et al. 2010).

1.9 Risk Assessment Methods

El Shamy (1992) developed a method to evaluate the flash flood possibility and
groundwater recharge in several sub-basins, employing various geomorphometric
parameters, such as the drainage density, drainage frequency, and bifurcation ratio.
This model has since been adopted by many studies (Youssef and Hegab 2005;
El-Behiry et al. 2006; Arnous et al. 2011; Abdel-Lattif and Sherief 2012; Abdalla
et al. 2014). Abdel-Fattah et al. (2017) proposed a consistent methodology applied
to assess flash floods in Wadi Qena, where field data are limited. Flash flood
consequences include environmental and economic issues because these floods may
cause impairment to urbanized and agricultural regions as well as lead to the loss of
human lives (Merz et al. 2010). The increasing frequency of destructive flash floods
requires an ongoing enhancement in the identification and mapping of flood hazards
(Kundzewicz and Kaczmarek 2000; Ebert et al. 2009). Al Saud (2010) used
high-resolution satellite images to identify the 2009 flood damage in Jeddah City,
KSA. Omran et al. (2011) used the standardization of morphometric parameters
with the same weight for basin-based flash flood hazard assessment in Wadi Dahab,
Sinai Peninsula, Egypt. The same method was applied in Wadi Al Lith (Bajabaa
et al. 2014) and at Wadi Rabigh, Wadi Yanbu, Wadi Khulais, Wadi Jizanhe, Wadi
Baish, and Wadi El-Qunfza in the KSA (Shi 2014). By integrating geomorphology
and geology along with remote sensing techniques and field observations, geo-
morphological hazard assessments based on GIS have been performed in several
areas in Egypt, including the area between Quseir and Safaga near the Red Sea,
using the El-Shamy model (Youssef et al. 2009), and along the Katherine-Feiran
road in South Sinai (Youssef et al. 2011).

To reduce the flood damage impacts of FF hazards, proposing proper dam sites
have been proposed for several urban areas. The probability of flood hazards has
been estimated for different catchments based on geomorphometric features (El
Shamy 1992). Further, geomorphometric-based studies have been conducted to
assess FF risk levels in many basins. For instance, El-Magd et al. (2010) used
remote sensing data and GIS tools combined with morphometric parameters to
assess FF hazards in the Abu Dabbab wadi basin. Then, all the datasets were
integrated as inputs for a hydrological model to estimate surface runoff and identify
the flood risk levels.

Sen et al. (2013) proposed a procedure for establishing flood inundation maps in
the southwestern Kingdom of Saudi Arabia using surveyed cross-sections of the
flood plain. The main geological hazards, flash flood causes, and main rainfall
events in the KSA were summarized by Youssef and Maerz (2013). An analytical
hierarchical process (AHP) was used by Elkhrachy (2015) to estimate the flood
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hazard index in Najran, Saudi Arabia, employing the main controlling parameters
of flash floods, such as the channel discharge, soil type, drainage density, surface
roughness, surface slope, distance from main streams and land use. An AHP was
further used by Youssef et al. (2015) to utilize variant geological, geomorpholog-
ical, and geographical features in an approach to understand the effects of urban
development in Wadi Al-Aska, Jeddah, KSA. Abuzied et al. (2016) used multi-
source geospatial data with remote sensing techniques, GIS analyses, and field
investigations to evaluate flash flood hazards in the Nuweiba area based on basin
morphometric analysis and hydrological modelling indices using the Soil
Conservation Services (SCS) method.

1.10 Wadi Hydrological Modelling and Approaches

The major limitation of furthering our understanding of wadi flood events is that in
most wadis, hydrological measurements do not exist. Most researchers have con-
ducted flash flood analyses using simplified hydrological models. These models
mathematically represent various hydrological processes, such as surface and
groundwater processes, and are essential tools for water resources management
(Abdel-Fattah et al. 2017). Hydrological models are desperately needed due to the
limited measurements and the intricacy of hydrological systems (Beven 2011). The
selection of the hydrological model approach relies on the number of measured
parameters and the required observational data for the input model parameters and
catchment characteristics (Abushandi 2011). Most WFFs in arid regions have been
studied using lumped or semi-distributed models with very few applications based
on distributed models because these models are data-driven. Various challenges
remain to validate and calibrate the developed models in arid regions (Cools et al.
2012; Abdel-Fattah et al. 2018), to improve the reliability of the results, and to
conduct a sensitivity analysis of the model parameters.

1.11 Utilized Hydrological Models in Arid Areas

Few hydrological models have been adopted and developed for flash flood mod-
elling in wadis, such as the applied models in wadis in Oman, including the RRI
model (Abdel-Fattah et al. 2018), the KINEROS2 model (Al-Qurashi et al. 2008),
and the IHACRES model (McIntyre and Al-Qurashi 2009), as well as the soil water
assessment tool (SWAT) in the UAE (Al Mulla 2005; Abushandi and Merkel 2011)
and the HEC-HMS model in Oman, the West Bank-Palestine and the UAE
(Al-Rawas and Valeo 2008; Shadeed and Almasri 2010; Sherif et al. 2010).

In addition to the aforementioned studies, several trials have been conducted,
such as that by Al-Weshah and El-Khoury (1999), who applied and calibrated the
HEC-1 model utilizing the SCS and curve number (CN) methods in the Petra
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region, Jordan, and further used these hydrological modelling tools to determine the
impact of several mitigation scenarios. Abdulla et al. (2002) developed a watershed
model for a simple single event to predict surface runoff in the western part of Iraq.
In Saudi Arabia, a geomorpho-climatic model has been adopted (Al-Turbak 1996),
in which rainfall duration and intensity are estimated in three catchments from the
infiltration parameters. In Palestine, (Lange et al. 2000) focused on the
rainfall-runoff modelling of single flood events. It was stated that the analysis of a
single storm event is highly recommended to understand extreme floods in arid
environments. The HEC-HMS model and the spatial water budget model (SWBM)
were employed in the Zarqa River Basin to manage water resources (Al-Abed et al.
2005; Abushandi and Merkel 2011; Dawod et al. 2011, 2012), and the SCS and CN
methods in GIS have been used to assess flash floods, to determine the impacts of
some basin geomorphometric parameters on the estimated flood characteristics in
the Makkah metropolitan region, and to classify the flood hazard degree on city
roads.

Foody et al. (2004) predicted sites at risk from high peak flows accompanying
flash flooding in wadis intersecting the Idfu-Marsa Alam road (near the Red Sea)
using the HMS model and field observations of the soil texture and infiltration
capacity. This study was further updated using the same model setting by Ghoneim
and Foody (2013) to investigate the impact of flood sites, areal coverage, and
rainfall depth. El Bastawesy et al. (2009) presented an integrated method using
ArcGIS and remote sensing data for modelling flash floods, where Landsat images
can be used to distinguish flooded and non-flooded areas. The physical hydrological
parameters, including rainfall, infiltration, land use and soil types, must be taken
into consideration. Flash flood simulations for some rainfall events at wadis of the
River Nile were conducted by Saber et al. (2010a, b) using Hydro-BEAM inte-
grated with remote sensing and satellite datasets. In the study of Ismail et al. (2010),
GIS, morphometric parameters and rainfall-runoff modelling based on flood routing
processing (FRP) were integrated and employed to simulate the flow discharge at
Wadi Abu Ghusun, the Eastern Desert, Egypt. Kehew et al. (2010) reconstructed
extreme flash floods in Wadi Isla, South Sinai, Egypt, using palaeohydrological
indictors related to flood velocity and discharge, such as the size of boulders
transported within the wadi. Additionally, the calibrated SWAT model was used to
estimate the amount of rainfall required to generate a flood. The flood hazard levels
and ground recharge potentiality have been assessed at W. Abadi (Ibrahim et al.
2011). Based on field measurements of paleo-flood events and the rating curve, the
peak flow of the January 2010 flash flood event was estimated, and this discharge
peak was then used for model calibration. Hydrological modelling conducted in
Wadi Hodin used the HEC-1 model by Soussa (2012) and the SCS method to
calculate the losses. Hadadin et al. (2013) used routing and Snyder synthetic unit
hydrograph methods to estimate the peak flow in 12 main basins in Jeddah City,
KSA. Fathy et al. (2015) developed a lumped model for arid watersheds and
compared the results with those from the watershed modelling system (WMS). This
model was applied to W. Sudr in the Sinai Peninsula. The peak runoff discharge of
six basins in western Saudi Arabia was estimated by Shi (2014) using three
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empirical models (Farquharson’s model, Nouh’s model and Al-Subai’s model) and
the Snyder unit hydrograph. Moreover, Abuzied (2016) conducted hydrological
modelling at Wadi Watier using the SCS method.

1.12 Surface Runoff Interaction with Groundwater

Many studies have examined groundwater recharge due to rainfall events and
surface runoff. For instance, Gheith and Sultan (2002) estimated groundwater
recharge in the alluvial aquifers of several wadis in the Eastern Desert of Egypt (W.
El-Arish, W. Asyuti, W. Tarfa, W. Qena, and W. Hammamt). In this study, a
hydrological model that considers the spatiotemporal rainfall distribution, appro-
priate sub-basin unit hydrographs and infiltration parameters were utilized to cal-
culate initial and transmission losses and runoff. The model incorporated geological
and meteorological datasets along with remote sensing and GIS techniques.
Milewski et al. (2009) modelled runoff and groundwater recharge based on remote
sensing datasets by focusing on the heavy rainfall events between 1998 and 2007
for the main wadis of the Sinai Peninsula and Eastern Desert. In the studied
catchments, the annual precipitation, runoff, initial losses, and recharge through
transmission losses were assessed. This approach has also been utilized to calculate
the annual groundwater recharge at the Nubian Sandstone aquifer, South Sinai
(Sultan et al. 2011). A proper example of cost-effective and practical integrated
solutions, including geophysics, geochemistry, and modelling, that utilize global
remote sensing datasets and web-based GIS technologies was proposed by Becker
et al. (2012) for the wadis of the Eastern Desert and Sinai Peninsula, Egypt. The
study implemented approaches to develop a conceptual model for hydrogeological
settings in different aquifers to assess the annual runoff and recharge using a
hydrologic model of the main watersheds.

The potential sites for surface runoff recharge in Sinai have been determined
using an integration of GIS, remote sensing, and watershed modelling to introduce a
multi-criteria decision support system that includes several parameters, such as the
flood volume, average overland flow distance, lineament frequency density, soil
infiltration, and morphometric parameters. The potential areas for rainwater har-
vesting have been determined based on such criteria by conducting weighted spatial
probability modelling. The potential sites for water harvesting have been deter-
mined by applying Finkel-SCS rainfall-runoff approaches (Elewa et al. 2012).
Furthermore, the same approach has been utilized to recommend proper dam
locations for flood management and control at Wadi El-Arish. Technical consid-
erations and design criteria have been introduced for the planned mitigation
structures (Elewa et al. 2013).

To estimate surface runoff and groundwater recharge, the relationship between
runoff and rainfall has been assessed depending on paleo-flood indicators. Two
methods have been tested to evaluate the relationships between rainfall and runoff at
the El-Hawashyia basin and Ghazala sub-basin in the Gulf of Suez, Egypt. Some
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morphometric parameters with direct effects on flooding have been analyzed to
evaluate the flood risks, and their relationship with flash floods has been investi-
gated (Masoud 2013).

Al Zayed et al. (2013) assessed the potential of flood water harvesting at Wadi
Watier in South Sinai, Egypt. The study was conducted based on the integrated
guidelines of water resource management (IWRM). Thus, physical and environ-
mental investigations along with social and institutional analyses were conducted.
The flow discharge was calculated using the Hydrologic Engineering Centre
(HEC-1) model; then, the potential sites were determined in ArcGIS by combining
several factors, including slope, geology and land use.

Therefore, a new methodology urgently needs to be proposed to address the
abovementioned challenges, to assess and predict flash flood disasters in arid wadis,
and to evaluate the various flood mitigation strategies.

1.13 Mitigation Measures Against Wadi Flash Floods

Substantial efforts have been undertaken by governments and the private sectors of
the MENA countries to enhance flash flood mitigation structures and early warning
systems, while WFFs continue to be one of nature’s worst killers in this region.
Within the ISFF project, we can conclude that critical infrastructure and houses are
newly allocated by the government and are often located in wadi channels because
the wadi floors are flat and construction material is available. We find that this
infrastructure is constructed in the path of flooding leading to a narrow channel to
convey floodwaters along streams, in addition to the existence of important
infrastructure and houses situated on higher lands. Such settlements are also
affected by floods because the population chooses flood-sensitive economic, cul-
tural and social activities (McBain 2012; Sayers et al. 2013). Understanding the
contribution of structural and non-structural measures on flood risk reduction could
support proper decision making and future planning (Shah 2015). Usually, the main
structural measures in wadis rely on an ‘embankment only’ option that has been
broadened to integrate other options, such as improvements to drainage channels,
diversion dykes, detention and flood storage dams.

Flood risk reduction can be accomplished by controlling the flood magnitude
flood-prone areas (Heidari 2009), where flood mitigation measures can be cate-
gorized into non-structural and structural measures (Hansson et al. 2008; Heidari
2009). Non-structural measures refer to non-engineering actions, such as increasing
preparedness through early warnings, using insurance, land use, restricting devel-
opment, planning and operating flood control reservoirs (Hansson et al. 2008; Shah
et al. 2015). Structural defence strategies can be either conventional measures, such
as dams and levees, or extensive ecosystem-specific measures, such as restoration
of natural conditions (Hansson et al. 2008). Furthermore, structural measures can be
important for managing water and controlling hazardous floods (Ho et al. 2017).
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Flood mitigation strategies should consider the following issues (HEC 1998;
Heidari 2009): (1) a proper implementation approach for flood control; (2) an
appropriate site for facility installation; (3) an appropriate facility size; and (4) ef-
fective maintenance and operation of the facilities. In Egypt, most highways, roads
and other infrastructure have been constructed across wadis that surround the main
cities. Currently, no inclusive proper protection from flash floods is applied at most
wadis in Egypt. Although comprehensive protection from flood risks is not feasible,
the flood disaster risk could be decreased by (1) reducing the exposure by pre-
venting or moving the development activities in areas where the hazards are high,
such as floodplains; (2) reducing vulnerability by establishing resilient infrastruc-
ture standards and design and sound disaster preparedness measures; and (3) re-
ducing the hazard itself, in some cases, by the construction of flood mitigation
measures.

1.14 Structural Measures

Based on the spatial scale, structural mitigation measures can be categorized into
distributed and concentrated measures. Several past studies have discussed dis-
tributed structural measures for flood mitigation (Andoh and Declerck 1997;
Montaldo et al. 2004; Emerson et al. 2005; Kurz et al. 2007; Ravazzani et al. 2014;
Thomas 2015). The main goal of distributed structures is to alleviate the flow peak
and store excess floodwaters in the upstream sub-basins to reduce the discharge in
the downstream areas (Montaldo et al. 2004; Thomas 2015). Distributed reservoirs
have been shown to reduce the flow peak magnitudes based on distributed models
(Chennu et al. 2007; Del Giudice et al. 2014), semi-distributed models
(Ramireddygari et al. 2000; Leblois et al. 2010) and analytic analyses (Del Giudice
et al. 2014). Various studies have also used cost–benefit analysis for flood miti-
gation scenarios (Heidari 2009) or multi-criteria decision-making techniques (e.g.,
Ahmad and Simonovic 2006; Mostafazadeh et al. 2017). The reductions in the flow
peak in these related studies vary extensively within the range from 0.3 to 36%
(Emerson et al. 2005; Mostafazadeh et al. 2017; Ravazzani et al. 2014; Thomas
2015); however, in some cases of dry dams, the reduction in the flow peak was less
than 50% (Chennu et al. 2007). Onusluel Gul et al. (2010) studied the use of
concentrated dams to evaluate the impact of flood mitigations on a downstream area
using a combination of hydraulic and hydrologic modelling. However, the direct
advantage of structural control measures, i.e., the sustainable efficiency of the
structural flood control measures, cannot be maintained. For instance, several areas
within large flood control projects have been affected by flooding immediately after
their establishment. Further, flood mitigation measures often appeal to new
development in flood-prone areas (McBain 2012; Shah et al. 2015).

Several measures have been adopted in Egypt to mitigate flash floods, such as
the integration of detention and obstacle dams as well as artificial lakes, leading to
well water management and flood mitigation. A field investigation was conducted
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by researchers and experts from both Kyoto University and the Japan Dam
Engineering Center (JDEC) to investigate some wadi basins from 22 to 29
November 2014 along the Red Sea coast and the Eastern Desert, Egypt. The main
purpose of such field investigations was to evaluate the current geological,
hydrological, operational and structural conditions of the present flood control
mitigation dams. This could be helpful for the selection of suitable integration
measures and their structural design criteria as well as to clarify possible collabo-
ration on selected pilot projects.

The Egyptian government makes master plans for water harvesting and flash
flood mitigation, including long-term and short-term plans for low- and high-risk
wadi basins. Different flood management structures have been implemented in
Egypt, such as storage dams, obstacle dams, artificial lakes, diversion dykes,
embankments, and artificial drainage channels, as indicated in Fig. 1.5. The proper
selection of mitigation measures and their design are usually proposed based on the
expected volume of flood water, risk and hazard degree, the prone and affected
areas, and return periods.

Figure 1.9 shows the different characteristics of the main flash flood manage-
ment and mitigation structures in both Egypt and Oman: (1) obstacle dams (less
than 4–6 m) simply reduce the flood velocity, whereas (2) retention dams (ap-
proximately 10 m) and artificial lakes (2–4 m) are mainly for water harvesting and
flood retention.

1.15 Non-structural Measures

Non-structural flood control measures have been widely applied to decrease the
flow peak via land-use changes, early warning, and reducing flood vulnerability and
exposure (Tapsell et al. 2002; White and Richards 2007; Richards et al. 2008; Shah
2015). Recently, these strategies have been followed by increasing efforts for

Fig. 1.9 The main challenges of wadi systems (a) and the requirement of an integrated approach
(b)
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appropriate risk management to reduce flood hazards (McBain 2012; Sayers et al.
2013).

Unlike the immediate visualization of the advantages of structural flood defen-
ces, quantifying the efficiency of non-structural measures is often difficult. Owing to
non-structural flood control measures, the adaptation and response of vulnerable
communities to flood disasters vary widely and are influenced by several factors,
such as community susceptibility and resilience to flooding. Additionally, the
efficiency of non-structural flood control measures is sensitive to socio-economic
changes and governmental arrangements (Dawson et al. 2011). However,
non-structural control measures provide flexible flood mitigation measures for
adapting to changes in river systems, climatic change and socio-economic impacts,
which can hinder sustainable environmental development (Kundzewicz 2002).

1.16 Preparedness and Emergency Planning

The purpose of the preparedness stage is to provide the essential decision support
system for the case in which the present flood protection system fails (Plate 2002).
Obviously, there is no technical solution that is unconditionally safe in the context
of flood control (Plate 2002). Even if the system always performs as expected,
offering protection against any conceivable flood is rarely possible (Plate 2002).
A residual risk always remains due to failure of technical systems or due to
infrequent floods that surpass the design flood level. It is important to understand
the flood risk in terms of safety and communication approaches for a better present
and future development (Shah et al. 2015).

1.17 Education and Modification of Human Actions

The WRRC and the GADRI of the DPRI, Kyoto University, initiated ISFF and
established several research projects to assess flash flood hazards and risks, to offer
effective methodologies and techniques, and to highlight transdisciplinary approa-
ches in the MENA region.

1.18 Integrated Wadi Flash Flood Management
and Strategies

Efficient and sustainable flood mitigation measures (structural and non-structural)
vary significantly according to the planning framework (Shah et al. 2015). In the
short term, several structural flood management projects have confirmed their
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efficiency for mitigating floods; such contributions have led to confidence in pro-
tecting people from flooding impacts by engineering structures (Shah et al. 2015).
In the long term, however, some structural control measures have been found to be
inefficient during catastrophic flood events (Shah et al. 2015) due to unplanned
developments, land-use changes, growing production levels, population growth,
transportation and consumption, which have led to increased flood hazards
(Jonkman et al. 2003). Flood fatalities have continued to increase; thus, more
advanced approaches for flood risk management are needed (Hall and Penning‐
Rowsell 2011; Sayers et al. 2013; Shah et al. 2015).

In the early decades of the twentieth century, extreme flooding events motivated
researchers and scientists to develop basin-scale flood mitigation measures and
coordination policies for mitigating floods instead of local flood mitigation mea-
sures (Shah et al. 2015). Flood risk management is a constant adaptive management
process (Hall and Penning‐Rowsell 2011; Sayers et al. 2013); thus, dynamic sus-
tainability approaches and concepts that involve adaptative interventions for
accomplishing a suitable outcome via problem-solving and nonstop learning are
highly recommended (Newman 2005; Scoones et al. 2007).

1.19 Recommendations and Feedback from ISFF
Participants

A single management strategy is not sufficient to reduce flash flood risks; never-
theless, integration approaches for flood risk management are needed in wadi
systems. The proposed integrated management approach (Fig. 1.10) addresses the
development of strategic methodologies to assess the capability of mitigating flash
floods and managing water resources using effective strategies and hydrological
modelling (Kantoush et al. 2011; Sumi et al. 2013). Reducing flood disaster risk is a
crucial concern for many countries worldwide. The management and mitigation of
flooding remains a challenging task in many developed and developing countries
(Shah et al. 2015), and existing global efforts and technological advancements still
fall short. In most arid wadis, no comprehensive proper mitigation strategies for
flash floods have been proposed. This situation is mainly due to the relatively low
flood frequency compared to that of humid regions. With progress in international
collaboration and data sharing, flood management strategies and approaches can be
transferred from other experiences or countries and applied in arid wadi systems
with customization for the unique characteristics of wadi systems, including the
socio-economic situation. In this chapter, a critical review of the concepts, strategies
and practices of flood risk management reveal new dimensions for developing and
proposing sustainable and efficient management strategies in wadi systems.
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1.20 Research Challenges

The current research has left several gaps, where more research and development
need to be implemented to minimize future wadi flash flood risks. The main
questions and challenges that are facing wadi systems are summarized in Fig. 1.9.
Some such challenges are also addressed in the following sections.

1.21 Methods

The proposed approaches require further calibration and validation in the ungauged
wadis of Egypt using rainfall and wadi flow observations in addition to applying
similar approaches in other wadis with an extensive range of hydrological basin
characteristics. In some models, such as the Hydro-BEAM model, kinematic wave
models have been used, which are appropriate for steep slopes but do not work well
in flat areas. Therefore, other techniques, such as diffusive and dynamic wave
models, may provide better results. Moreover, the current time step adjustment in
the Hydro-BEAM model is manually determined, consuming excess simulation
time; therefore, an adaptive scheme for the Hydro-BEAM time step is recom-
mended. The RRI model still does not have a stable groundwater module (under

Fig. 1.10 Key components of integrated wadi flash flood management
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development), which is recommended to be included and validated. Due to data
limitations, the RRI model inundation outputs have not been calibrated and should
be considered in the future for a more comprehensive evaluation of the RRI model
in wadi systems. The performance of more hydrological models should be com-
pared and assessed to identify the best option in wadi systems. Fieldwork to
investigate the infiltration capacity of different land-use types can be used to better
calibrate hydrological models. Wadi channel transmission losses should be con-
sidered in future RRI models because these processes are essential in wadi systems.
Defining flood events by a return period using frequency analysis (Stedinger 1993)
has evolved from the application of simple methods to intricate ones to assess
probabilistic flood scenarios considering the exceedance probability (Merz and
Thieken 2004) and uncertainties (Merz et al. 2008; Wu et al. 2011; Shah et al.
2015); therefore, current flood risk assessments should be updated based on the
return period. Other important criteria, including the effect of structural measures on
the landscape, society, environment and habitat diversity, should be considered
along with the addressed factors. Additionally, the developed dam standards should
be updated to investigate water infiltration and siltation in reservoirs. Different
methods of flash flood water harvesting should be proposed and adapted for sus-
tainable water management. The proposed approaches for determining dam design
and locations (dam height, reservoir volume and area) using digital elevation model
data should be validated using field surveys. Moreover, the long-term prediction of
climate change and anthropogenic impacts (such as land-use changes) on wadi flash
foods is necessary.

1.22 Mitigation Measures

Focusing on soft flood mitigation measures (early warning systems and social
awareness) helps minimize the loss of human life and infrastructure damage caused
by flash floods. The evaluation of sediment transport during wadi flash flooding is
also recommended because sediment has a severe impact on mitigation structures,
which increases the flash flood risk and decreases the efficiency of flood mitigation
structures. Therefore, studying this factor and linking it with wadi characteristics,
such as geomorphometry and soil type, are important. Detailed flood risk assess-
ment based on more land use and geomorphological features is highly advised. This
study recommends an integrated approach for all wadi systems that includes ‘dy-
namic sustainability’ concepts for proper flood management planning (Fig. 1.10).
Stakeholders and decision-makers have various options and approaches for
flood-prone communities by sharing experiences and knowledge around the world
(Shah et al. 2015). Therefore, we highly recommended that a database contains the
available data from all wadi systems and be accessible to any researcher.
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1.23 Conclusions

Flash floods are damaging natural disasters and are an important source of water in
arid areas, where flash floods can provide renewable freshwater, mainly for
groundwater recharge. Therefore, using a proper decision support system based on
efficient approaches could help manage infrequent floods. A flash flood can be
created within a short time after a rainfall event, especially under certain geological
and topographical conditions, such as steep topography with shallow, impermeable
soils, bare rock and rare or sparse vegetation. The majority of the Great Sahara of
North Africa and the Arabian Peninsula consists of hyper-arid environments with
limited precipitation, where most countries suffer from water scarcity.

Flash flood disasters in arid environments are associated with several challenges
that originate from many characteristics of a flash flood itself, arid environment
characteristics, and data and methodology limitations. The different dimensions of
flash flood phenomena, reasons and resulting impacts have been discussed in detail.
Despite these challenges, several hydrological, geomorphological and disaster
management aspects have been discussed in the context of wadi systems in this
chapter.
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Chapter 2
Flood Risk Management Practices
in Morocco: Facts and Challenges

Dalila Loudyi, Moulay Driss Hasnaoui, and Ahmed Fekri

Abstract From ancient flood management practices driven by agricultural activi-
ties to dam’s policy for water resources management including flood protection, to
the National Strategy for Natural Disaster Risk Integrated Management; Morocco
has come a long way in flood risk management. This chapter describes the recurrent
flooding phenomenon plaguing the country along with progress in flood risk
assessment approaches in terms of technique, governance, and best practices. An
extensive number of research articles, administrative documents, consultancy, and
international organizations reports are analyzed to give a holistic up-to-date insight
into flood risk management in Morocco and present a comprehensive and critical
view from a scientific perspective. Information and data were collected from a range
of various sources and synthesized to integrate all scientific and governance aspects.
Though analysis of this landscape shows progresses made by the Government to
protect the population and reduce flood risk, it also shows shortcomings and
challenges still to be overcome. Thus, a SWOT analysis was carried out for scoping
and identifying the strengths, weaknesses, opportunities, and threats pertaining to
this issue. The analysis reveals various success and failure factors related to three
major components: governance, risk assessment approaches, and flood risk miti-
gation measures sustainability.
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Acronyms

AAL Average Annual Loss
ABH Hydraulic/River Basin Agency
ACAPS Insurance and Social Security Regulatory Authority
AUA Al Hoceima Urban Agency
AUT Taounate Urban Agency
CAU Urbanization Aptitude Map
CVC Coordination and Monitoring Center
DEM Digital Elevation Model
DGE General Directorate of Water
DGM General Directorate of Meteorology
DGPC Civil Protection Directorate
DGRN Natural Disasters Risk Management Directorate
DRPE Water Research and Planning Directorate
EMDAT The OFDA/CRED International Disaster Database, www.emdat.be—

Université catholique de Louvain—Brussels, Belgium
FFWS Flood Forecasting and Warning System
FLCN Fund to combat Effects of Natural Disasters
FSEC Fund of Solidarity against Catastrophic Events
GIS Geographical Information System
HCEFLCD High Commissioner for Water, Forests and the Fight against

Desertification
IDF Intensity-Duration-Frequency
IPCC Intergovernmental Panel on Climate Change
JICA Japan International Cooperation Agency
LEC Loss Exceedance Curve
LTE Long-Term Evolution
LYDEC Lyonnaise des Eaux of Casablanca, water utility
MAD Moroccan Dirham (10 MAD is about 1 USD)
MI Ministry of Interior
MnhPRA Morocco natural hazards Probabilistic Risk Analysis
OECD Organisation for Economic: Co-operation and Development
ONE National Office for Energy
ONEE National Office for Energy and Drinking Water (merger of former

ONE and ONEP)
ONEP National Office for Drinking Water
ORMVA Regional Agricultural Development Office
ORSEC Local Emergency Response Plan
PCC/RCC Provincial/Regional Coordination Center
PDAIRE Master Plan for Integrated Water Resources Management
PNE National Water Plan
PNI National Flood protection Plan
PPRI Prevention Plan against Flood Risk
RCM Regional Climate Models
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SCO Western mega-drainage channel of Casablanca city
SDACR Master Plan for Risk Analysis and Coverage
SNE National Water Strategy
UAV Unmanned Aerial Vehicle
UNDP United Nations Development Programme
UNDRO United Nations Disaster Relief Coordinator—UNDRO
UNDRR United Nations Office for Disaster Risk Reduction
UNEP United Nations Environment Programme
UNESCO United Nations Educational, Scientific and Cultural Organization
UNISDR United Nations International Strategy for Disaster Reduction
WB World Bank

2.1 Introduction

As a country with an agriculture-based economy under arid to semi-arid climate
conditions, Morocco has traditionally developed its agriculture on its vast and
plentiful floodplains due to their water availability and favorable topography for
many types of crops. Consequently, many Moroccan farmers have built up flood
management practices based on floodwater control for irrigation. For example, the
use of dikes designed to erode in a controlled manner during a flood event and
spread floodwaters was part of ancestral irrigation knowledge. In fact, floods have
always been regarded as a relief from water scarcity for agriculture and a gift of
nature that ensures prosperity and the well-being of local populations. However,
there has been a paradigm shift driven by an increase in urbanization and the fading
of traditional agriculture that have turned floods into an impediment to modern
societal development. Gradually, protecting cities and farmlands in the vicinity of
watercourses from floods in addition to mitigating recurrent droughts has become a
governmental priority. As a consequence, at an early stages of the country inde-
pendence, Morocco developed a dam’s policy which began in 1967 (Jouve 2006).
The policy aimed at the design and construction of two to three dams each year in
order to irrigate one million hectares by the year 2000, secure drinking water
supply, mitigate flood risk and produce hydropower. This dam’s policy, designed
initially for drought control and agricultural development, led to important
investments in the water sector that rapidly proved to be beyond the state budget
capacities. It raised the question of water cost, tariffication issues of water services
(i.e. drinking water, irrigation, and energy), and the respective cost sharing between
the state and users. As an institutional response to this problem, a hydrological
landscape-based division was introduced in 1995 by the water law 10-95, creating
nine catchment agencies, called Hydraulic Basin Agencies (ABH) that provide
administrative, financial, and technical framework for integrated water resources
assessment and management at regional levels. Hence, in 1999, the first ABH of
Oum Er Rbia (ABHOER) was created, followed by Sebou (ABHS), Tensift
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(ABHT), Bouregreg-Chaouia (ABHBC), Moulouya (ABHM), and
Souss-Massa-Draa (ABHSMD) in 2000; Loukkos (ABHL) in 2001;
Guir-Ziz-Rheris (ABHGZR) and Sakia el Hamra-Oued Eddahab (ABHSO) in 2009.
In 2016, a tenth ABH was created by dividing the Souss-Massa-Draa catchment
into two separate administrative entities that are known as Souss-Massa ABH
(ABHSM) and Draa Oued Noun ABH (ABHDON). This was due to the extent of
this territory and its numerous water challenges which include both droughts and
floods (Fig. 2.1). This set of ABHs serves as the regional administrative framework
for water management planning including flood risk management. Moreover,
between 1951 and 2019, Morocco experienced more than 80 flood events showing
that despite the success of many dams in ensuring flood protection, many of them
are still unable to prevent downstream flooding (e.g. Wahda 2008; Guelmim 2014;
El Malleh 2002). Besides revealing the persistent lack of structural and
non-structural measures in many Moroccan zones, the recurrent flooding raised the
question of new risk management approaches. This chapter describes the phe-
nomenon of floods in Morocco, the existing approaches to assess flood risk, their
related technical and governance aspects, and the adopted best management prac-
tices. An analysis of the existing approaches will be carried out and recommen-
dations for improving it will be provided.

Fig. 2.1 The ten Hydraulic Basin Agencies (ABHs) boundaries for regional integrated water
management and planning in Morocco
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2.2 Overview of Flood Events in Morocco

2.2.1 Flood Events Historical Data

In the past twenty years, Morocco was hit by multiple natural disasters such as Al
Hoceima earthquake (February, 2004), Taourart-Akchour landslide in the Rif
mountains (November, 2010) and floods that affected large cities such as
Mohammedia (November 2002), Tangier (October 2008, December 2009, January
2013), Casablanca (November 2010 and January 2013), plains such as Gharb
(2008) and, lately, desertic areas of Guelmim and Sidi Ifni in southern Morocco
(November, 2014), Laayoune–Saquia Al Hamra (October, 2016) and Taroudant
(2019). Disasters history shows that, since 1970, floods are events that impacted the
most people in Morocco and caused important economic damages (Fig. 2.2). An
inventory of past flood events over Moroccan territory with their damages for the
last fifty years is shown in Table 2.1.

Many international database resources can be found for recording flood events in
Morocco. A research dedicated resource is the EM-DAT database of the University
of Louvain for all disasters (EM-DAT 2020). On an administrative level, the
Moroccan department of environment used to update regularly the United Nation
Disaster Risk Reduction (UNDRR) system DesInventar Sendai database with
information on floods, landslides, forest fires, droughts, and earthquakes
(DesInventar Sendai 2014). Currently, natural disaster management is the respon-
sibility of the Ministry of Interior leading to a new approach of data communication
on disasters.
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Fig. 2.2 Reported natural disaster events in Morocco 1970–2020: frequency (internal ring);
number of deaths (external ring) (Source EM-DAT)
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Table 2.1 Inventory of past flood events over Moroccan territory and related damages 1970–
2020

Year Date Location Flood causes Deaths Economic damages

1970 22
January

Northern region 11 USD 30 million

1975 21 April Western provinces 10

1979 25
October

Ouarzazate 16

1985 07
January

Guelmim 33–65 mm/
53 min,
Oum
Laachar
wadi

1995 01 April Tata Akka wadi 18 2 wounded, 4 missing,
and 350 families
homeless; as well as
destruction of 655
homes, about USD 9
million

1995 17–19
August

Ourika valley Ourika wadi 730 USD 9 million

1995 04
September

Taza-Taounate Amlil wadi 43

1996 21 Jan. to
01 Feb.

Beni Mellal 25 USD 55 million

1997 28–29
September

El Hajeb 60

2000 22
December

Martil plain—Tetouan 6

2001 23–26
December

Settat-Essaouira 15 USD 2.2 million

2002 24–29
November

Mohammedia,
Berrechid, Settat, Fez

80 17 wounded, 26
missing, 44 industrial
units, fire at la SAMIR
oil refinery, 1334
homes damaged, many
hectares of agricultural
land and livestock lost;
USD 200 million

2003 17–18
November

Nador—El Hoceima 35

2006 26–28
May

Errachidia 6

2006 26 May Merzouga 112 mm/
3 h, El
Beida and
Tisserdmine
wadis

140 houses and hotels,
deterioration of Taouz–
Merzouga road and
ONEP (National Office
for Drinking Water)
water supply pipes of
Merzouga and Taouz
villages

(continued)
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Table 2.1 (continued)

Year Date Location Flood causes Deaths Economic damages

2006 25–27
October

Essaouira—Safi 11

2008 26–28
February

Marrakech 9

2008 23 Oct. to
03 Nov.

Tanger 30 Industrial units
important damages

2009 1–12
February

Al Gharb region 29 400 homes and
100,000 ha of land
destroyed

2009 25–26
December

Middle Draa Valley 5

2010 27
November

Bouskoura 195 mm/
24 h

Schools, national
phosphate production
company
(OCP) headquarter,
several buildings, and
Roads are flooded

2010 09 March El Ksiba, Taza,
Midelt, Khénifra

200 mm/
24 h with a
max of
25 mm/1 h

10

2010 25 Oct. to
06 Nov.

Tiflet, Al Hoceima,
Khenifra area,
Ouezzane, Bouznika,
Ouarzazate, Zagora,
Salé, Rabat,
Casablanca

32 USD 29 million

2012 31
October

Taroudant, Agadir 84–100 mm/
12 h

2013 29 August Tetouan, M’diq 31 mm/3 h

2014 28–30
November

Guelmim region/Sidi
IfnI

Bousafen
and Oum el
Achar wadis

60 More than 32 fatalities
and damages due to
inundations

2016 4–5 May Taroudant-Ouarzazate Azkrou wadi 4

2017 23
February

Sale-Rabat 120 mm/
24 h with a
max 65 mm/
1 h

National Road n°6—
Lâarjate road partly
destroyed

2018 17 August Zagora

2018 25–26
September

Tata

2019 28 August Taroudant region 8 200 homes destroyed

2019 08–09
September

Errachidia Damachine
wadi

17 27 wounded
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2.2.2 Flood Types Description

An analysis of historical flood events in Morocco shows that the nature of these
floods can be classified as follows:

• Wadi floods of large catchments, with an area generally greater than
10,000 km2, where watercourses gradually take over their banks. Such is the
case of Moulouya, Sebou, Oum Er Rbia, Tensift, Souss, Drâa, and Ziz wadis.

• Flash floods of the main tributaries of large wadis, with a rise time between 6
and 24 h. It is the case of Moulouya tributaries (e.g. Melloulou, Za), Sebou
tributaries (e.g. Ouergha, Beht), Oum Er Rbia tributaries (e.g. El Abid, Tessaout,
Lakhdar), Tensift tributaries (e.g. N’Fis), Souss tributaries (e.g. Issen), Drâa
tributaries (e.g. Dadès, Ouarazazte, N’Ait Douchéne) and Ziz tributaries (e.g.
Rhéris, Todgha).

• Flash floods of the coastal Mediterranean wadis (e.g. Nekor, El Had, Lao, Emsa,
Martil) and coastal Atlantic wadis (Mharhar, El Hachef, Loukkos, Bouregreg,
Ykem, Cherrat, El Mellah, Nfifikh, Tamdrost, Ksob, Tamri, Massa). Their
related watersheds surfaces range generally between 300 km2 and 3000 km2,
with a rise time of one to few hours.

• Semi-flash floods of medium-sized plains with flat water flow, on the plains
located at the foothills of Rif and the Atlas Mountains. Slopes abruptly diminish
and the conveyance capacity of wadis from high mountains to their foothills
then decreases sharply (e.g. Tamdrost, Mazer, Issyl).

• Torrential flash floods of small mountain basins in Rif and Atlas, characterized
by steep slopes, generally with rugged, unvegetated, and impervious lands,
where the heaviest daily maximum rains are recorded (e.g. Ourika, Rhéraya,
Toghdra, Nfis, Fnideq, Charâa valleys). The rise time of these type of floods is
less than one hour and often applies to urban areas that are large (e.g.
Marrakech, Mohammedia, Settat, Berrechid, Béni Mellal, Errachidia, Oujda)
and located in the vicinity of wadis.

• Urban stormwater floods, generated by rainfall on impervious parts of the city or
runoff of small upstream basins (e.g. Tangier, Casablanca, Fez, Azrou, El
Hajeb).

Based on the sixty years record of flood events in Morocco, the National Water Plan
of Morocco (PNE 2015) reported that the main reasons can be broadly summarized
in the following points:

• rapid and uncontrolled development of urbanization in flood-prone areas,
• lack of integrating flood risk in urban planning documents,
• lack of maintenance of watercourses,
• insufficient sections of hydraulic structures to convey floodwater (e.g. channels,

culverts, nozzles). They generally suffer from an undersizing which is sharply
exacerbated in urban areas,

• localized solutions to flood-prone areas without any integrated approach: most
structural measures in urban areas are carried out without considering neither
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works located immediately upstream nor for possible downstream impacts. The
problem aggravates even more with development work on a long stretch of a
watercourse (e.g. recalibration, containment, undergrounding),

• deficiencies in maintenance of underground hydraulic structures (e.g. culverts,
nozzles, pipes) that are often the default solutions for flood control in urban area
based on their sewage networks,

• poor knowledge of the flood dynamic (meteorological conditions, role of the
oceans, fine spatial and temporal distribution of precipitation, rainfall-runoff
relationship, watershed morphology role, landcover, and the land use, flood
probability, climatic drivers, etc.). This is particularly true at local levels,

• climate change and increase of intensity of extreme rainfall episodes. Indeed,
despite its arid and semi-arid climate, Morocco has experienced in the past
30 years an increase in the frequency of flood events.

2.2.3 Climate Change and Extreme Rainfall Trends

Due to its geographical location and geomorphological features, Morocco’s climate
is Mediterranean in the north and arid in the south and southeast. Average annual
temperature is 17.5 °C, and average annual precipitation is 318.8 mm with yet a
great interannual, seasonal and spatial variability (Fig. 2.3). Precipitation patterns
vary interannually from 50 mm to 100 mm in dry years and 300 m to 400 m in wet
years (Driouech 2010). Alternation of wet and dry episodes that can last several
years is a defining feature of climatic and hydrological regimes of Morocco.
Figure 2.4 shows the monthly distribution of temperature and precipitation for the
period 1901–2016 (WB 2016). Morocco’s rainy season extends from October
through April, often resulting in devastating floods. High-intensity precipitations
occur mainly in November to February, but can also occur in summer as a thun-
derstorm on the Atlas and Rif mountains.

According to the Intergovernmental Panel on Climate Change (IPCC), average
annual precipitation will decrease in most of the Mediterranean region between
−4% and −27%. Number of rainy days is also expected to decrease with an
increased risk of drought (IPCC 2007).

Climate change scenarios with 50 km resolution on Moroccan territory were
performed by Driouech 2010 using ARPEGE-RV model. They showed that there
will be a high spatial variability in magnitude evolution of extreme winter rainfall.
The north-west and east of the country as well as part of the middle and high Atlas
would not undergo significant changes. Yet, south of Morocco would experience
less intense precipitation and the central coastal area would witness a relative
increase in amplitude of heavy precipitation events. The number of extreme rainfall
events, on the other hand, would decrease throughout the territory (Fig. 2.5a).

With higher resolution of 12 km, two simulations for two of 30 years each
(1971–2000 and 2021–2050) were carried out with ALADINClimat to assess future
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Fig. 2.3 Annual mean precipitations in Morocco for the period 1981–2010 (Source DGM 2017)

Fig. 2.4 Average monthly temperature and rainfall in Morocco for the period 1901–2016 (Source
WB 2016)
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changes in the northern half of Morocco. The results showed that winter precipi-
tation would decrease by −10% to −15% over most of the northern part of the
country where there will also be an increase in the maximum period of drought and
a decrease in the number of wet days. Extreme rainfall events would not undergo
significant amplitude evolutions on all the zone west of the Atlas Mountains and the
extreme north. Yet, they will decrease in number from −10% to −20% on the whole
northern part of Morocco covered by the domain of the model (Fig. 2.5b). Average
spring precipitation is expected to increase by +5% to +20% over the northern half
of the country with the exception of the northwest coastal region between Tangier
and Casablanca, which is not expected to change significantly. The drying up of the
north of the country in summer is also forecast by large majority of regional climate
models (RCMs). In autumn, practically the entire area west of the Atlas Mountains
would not change in terms of average precipitation.

Sinan and Belhouji (2016) estimated an overall decrease in annual precipitation
totals varying on average between 10% and 30% depending on the scenario chosen
and regions for horizon 2080–2100. Average annual temperatures will concomi-
tantly increase on average between +2 and +5 °C depending on the chosen scenario
and the region considered. The impact of these variations on water resources vol-
ume is expected to have an overall downward trend ranging from −7.6% to
−40.6%.

2.2.4 Hydrological Impact of Climate Change

Rainfall–runoff process is tightly influenced by watersheds geomorphological and
hydrological characteristics. Moroccan landscape can broadly be divided into two
categories: mountains and plains. Most of Moroccan wadis cross plains that are

Fig. 2.5 Variation (in %) of extreme rainfall events numbers for A1B scenario winter season, for
2021–2050 based on 1971–2000 record simulated change a by ARPEGE-RV-50 km resolution,
b by ALADINClimat-12 km resolution (Modified from Driouech 2010)
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generally alluvial. Coastal and inland plains are large between the Atlantic Ocean
and the Atlas Mountains, and get narrower on northern coastlines between the
Mediterranean Sea and the Rif mountains (Fig. 2.6). In the South, plains and desert
hills lay from the Anti-Atlas Mountains to the Moroccan southern Sahara. Rif
Mountains in the North of the country, culminate at 2456 m. As for the Atlas chain
(i.e. Middle Atlas, High Atlas and Anti-Atlas), it extends from the North-East to the
South-West and its highest point is 4165 m. The mountains thus play the role of
climatic barriers, regulating the rainfall over the northern part of the country.

At catchment level, few studies have tackled the impact of climate change on
rainfall-runoff relationship in Morocco. Driouech et al. (2010) assessed the impact
of climate change on Moulouya catchment of 55,500 km2 surface north east
Morocco. The GR2M hydrologic model was run using ARPEGE-Climat model
output scenarios with 50–60 km resolution. Between 1958 and 2000, monthly
flows showed a clear downward trend mainly attributed to a decrease in rainfall and
an increase in evapotranspiration (ET). By 2050, winter flow discharges are pro-
jected to decrease by −20 to −30%, those of other seasons would decrease less (on
average +7 to +10%).

Fig. 2.6 Digital elevation model (DEM) map of Morocco (Source Singla 2009)
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In Diekkrüger et al. (2012), climate scenarios showed that Drâa catchment, a
28,400 km2 basin in south eastern Morocco, will face a decrease in rainfall of
30 ± 11 mm and an increase in temperature up to 1.4 ± 0.7 °C up to 2050.
Rainfall variability and evapotranspiration will increase which results in a reduced
vegetation coverage amplifying rainfall effects. Consequently, an increase in the
erosion rate up to 21 ± 17% is expected.

On the Oum Er Rbia catchment, a basin with a total area of 36,972 km2, Azhari
and Loudyi (2019) built up statistical downscaling scenarios to predict future cli-
mate. The models showed an increase in temperature fluctuating between 0.8% and
15.4%, and a decrease in precipitation that varies from 3% to 16.4%. The impact of
these variations was simulated using the hydrologic model HEC-HMS resulting in a
decrease of runoff discharge ranging from 48.4% to 57.1% over the basin area.

On a smaller scale, Marchane et al. (2017) carried out five regional climate
models to evaluate future changes in precipitation and temperature over Rheraya
watershed, a sub-basin at the Tensift catchment of 225 km2 surface located in the
High Atlas Mountains of Morocco. The models were developed through the
Med-CORDEX initiative, according to the two emissions scenarios RCP4.5 and
RCP8.5. The future projections for the period 2049–2065 under the two scenarios
indicate higher temperatures (+1.4 °C to +2.6 °C) and a decrease in total precipi-
tation (−22% to −31%). The hydrological projections under these climate scenarios
indicate a significant decrease in surface runoff (−19% to −63%, depending on the
scenario and hydrological model) mainly caused by a significant decline in snow
amounts and increased temperature.

Seif-Ennasr et al. (2016) found that, under RCP8.5 scenario, temperatures in the
Chtouka Ait-Baha sub-basin in the Souss Massa catchment, will increase up to 2 °C
during 2030–49 and up to 5 °C during 2090–2100 compared to baseline (1986–
2005). Precipitation will also decrease down to −30% for the period 2030–2049 as
well as to −60% for 2080–2099 period. Subsequently, hydraulic simulations
showed that water deficit at the basin will triple by year 2050 due to the reduction of
aquifer recharge and dam’s storage.

Many ABHs are still carrying out studies on the impact of climate change on
their water resources within the process of updating their Master Plan for Integrated
Water Resources Management, (e.g. Sebou, Souss Massa). Mitigation and adap-
tation measures are being identified as a result of these studies so that they can be
included in the investment program drawn by the Master Plan of each of the ten
Moroccan ABHs.

Research and technical studies show that there is a general trend to a decreasing
total annual rainfall and an increase in temperature for next fifty years at national
and local levels. However, no study has made a downscaling to simulate the trend
in the intensity of extreme rainfall events, especially for short durations of few
hours, that are often the cause of flash floods. Runoff is also expected to decrease as
a natural consequence of decreasing rainfall in most catchments of the country. An
exception can be the northern catchments of Loukkos and Sebou given the possible
increase in precipitation pattern, the size, and shape of their watersheds having rapid
hydrological responses especially those in Rif mountainous areas.
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2.3 Flood Risk Management Framework

2.3.1 Management Approach

As an arid and semi-arid country, the unexpected occurrence of flash floods was
first handled in a crisis management manner. The frequency of events and their
generated damages urged the government to prepare a strategy for flood manage-
ment moving from crisis management to risk management (Fig. 2.7). Indeed, in a
study published by OECD 2017 on risk management policies in Morocco, it was
clear that a reactive approach did not enable an upstream preparation and identi-
fication of management, financial, and logistics needs for emergency situations, and
therefore, pushed decision-makers to seek a proactive management approach.

2.3.2 Institutional, Legal, and Policy Frameworks

Morocco’s institutional and legislative frameworks for flood risk management are
broad and progressive. As the management approach was evolving from crisis
management to proactive management, many institutions have seen their role
changing by necessary legislative and regulatory updates. The nature of flood risk
as an inter-sectorial field, correlating natural disaster, water management, envi-
ronment, and public safety, has produced a wide array of actors involved in its
planning and management as shown in Fig. 2.8. Introduction of the main flood
management stakeholders is given below.

(a) National and regional institutions

The General Directorate of Water (DGE): Water resources planning is mainly
the responsibility of the Water Department in Morocco. Within this department, the
Directorate of Water Research and Planning (DRPE) is in charge of integrated

Fig. 2.7 Flood risk management framework
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water resources management including extreme events of droughts and floods
management. The DRPE has always been involved in flood risk assessment and
mitigation in addition to administrative support and coordination at national level
for regional river basin agencies, namely ABHs. Of note, since 1992, the water
department shifted jurisdiction between different ministries such as Ministry of
Agriculture, Ministry of Equipment, Ministry of Land use Planning and Ministry of
Energy, Mines and Environment. Since 2017, this department has been part of the
Ministry of Equipment, Transport, Logistics and Water converted to the General
Directorate of Water (DGE) since 2020. The DGE outlines the National Water
Strategy, the National Water Plan, and the National Flood Protection Plan.

Ministry of Interior (MI): Natural disaster crisis management has always been
handled by the Ministry of Interior. Later, the MI created the Monitoring and
Coordination Center (CVC), in 2008, that oversees processes related to emergency
situations and disaster crisis management. In particular, it leads decisions and
actions relating to risk and threat prevention, coordination of disaster event oper-
ations, and recovery actions. The MI holds also the Civil Protection Directorate
(DGPC) which is the official body carrying out operations on the ground when a
disaster happens.

In 2020, the government created within the MI a central Directorate for Natural
Disasters Risk Management (DGRN) to enhance efficient coordination between
various and multi-level stakeholders. The DGRN is in charge of collecting infor-
mation for optimizing operations during disaster events and crisis situations. This

Fig. 2.8 Flood risk management institutional stakeholders in Morocco
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directorate is also responsible for the preparation of emergency plans, called
ORSEC that are launched when disasters occur, including but not limited to floods.

Recently, the MI announced the creation of Flood Risk Management Center
incorporating operational monitoring , warning, and assistance for flood manage-
ment. The project is financed by the Fund to combat Effects of Natural Disasters
(FLCN) that was created earlier in 2009. Initially, four pilot zones were targeted by
this project for their flood history, namely Ourika valley, El Ghrab plain, Guelmim
desertic area, and the coastal city of Mohammedia. A Provincial/Regional
Coordination Center (PCC/RCC) will be installed in the administration represent-
ing the MI locally (Prefecture, Province or Region). The PCC/RCC will ensure
coordination between the MI, the DGE, the General Directorate of Meteorology
(DGM), the DRPE, the regional ABHs, and international organization partners.

General Directorate of Meteorology (DGM): It is an independent institution that
is in charge of managing rainfall stations and meteorological radar networks
throughout the Moroccan territory. Besides It has the responsibility of weather
forecasting at national and regional levels, collecting, analyzing, and providing
meteorological data, satellite images to different public and private operators.

Hydraulic Basin Agency (ABH): At catchment level, the river basin agency,
called Hydraulic Basin Agency (ABH) is the main regional water authority in
Morocco. There are ten ABHs that cover all Moroccan watersheds. Each ABH
coordinates its actions with the DGE within a collaborative approach for flood maps
updates and flood control measures selection and adoption. The ABH has the
responsibility of preparing the Master Plan for Integrated Water Resources
Management including flood risk assessment, mitigation measures identification,
and implementation of action plan in partnership with related stakeholders.
The ABH also establishes Flood Atlas that identifies flood-prone areas within the
catchment territory, manages its own hydrometeorological stations and flood
warning networks, and performs its data monitoring and processing.

There are other ministries, institutions, and commissions that are involved in the
management of flood risk either at assessment level or implementation of mitigation
and adaptation measures level. For instance, the Ministry of Land Use and Urban
Planning and its regional representations are in charge of including flood mapping
in planning document. The former High Commissioner for Waters and Forests
(HCEFLCD), now called Waters and Forests Department within the Ministry of
Agriculture, is in charge of erosion control upstream, a serious problem that reduces
the efficiency of flood control structural infrastructures (i.e. dams, dykes, drainage
systems). The Ministry of Agriculture, the Department of Environment, water and
sewerage utilities, and elected regional and local councils are other examples of
stakeholders involved in flood control measures implementation.

(b) Legal framework for flood risk management

Water law 36-15: The DGE and ABHs carried out an assessment of the previous
water law 10-95 enforcement in consultation with stakeholders and civil society. In
the previous law 10-95, that prevailed for twenty years, only a section, under
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transitional provisions chapter, was dedicated to flood control. It provided weak
framework limited to specific measures for flood and drought risks and regulated
the implementation of measures for flood control. The study of this law revealed
many shortcomings as it proved to be no longer adapted to the socio-economic
changes of the Moroccan context. Among these shortcomings, weak provisions
related to flood protection were highlighted. Therefore, the law needed to be
updated to respond to the requirements of sustainable development and climate
change conditions. In 2016, the new water law 36-15 was adopted. Flood provi-
sions within this law were introduced as a legal measure to respond to national and
international organizations call to adopt a new proactive approach for flood risk
management in Morocco. As a result, this law is the first one to dedicate a whole
chapter to floods. It gives provisions regarding (1) protection and flood risks pre-
vention, (2) flood sensing, monitoring and warning, and (3) flood event manage-
ment. The new water law 36-15 brought more specifications on the roles of
stakeholders and diverse provisions on tools for flood risk management. Yet, this
law states the obligation of addressing risk assessment through the production of
flood Atlas by each ABH. The flood Atlas aims at identifying flood-prone areas
according to three levels of flood risk (low, medium, and high) and possibly
indicating flood hazard frequencies. For high and medium flood risk areas, the law
states the obligation of preparing Flood Risk Prevention Plan within a participatory
approach involving others public stakeholders for the plan implementation. These
plans are established for a twenty years period and can be revised as necessary.

So far, some ABHs have produced their flood Atlas whereas others have made
progress on projects for local mapping of flood-prone zones in order to establish
their own flood Atlas.

Another novelty of the water law 36-15 is the introduction of Integrated Systems
for Flood Monitoring and Warning as a responsibility of each ABH. It should be
fulfilled in cooperation with the DGM for data exchange. These systems contain
rainfall-runoff models that allow the follow up of hydrological situation and flood
risk prevention.

Insurance law 110-14 amending insurance code and establishing coverage
scheme of disaster events: Following the recommendations of the World Bank,
Morocco adopted in 2016 the new law 110-14 amending the Insurance Code to
introduce a new coverage scheme of disaster events consequences. This law was
first effectively implemented on 2020 as a financial measure to increase territories
resilience to disasters including flood events. The new law also established the Fund
of Solidarity against Catastrophic Events (FSEC) to allow compensation for victims
of disaster events whether they are natural or man-made hazards.

(c) Strategy and plans

National Water Strategy (SNE): In 2009, the National Water Strategy (SNE) was
established as a framework for implementing water action plans to respond to water
demand under climate change and increasing constraints, in a sustainable manner
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for the 2010–2030 period (SNE 2009). The SNE is structured around the following
six axes: (1) demand management and water resources recovery, (2) supply man-
agement and water availability development, (3) water resources protection and
conservation (4) mitigation of vulnerability to water-related risks and adaptation to
climate change, (5) regulatory and institutional reforms advancement and (6) up-
grading Information Systems and capacity and resources building. Within the fourth
axis, the SNE outlines actions for improving protection of people and property
against floods through the following actions:

• finalizing actions described in the National Flood Protection Plan aiming at
protecting vulnerable sites each year;

• integrating flood risk in land use planning, urban planning, and catchment
management plan;

• improving knowledge in the field of weather forecasting and urban hydrology;
• developing flood warning systems and emergency plans; and
• developing financial mechanisms (i.e. insurance and natural disaster funds).

For the fulfillment of Morocco dam’s policy, the SNE also sets the objective of
building about sixty large dams by 2030 with a total storage capacity of 7 Billion
m3. These dams have to meet the needs of water demand and flood control. The
strategy aims also at building one thousand small and medium-sized dams by 2030
in order to support irrigation development, provide livestock water and protect
against flooding. Another flood measure outlined in the SNE is rainwater harvesting
by setting up pilot projects at small scale in each catchment before extending it to a
larger regional scale.

National Flood Protection Plan (PNI): Following the 1995 Gharb plain floods
that endangered national food security, and their successive recurrence, the DGE
released the National Flood protection Plan in 2002, commonly called PNI (2002).
The plan was aimed at reducing flood risk through (1) a detailed diagnostic of flood
events, (2) an analysis of current institutional framework and suggestions for
improving it, and (3) proposal of an action plan, its content, funding, cost, time-
table, and implementation.

The PNI drew up an inventory of around 400 flood-prone sites, which were
subject of consultation at the level of the ABHs along with various public
departments. Within the framework of a partnership with the relevant parties, in
particular the MI, the DGE started in 2003 the implementation of the PNI outcomes.
One hundred sites were hence concerned with flood control measures by building
small dams and developing watercourses.

Due to increasing flood events frequency, the DGE realized in 2010 an update of
the PNI to include new flood-prone sites to reach a total of 1032 sites based on field
visits (Fig. 2.9). A second update of the PNI is being currently undergone by the
DGE and should be released shortly. The new PNI aims at drawing up a progress
report on vulnerable sites processing and updating data and information regarding
flood black points and flood control action plans (DRPE 2019).
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National Water Plan (PNE): The National Water Plan, commonly called in
Morocco PNE, was developed in 2015 by the DGE, formerly part of the Ministry of
Energy and Mines. The plan draws up an inventory of water resources, presents the
main directions of water policy, sets the plan of actions to be undertaken in the
medium and long terms, the accompanying measures as well as a plan for their
monitoring and financing. These actions relate to water demand management and
development of water resources, water supply management and development,
protection of water resources and the natural environment, and adaptation to climate
change along with support actions (PNE 2015). The PNE used to be established for
a period of at least twenty years. It could be subject to periodic reviews every five
years and whenever exceptional circumstances required its update. The recent water
law 36-15 has extended the PNE planning period horizon to thirty years and its
update to ten years.

With regard to flood risk, the PNE gives orientations about action plan for flood
control including structural and non-structural measures. To mitigate floods harmful
impacts, structural actions to be taken related to the continued implementation of
the PNI recommended control measures and their updates according to the current
PNI update study carried out by the DGE. The PNE underlines the implementation
of non-structural actions based on the following main provisions:

• reform of the legislative framework governing the management of flood risk;
• delineation of areas at flood risk and the establishment of flood risk maps by

ABHs;
• articulation of planning and land use documents in order to control land use in

areas at flood risk;

Fig. 2.9 Flood-prone zones according to a PNI 2002; b PNI 2010 (Source PNI 2002, 2010)
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• strengthening prevention by improving knowledge in the field of hydrometeo-
rological forecasting and the development of flood forecasting, and emergency
plans;

• development and strengthening of financial mechanisms (insurance and funds
for natural disasters), consultation, and coordination.

Master Plan for Integrated Water Resources Management (PDAIRE): Each of
the ten ABHs is required, under the previous and the current water laws, to elab-
orate its Master Plan for Integrated Water Resources Management, commonly
called in Morocco PDAIRE. This plan is a road map for regional water resources
management at catchment level for the next thirty years. It can be revised every ten
years unless exceptional circumstances occurrence requires its amendment before
this deadline. Its main objective is to respond quantitatively and qualitatively to
current and future water demands of various users in the ABH catchment area. With
regard to flood, one of the plan objectives is to assess flood risk within the basin in
order to develop a regional strategy in a holistic approach that is consistent with the
PNI, and contributes to the implementation of the SNE 2010–2030 directives along
with the PNE 2020–2050. The PDAIRE presents a diagnosis of flood risk in its
territory, and its action plan for flood control including program of structural and
non-structural measures for flood mitigation, capital cost, funding plan, and time-
line for implementing the selected measures. The PDAIRE also establishes limits of
banned areas for any development that may disturb floodwater flow. To do so, the
ABH conducts studies for identifying flood-prone areas, and priority sites for
mitigation measures. The studies can be conducted using ABH’s own resources or
within contracts with consultant companies using the tender process. The first
PDAIREs were developed in late eighties. Following the enforcement of water law
10-95 and later on law 36-15, many of the ABHs have updated or are in the process
of updating their PDAIRE as stated by water law and its related regulations.

Within this framework, many other flood control studies and atlases of flood-prone
zones were developed by the ABHs at local and regional levels. Accordingly, all
flood black spots in each catchment were identified, and actions plans and part-
nerships were established. Hence, the PDAIRE is an important tool for updating the
PNE, the National Urban Development Plan and the National Land use Plan in a
bottom-up approach building national policies on the basis of regional level
feedbacks.

Emergency Response Plan (Plan ORSEC): The Emergency Response Plan,
commonly called ORSEC, is a document drawn up at the level of each prefecture
and province under the responsibility of the Wali or Governor. The plan fixes, in
advance, the course of action to be followed for the organization of rescue and relief
of population and property in the event of a disaster including floods. The ORSEC
ensures unity of command, tasks assignments, and coordination of actions and
means. It gives also a complete inventory of human and material resources likely to
be mobilized if necessary. In the event of a disaster, the alert is triggered by the
Wali/Governor who gives the ORSEC warning for crisis management. He informs
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in particular, the Cabinet of the Ministry of Interior and the General Directorate of
Civil Protection.

Master Plan for Risk Analysis and Coverage (SDACR): This document is
prepared by the regional, provincial and prefectural commands of Civil Protection
that is the national body in charge of emergency actions and relief during a disaster
event. The SDACR draws up an inventory of specific risks in the region that Civil
Protection services must face. It determines also the objectives of coverage of these
risks by civil protection services. This document has a real database related to risk
management for a better preparation of major crisis situations likely to compromise
citizens safety, health, and sanitation. It is also a basic technical reference allowing
the General Directorate of Civil Protection (DGPC) to develop and plan investment
in equipment, and necessary actions for crisis management.

National Strategy for Natural Disaster Risk Integrated Management:
Following the recommendation of OECD (2019), Morocco is in the process of
elaborating its National Strategy for Natural Disaster Risk Integrated Management
with the support of the World Bank. This strategy will be built upon the following
five areas of action: (1) strengthening the governance of natural risk management,
(2) improving knowledge and assessment of natural risks, (3) building resilience
and prevention of natural risks, (4) disaster prevention for rapid recovery and better
reconstruction, and (5) promoting scientific research, international cooperation, and
capacity building. These areas correspond to the country priorities as well as to
international reference frameworks such as the OECD recommendation on critical
risk governance (OECD 2014), and the Sendai framework for disaster risk reduc-
tion (UNISDR 2015). Its adoption will also establish a monitoring and evaluation
framework to measure progress towards improving Morocco’s resilience.

2.4 Technical Aspects of Flood Risk Assessment Methods

2.4.1 The PNI Assessment Method

The PNI is the only document dedicated to flood risk strategy at national level. It
gives a better understanding of flood risk in the Moroccan territory through a
classification of observed flood types and the identification of vulnerable sites.
The PNI (2002) study defined about 400 most vulnerable sites to flood in Morocco
(Fig. 2.9a). The methodology used in the PNI (2002) and 2010 for risk mapping is a
matrix that crosses hazard and vulnerability. The various risk components, as
internationally defined by UNESCO, recalling the definition of the Office of United
Nations Disaster Relief Coordinator—UNDRO (Varnes 1984), are computed using
the following expression:
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Rt ¼ Ht � V � E

in which: Rt is the risk associated with a return period t for the zones for which
hydraulic models have been performed; Ht represents the hazard associated with a
return period t over a given space; E is the element at risk (person or asset exposed
to the risk when the hazard Ht occurs) on a given area and V is vulnerability defined
as the potential for the element at risk E to undergo Ht hazard. In this method,
vulnerability V is considered as the average damage that element E can suffer when
it is exposed to the hazard Ht.

(a) Flood hazard in Morocco has been described through two main components:
average velocity and average height in wadis floodplains. The maximum daily
precipitation maps were drawn up from the results of statistical adjustment
(Gumbel distribution) of the 375 rainfall gauging stations of the ABHs (PNI
2002). GIS was used to represent the maximum daily precipitation values of
these 375 positions for return periods of 10, 25, 50, and 100 years in all
watersheds. Therefore, mean runoff depths were extracted for each sub-basin
related to each of the above return periods using an Inverse Distance Weighted
(I.D.W.) interpolation method.

The 390 sites identified in the PNI (2002) study were ranked in five categories
describing the hydraulic type of site flooding. This classification was based on the
cause of flooding, the morphology of the site, and the availability of topographic
data. Hydraulic calculations were then adapted to each category.

The maximum daily runoff depth was calculated for 10-year return period, for all
the ABHs, based on data collected from 150 hydrometric stations, using proba-
bilistic approaches such as the Gradex method and has also been mapped across the
Moroccan territory. Hydraulic modeling was generally performed using
HEC-RAS software. However, these models have only been carried out for sites
with available topography maps at the scale 1/5000 or 1/2000 before 2002. For sites
with sparse data and coarse topographic map, the experts referred to the testimony
of residents as a first approach for hazard assessment. For small watersheds with
time of concentration of one hour or less, daily precipitation measurements were not
representative of the rainfall intensity variation. The Montana equation, largely used
in Morocco, was applied to daily rainfall to extract rainfall for shorter periods using
the expression:

I t; Tð Þ ¼ a Tð Þ � tbðtÞ

where I is the mean rainfall intensity for a duration t and a return period T, a and
b are regional parameters calculated using statistical methods. In 2002, the flood
assessment study was carried out despite the absence of long-period consecutive
daily runoff measures for large catchments, and complete hydrographs for small
watersheds. In order to reconstruct missing hydrologic data, such as peak flows or
flood hydrographs in the flood-prone and ungauged sites, the maximum daily
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rainfall for a return period is computed as well as the rainfall for the same return
period for a duration equal to 3 times the watershed concentration time. The Soil
Conservation Service Curve Number SCS-CN is used for rainfall-runoff modeling.

The resulting hazard maps showed that the most important hazards were found
on the Rif mountains, the Mediterranean coastal watersheds within the Loukkos
catchment, and Sebou sub-basins with parts laying on the Rif mountains. On the
Atlas Mountains, either on the upper basin of the Oum Er Rbia or on the upper
Tensift catchments, maximum daily precipitation and runoff were less significant,
which does not mean that flood risk was lower, especially on the Tensift basin.
Indeed, daily rainfall values did not correctly translate the hourly intensities which
can occur in these parts of the country, especially during summer thunderstorms, as
they were very poorly measured by the rain gauging network in place. The hazard
was then classified into four categories as shown in Table 2.2.

(b) Flood vulnerability was evaluated in a qualitative manner with regard to the
importance and type of assets as shown in Table 2.3.

Flood risk was then assessed as a combination of hazard and vulnerability previous
classifications. A matrix for flood risk classification was developed using five levels
of risk, ranging from low risk to very high risk (Table 2.4). Example of hazard and
risk maps developed in the PNI is shown in Fig. 2.10 for El Gara town, southeast
Casablanca city in Morocco.

The level classes remain qualitative so that experts who have visited the sites can
inform these classes even if they do not have concise data (calculations, reports)
related to the strongest events recorded in recent years. Hence, another risk
assessment approach was adopted in the PNI for sites where calculations were not
made and flood hazard was assessed following residents’ testimony. Six exposure
categories were considered: Human exposure (H), Constructions/buildings (C),
Infrastructures (I), Agriculture (A), Environment (Ev), and Economy (Ec). They
correspond to the categories most often encountered on Moroccan territory,
although it is extremely rare that only one is encountered at a given site. However,
they have the advantage of paving the way to estimating the damage and assigning
an economic value to the damage (Table 2.5).

For mapping purpose at national level, and for all type of assessment methods,
only four types of risk were used. Thus Construction (C), Infrastructure (I) and

Table 2.2 Hazard
classification in the PNI
(2002)

Velocity (m/s) Height (m)

<0.3 0.30–0.80 0.80–1.50 >1.50

<0.50 LH MH HH HH

0.50–1.00 MH MH HH VHH
1.00–2.00 HH HH VHH VHH
>2.00 HH VHH VHH VHH
Source PNI (2002)
LH Low Hazard, MH Medium Hazard, HH High Hazard, VHH
Very High Hazard
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Agricultural (A) risks were grouped under a same section called “Social Risk” (S).
The highest risk of these three categories gives the degree of social risk (S = Max
[C, I, A]).

A five level Global Risk (GR) index was defined as a quantitative value assigned
for each risk category as follows:

If Max (H, S, Ev, Ec) = 0 ! GR = 0—Minor
If Max (H, S, Ev, Ec) > 0:

If Max (H + 1, S, Ev, Ec) = 1 ! GR = 1—Low
If Max (H + 1, S, Ev, Ec) = 2 ! GR = 2—Medium
If Max (H + 1, S, Ev, Ec) = 3 ! GR = 3—High
If Max (H + 1, S, Ev, Ec) = 4 ! GR = 4—Very high

Consequently, a Global Risk cannot be low unless there is no human risk (H = 0).
An example of the GIS-based map built upon these considerations is shown in
Fig. 2.11.

In order to better rank quantitatively each of the flood-prone sites with regard to
the importance of their risk exposure, the following scores were assigned to each of
the risk levels:

Table 2.3 Vulnerability classification used in the PNI (2002)

Low vulnerability (LV) • Desert areas
• Brownfields

• Forest areas
• Natural areas

Medium vulnerability (MV) • Extensive agricultural areas
• Arable lands

• Secondary infrastructure
• Household landfills

High Vulnerability (HV) • Intensive agricultural areas
• Irrigated agricultural areas
• Vegetable and fruit crops
areas

• Palm groves

• Sparsely populated areas
• Low activity areas
• Main infrastructure
• Non-toxic industrial
landfills

Very High Vulnerability
(VHV)

• Heavily populated areas
• Important activity areas
• Highly touristic areas

• Camping sites
• Toxic industrial landfills

Source PNI (2002)

Table 2.4 Risk classification
used in the PNI (2002)

Vulnerability Hazard

LH MH HH VHH

LV LR LR MR MR

MV LR MR MR HR

HV MR HR VHR VHR

VHV MR VHR VHR EHR

Source PNI (2002)
LR Low Risk, MR Medium Risk, HR High Risk, VHR Very High
Risk, EHR Exceptional High Risk
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1 for low risk; 2 for medium risk; 3 for high risk; 5 for very high risk

and weight coefficients for each of the different types of risk:

Human risk (H): 10; Construction risk (C): 7; Infrastructure risk (I): 7; Agricultural
Risk (A): 6; Environmental Risk (Ev): 8

The Economic risk (Ec) was not taken into account directly because it is not
independent of other risks. It is in fact strongly linked to them and it is rather
through the sum of the weighted ratings assigned to each site that an idea on the
importance of the economic risk can be made. In the 2010 PNI update, economic
criteria were discarded as it is very subjective and time-dependent value.

Using these assessment criteria for each category (H, C, I, A, Ev, Ec) and
assigned weighting coefficients, the 391 sites were ranked downward according to
their scores in PNI (2002). This ranking allowed to identify 50 most priority sites to
be protected against flood risk in Morocco and therefore to facilitate the elaboration
of investment plans at national and regional levels.

In the first method, hazard (i.e. height and velocity) assessment approach was
probabilistic and therefore risk assessment was also probabilistic within certain
limits of simplification as certain vulnerability elements are variables (e.g. disaster
arriving day or night, a weekday or a holiday, house inhabited or not during the

Fig. 2.10 Example of flood maps developed in PNI, case of El Gara town site a hazard map and
velocities, b flood depths map, c flood risk map (Source PNI 2002)
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Table 2.5 Categories of exposure and their classification

Nature Level

Low Medium High Very high

Human: H Risk of injuries
—Isolated
persons for
long-duration
flood

Risk of victims
(1 to 10
victims)

Risk of victims
(10 to 50
victims)

Risk of victims
(more than 50
victims)

Constructions: C Less than
50 cm flood
heights and less
than 50 affected
dwellings with
little or no
damage

Less than
50 cm flood
heights with
more than 50
affected
dwellings Or
more than
50 cm flood
heights with
less than 50
affected
dwellings and
moderate
damage

Flood heights
between 50 cm
and 1 m with
houses and
assets damaged

More than 1 m flood
heights—destroyed
houses

Infrastructures: I Roads
(secondary
roads—paths—
streets) flooded
for a short time
with less than
20 cm flood
height—no
damage

Roads (main/
secondary
roads—paths—
streets) flooded
with flood
height between
20 and 50 cm
with traffic
interrupted for
few hours—
low structure
damages

Roads and
bridges flooded
with more than
50 cm flood
heights; traffic
interrupted for
few hours to
few days.
Significant
structure
damages

Roads and bridges
flooded with more
than 1 m flood
heights. Destroyed
structures, traffic
interrupted for few
days to few weeks.
Dykes and networks
(water, energy, and
telecommunication)
heavily damaged
with distribution
service interruption
for many days

Agricultural: A Flooding of
meadows,
forest areas,
and small
extensive
agricultural
areas—little or
no damage

Flooding of
large extensive
agricultural
areas and small
intensive
agricultural
areas—average
damage

Flooding of
large intensive
agricultural
areas and
medium
irrigated areas
—significant
damage to soil,
crops, and
structures

Flooding of
intensive
agricultural areas or
agricultural areas
with high crops
added value and
high local economic
impact (fruit—palm
groves)
Very significant
damages—
infrastructure
destroyed—
plantation losses—
erosion or
significant soil
sedimentation

(continued)
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event). Yet, in the second method, more simplified, the risk is no longer proba-
bilistic but rather refers to the most significant event observed in recent years. Given
the current level of investigation, this approach is yet sufficient to properly identify
the areas at greatest risk and to undertake a prioritization of actions. Other inter-
national bodies, such as the World Bank, Euro-Mediterranean Partnership, and
UNDP, also carried out studies about flood risks in Morocco (WB 2011a, b; SEEE/
UNDP 2008; SEEE 2008; EMWIS 2005). These disparate studies came up with
interesting results and solutions but in either very broad or fragmented way.

Table 2.5 (continued)

Nature Level

Low Medium High Very high

Economic: Ec Some recovery
actions (street
sweeping—
sediment
removal—
washing
carpets—floors
—walls—
paintings, etc.)
Less than
MAD 100,000
damage cost

Damages cost
(private and
public)
comprised
between MAD
100,000 and
MAD
1,000,000

Direct and
indirect
damages cost
(Job losses—
rescue
operations—
relocation—
medical and
social
assistance)
comprised
between MAD
1,000,000 and
MAD
10,000,000

Direct and indirect
damages cost higher
than MAD
10,000,000 Dh

Environmental:
Ev

Return to the
river of floating
bodies, traces
of oil products
washed out by
flood from the
pavements
washed,
fertilizer
agricultural

Vulnerable
zones
(wetlands)
flooded and
polluted

Spill in the
natural
environment
(streams—
lakes—ponds
—reservoirs)
common toxic
products
harmful to
flora, fauna and
exceeding
sanitary
standards for
water intended
for human
consumption

Spill in the natural
environment of
highly toxic
products which can
destroy partially or
totally the flora and
fauna and cause a
break in
consumption of
water for domestic
use

Source PNI (2002)
MAD Moroccan Dirham (10 MAD is about 1 USD)
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2.4.2 The PDAIRE Method

As mentioned in Sect. 2.3.2c, each ABH prepares its Master Plan for Integrated
Water Resources Management (PDAIRE) that has to include a component on
‘Flood protection’, describing flood related-actions carried out by each ABH since
2002 and offering more concise details of outlined measures than the PNI.

Most ABHs have led their field investigation to identify prone flood areas within
their territory to comply with the PDAIRE directives and to establish their Atlas of
flood-prone zones as requested by water law 36-15 (e.g. Atlas of flood-prone areas
of Tensift catchment, ABHT 2007). Based on information available on entire
sections of valleys, the atlas of flood-prone zones consist of an informative map of
historical flood events, hazard map (i.e. probability, extent, intensity) comple-
mented by other information on the wadi beds geomorphology and floodplains
exposure. The Atlas provides the basis for flood risk management as it is the main
regional document that produces:

• Information for decision-makers of water planning and urban planning;
• Identification of vulnerability (e.g. housing, public services, economic activities,

roads) subject to different hazards; and floodplains to be protected;
• Identification of flood mitigation measures.

Fig. 2.11 Overview of GIS database output map for flood risk assessment developed in PNI 2002
(Source PNI 2002)
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PDAIRE has considered a different way of hazard assessment. For example, in
ABHBC (2007), floods where classified according to the time of rise tr, which
refers to time from the start of rainfall excess to the peak of the hydrograph.
According to this classification, the sub-catchments of the basin were ranked as
medium-rise floods or slow rise floods. The flood hazard in this catchment was
assessed for six urban watersheds (Casablanca, Nfifekh, El Mellah, Bouskoura,
Merzeg, and Bouregreg sub-basins catchments and Berrechid plain). Climate
change parameters that were considered are (1) extreme precipitations: based upon
daily precipitation data and new design storm of 10 to 100 year-return periods; and
(2) sea level: to assess boundary conditions downstream of certain coastal streams
and sewage systems. For flood hazard assessment in urban basin, design storms
used for modeling the sewer networks are based on Intensity-Duration-Frequency
(IDF) curves of observed rainfall at the Casablanca-Anfa station. The effect of
climate change on stream discharges was evaluated using Gradex method, in
consistence with the method used in the PDAIRE surface water resources assess-
ment studies.

For vulnerability assessment, the ABHBC used the same methodology as in the
PNI considering the six exposure criteria: Human exposure, Buildings,
Infrastructures, Agriculture, Environment, and Economy. Five levels of risk ranging
from minor risk to very high risk were defined accordingly. The output of this
analysis is a map showing risk level for several parts of the basin (Fig. 2.12). This
result gives an indication of the exposure of the catchment to different risk cate-
gories ranging from very high flood risk to low flood risk. Urban flood vulnerability
of Casablanca city was analyzed using parameters such as density, building quality,
number of floors and social level, economic activities. The current and 2030-future
flood vulnerability maps were given based on extreme precipitation change (2002–
2050). The same approach was used to assess flood risk in an urban planning
touristic project in the city of Rabat (WB 2011a).

Other ABHs such as Sebou, Moulouya, Loukkos, have also led their studies for
flood protection and suggested structural and non-structural measures that were
later adopted within their PDAIRE and the PNI updating processes. Given the
important cost of flood control measures, financial support of different public and
private entities, and sometimes within international cooperation, are sought by the
ABHs to implement these measures.

2.4.3 The MnhPRA Assessment Method

During the period 2010–2012, a project coordinated by the Moroccan Ministry of
General Affairs and Governance, with the support of the World Bank, the Global
Facility for Disaster Reduction and Recovery, and the Swiss Agency for
Cooperation and Development, developed an open-source new GIS analysis tool
called Morocco natural hazards Probabilistic Risk Analysis (MnhPRA) for disaster
modeling. Using advanced probabilistic risk assessment approach, this program
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generates a detailed analysis of return periods on the basis of advanced risk models
(Michel-Kerjan et al. 2014). MnhPRA is built upon four basic modules for disaster
modeling that are hazard, inventory, vulnerability, and loss (Fig. 2.13):

• Module 1 (M1): The risk of the hazard phenomenon is calculated by first
assessing the occurrence and frequency of events using a set of stochastic
events, a set of simulated events characterizing observed or scientifically

Fig. 2.12 Map of flood-prone zones and their different levels of risk in Bouregreg-Chaoui
catchment (Source ABHBC 2007)

Fig. 2.13 MnhPRA risk analysis process (Source Scawthorn 2017)
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modeled events and their probability of occurrence. Secondly, the severity of
events is calculated based on data of rainfall stations at each site of nine
catchments that are: Loukkos, Sebou, Moulouya, Bouregreg and Chaouia,
Tensift, Oum Er Rbia, Souss, Draa – Oued Noun, and Guir-Ziz-Gheris.

• Module 2 (M2): The inventory of assets at risk is characterized. The portfolio
includes the entire built environment of Morocco (e.g. residential, commercial,
industrial, public infrastructure). The inventory is based on a combination of
data collection through field visits and satellite information.

• Module 3 (M3): Vulnerability is quantified to evaluate the way in which assets
or infrastructures at risk identified in the inventory module (M2) will react
physically under the events generated in risk module (M1). Vulnerability
functions represent the relationships between the intensity of the risks (e.g.
Flood depth) at the site and the level of damage.

• Module 4 (M4): Disaster losses are calculated assuming that the only uncer-
tainty is the occurrence of an event. For example, the occurrence of floods in
Casablanca follows a certain mathematical process which has been specified in
the risk module at first, then its severity is calculated in the second part of the
risk module (M1) across the whole city. Vulnerability module (M3) then cal-
culates the average damage ratio at each site given the characteristics specified
in the inventory module (M2). Finally, the loss module examines damages
according to the values of exposure and calculates the total losses on this site
producing a Loss Exceedance Curve (LEC) that gives the annual probability to a
disaster aggregated loss to be exceeded yearly.

The tool provides also an economical estimation of flood damages using the
Average Annual Loss (AAL) for any type of inventory for a selected hazard in a
selected location. According to the analysis of risk assessment based on MnhPRA
tool, in the next 20 years, there is a 95% chance of flood in Morocco causing losses
estimated at MAD 5 billion, and a 65% chance of an event causing losses of about
MAD 25 billion. Floods remain fairly frequent and building losses are about 75% of
the AAL (93% in the case of earthquake and only 50% in the case of tsunami).

MnhPRA can also assess potential flood mitigation measures, the best solution
being the one which total cost is the lowest. The total cost is calculated as the sum
of capital cost and damages cost.

Over forty flood risk mitigation scenarios were assessed using MnhPRA, based
on a cost-benefit analysis (WB 2012). The measures range from flood warning
systems to elevating buildings for protection against floods. The scenarios con-
sidered high-risk areas such as Kenitra province for floods. According to the
MnhPRA based analysis, the highest Benefit-Cost-Ration (BCR) flood mitigation
scenarios over Moroccan territory were:

• Flood warning system for Ouregha sub-basin (BCR = 54.3)
• Culverts on railway lines in Gharb plains (BCR = 34.6)
• Mitigation of 46 residential buildings for floods in new township near Kenitra

(BCR = 8.2)
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• Mitigation of 47 government buildings for floods in new township near Kenitra
(BCR = 7.2)

• Risk assessment for floods in new township near Kenitra (BCR = 5.7)
• Mitigation of school buildings for floods in new township near Kenitra

(BCR = 4.2)

MnhPRA is the first tool that brought an economic analysis of flood measures in
Morocco. The damage is calculated in a quantitative way, unlike the previous
approaches, where damages were assessed in a qualitative manner. However,
although this probabilistic model has been widely disseminated to the flood risk
management stakeholders, in particular through organization of training sessions, it
was noted that it is not used in almost all organizations visited by the Court of
Auditors (Cour des comptes 2016). Except the Insurance and Social Security
Regulatory Authority (called ACAPS) and few private insurances companies,
MnhPRA model is not very widely used in particular within the flood risk man-
agement public stakeholders (e.g. ABHs, Urban planning agencies, etc.). Besides,
till 2019, none of the regional administrations or provinces has developed a flood
risk management integrated information system (WB 2019). The same year, the
WB released a loan for Morocco to support the country in development of
its National Strategy for Natural Disaster Risk Integrated Management with the
objective of adopting it within 2020 calendar. One of the main expected outcomes
of this strategy is to develop an Integrated Information System for Disaster Risk
Management based on the adoption of cooperation framework to enhance flood risk
management and early warning systems in the country.

2.4.4 The OECD Approach

In 2016, the OECD released a study on risk management policies in Morocco that
has highlighted the country main advancements in this subject but also the main
shortcomings of these policies (OECD 2016). The study made over thirty recom-
mendations about the whole risk management cycle including, risk assessment, risk
prevention, preparedness, emergency responses, and buildings. As a result, the
Moroccan government, with the support of Swiss cooperation, asked the OECD to
provide the necessary expertise for implementing these recommendations for the
period 2017–2018. Hence, the OECD launched a capacity building program for
local and national stakeholders about knowledge and risk assessment enhancement
(OECD 2017a). The main outcome of these training was to raise the awareness of
parties on the urgent need for: (1) the development of a shared GIS database from
data institutions producers such as DGM, ABHs, Urban Planning Agencies,
Wilayas as a common and integrated platform for national risk assessment;
(2) capacity building in hydraulic modeling for ABHs and mapping tools for many
parts of the Moroccan territory; (3) flood vulnerability atlas for all the ABHs based
on hydrological modeling and high-resolution Digital Elevation Models
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(DEM) and/or satellite images and LiDAR in a consistent way with the GIS
platform.

Within this framework, the OECD organized training sessions and produced a
guide on knowledge and natural disaster risk assessment in Morocco (OECD 2018).
The guide introduced the concept of exposure and thus defined the risk as:

Risk ¼ Hazard� Vulnerability � Exposure

• Hazard is defined by its intensity and frequency. Floods intensities with 50 and
100 years return period should be adopted.

• Vulnerability is ranked within four categories: Physical (e.g. Building quality)
Human and social (e.g. elderly people, isolated and handicap peoples);
Economical and financial (e.g. agriculture, tourism) and Environmental (e.g.
natural resources). The same classification for vulnerability as in the FNP was
adopted. Table 2.3 gives an example of vulnerability levels by economic zones.

• Exposure to the hazard is evaluated based on the relative importance of its
components (humans, assets, economical activities, historical sites, etc.) such as
the population density, assets, economical activities, historical sites, etc., and
related threats.

• Risk is assessed by combining hazards and vulnerability analysis. It charac-
terizes thus potential impacts of disasters on a given territory. This involves
estimating these consequences and defining a risk classification scale according
to their relative importance (Fig. 2.14).

In 2019, the OECD carried out an evaluation of risk management advances in
Morocco since 2016 and concluded that knowledge of risks is progressing but
remains insufficient. However, major progress on prevention with the Fund to
combat Effects of Natural Disasters (FLCN) call for projects mechanism can be

Fig. 2.14 Flood risk assessment matrix (Source OECD 2018)
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made. There is also a factual need to promote scientific research in the field of risk
management and strengthen international cooperation.

2.5 Flood Control Practices

The PNI study (PNI 2002) had estimated the average cost of flood damages at USD
4.2 Million for each flooded site on average. Flood risk assessment over the
Moroccan territory has revealed that about 400 sites were exposed and for which
protection measures will require in total about USD 2.5 Billion. The plan has
identified 50 priority sites using two types of flood control measures, namely
structural and non-structural measures. Structural measures include:

• Cleaning operations, recalibration, widening of the wadis crossing structures
(bridges, scuppers, culverts, etc.), construction of canals to regenerate the initial
wadi corridor, riverbanks protection, damming of wadis, creation of peripheral
water diversion canals, construction of dams or weirs for water storage and flood
lamination upstream endangered areas, and

• Earthworks, demolition, bank protection, embankment,
culverts-bridges-riffles-fords, dams, and related works.

Non-structural measures aim at mitigating floods by controlling vulnerability
mainly through:

• Regulation of land use in flood-prone areas through delineation studies and
raising public awareness against encroachment upon these areas; and

• Implementation of flood warning systems, maintenance of watercourses,
development of watersheds, risk prevention rescue plan, monitoring systems,
information, training, and participation.

The total investment cost of operations planned within this program for the
shortlisted sites is USD 571.5 Million, in which 79% is dedicated to structural
measures. Among these later, 34% of the investment cost is dedicated to dams.

2.5.1 Dams for Flood Control

Thanks to the dam’s policy launched in late sixties, Morocco accounted for 145
large dams in 2019 with a total capacity exceeding 18 Billion m3 (Fig. 2.15), 13
hydraulic water transfer structures (Flow rate: 200 m3/s, Length 1100 km, Volume
2.5 Billion m3/year) and over a hundred small dams and reservoirs. Many of these
dams are for flood protection (Table 2.6). Dams storage capacity will be increased
in 2030 to 27 Billion m3 with the objective of building 2–3 large dams per year. The
choice of dams is part of action plan for developing water supply, meeting local
needs, and concurrently, protecting against floods.
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Fig. 2.15 Evolution of built large dams’ number and their storage capacity 1967–2019 (Source
DGE 2020)

Table 2.6 Main flood protection dams in Morocco

Dam Province Year Height
(m)

Storage
(Mm3)

Protected zone

Mellah Ben
Slimane

1931 33 8.8 Mohammedia city

El Knsera Khemissat 1935 68 266 Beht and Moghrane
agricultural area

Mohamed V Oujda 1967 64 700 upstream zones
including Saidia port

Hassan
Addakhil

Errachidia 1971 85 320 Ziz valley

Mansour
Addahbi

Ouarzazate 1972 70 529 Draa valley

Idriss 1er Taounate 1973 72 1186 El Gharb plain

Sidi Med Ben
Abdallah

Rabat 1974 99 1000 Bouregreg valley

Oued El
Makhazine

Larache 1979 67 773 Ksar El Kebir city and
Loukkos plain

Saquia El
Hamra

Laayoune 1995 16 110 Laayoune-Trafaya road

Wahda Sidi
Kacem

1996 88 3800 El Gharb plain

Hassan II Midelt 2000 91 275 Moulouya upstream

Ahmed El
Hansali

Béni
Mellal

2001 101 740 Oum Rbiaa upstream

Touizgui Remz Assa Zag 2007 18 78 Assa Zag city

Al Himer Settat 2008 38.5 14 Berrechid plain

Koudiat El
Garn

Settat 2012 54.5 33 Berrechid plain

Source DGE (2015)
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Case study of Wahda dam for El Gharb floodplain control

Located in the northwest of Morocco, El Gharb plain is the largest irrigated agri-
cultural area of the country with an estimated 250,000 ha of potential irrigated land
and a total surface of 616,000 ha. It lays from the Pre-Rif hills and the middle Atlas
in the north east to Atlantic Ocean in the west passing by the Mamora forest plateau
(Fig. 2.16a). With elevations ranging between 0 and 200 m, it is made up of a
coastal zone, continental boundaries, and the central alluvial plain of Sebou.
Waterways system is made of wadi Sebou and its main tributaries (Beht, Ouergha,
etc.) with an annual contribution of 6 Billion m3, representing 27% of the national
potential of water resources. Mean annual rainfall is 600 mm in the coastal part
decreasing to 470 mm toward Sidi Kacem in the east (PNE 2015). Climate is
Mediterranean type with humid winters and very hot summers. Groundwater
resources are estimated at 900 million m3. Population is about 1.9 Million inhab-
itants (HCP 2014) with 56% living in rural areas.

This area has experienced several floods. The most devastating ones occurred in
the years 1963, 1973, 1989, 1996, 2009, and 2010 generating flooding of several
thousand hectares of agricultural land (Fig. 2.16b), damaging infrastructures,
destroying houses, and evacuating several affected families. Table 2.7 gives
description of El Gharb plain floods most critical recorded damages.

Previous studies, carried out as part of El Gharb plain flood protection, selected
the option of constructing Al Wahda dam in 1997 on the Ouergha wadi. The dam
has a capacity dedicated for floodwaters storage and evacuation capacity
enhancement of the lower Sebou wadi. The dam is the largest one in Morocco with
a total capacity of 3800 Mm3, a total height of 88 m and a silting volume of
58 Mm3. It is the second-largest dam in Africa after the High Aswan dam in Egypt
(UNEP 2008; Arthurton et al. 2008). Al Wahda dam has a positive impact
downstream by supplying water for drinking and irrigation and providing 400
Million KW/year of hydropower. Since the dam’s completion, flooding has drop-
ped by about 90%. As such, its impoundment came at the right time since it made it
possible to laminate the floods of December 1996 and January 1997 and thus avoid
damage to infrastructure downstream and crop production.

a) b)

Fig. 2.16 El Gharb plain: a location (Source ABHS 2018); b 2009 flood extent (Source PNE
2015)
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It has to be noted that despite storing water upstream the Ouergha basin in El
Wahda dam, flood risk remained considerable in the plain. Indeed, El Gharb plain
had experienced successive flood events in 2009 and 2010 incurring damages
estimated at USD 800 Million. A hydraulic model developed by Midaoui et al.
(2015) simulated water flow profiles downstream of Wahda dam for flood events of
December 19, 2009 to January 15, 2010 with three successive peak flows ranging
from 4000 to 6030 m3/s. The model showed that the dam preparatory management
for rainy seasons helped to avoid a flood on December 21, 2009 and another one on
January 07, 2010. The dam yet failed to stop flooding on January 14, 2010 as the
dam storage had already reached a fill rate of 104%, but the flood extent was
significantly mitigated reducing peak flows.

As many large dams in the world, the risk of erosion of Wahda dam had to be
controlled. The initial scheme for Ouergha wadi basin water planning, established
by the High Water Council in 1988, defined in addition to Wahda dam, 15
medium-sized dams, and 300 small-sized dams and reservoirs to protect the dams
from silting. Examples of these protecting dams are Jorf El Ghorab (1991), Essaf
dam (1991), Sahla dam (1994), Bouhouda dam (1998), Asfalou (2000). However,
in semi-arid region, environmental impacts of dams are particularly emphasized
because of the irregular nature of climate and the intensity of erosive forces.
Anthropic actions and drought are the main factors in increasing erosion. Many
zones vulnerable to erosion were identified. The steep marly slopes of Rif moun-
tains upstream cause erosion of the Ouergha watershed estimated at 98 t/ha/year
over an area of 6150 km2. Hence, the dam loses an annual volume of 0.6 Mm3

(Albergel 2008). Moreover, according to the HCP (2014), there is an important
erosion risk in the watershed of Wahda dam that is drained by Ouergha river. In
order to improve knowledge of hydro-geomorphological processes Jaouda et al.
(2020) mapped the evolution of soil erosion for the period 1990–2014 using
Landsat and radar images. They showed that erosion process is still predominant
due to important changes in land use, stating the need for soil conservation
measures.

Table 2.7 Historical flood damages in El Gharb Plain, Morocco

Year Wadis Damages

1963,
1973,
1989

Sebou 150,000 ha flooded land, roads, and railways cuts

1996 Sebou, Beht, Rdom et
Tifelt

Isolation of cooperative El Kheir, 1.200 inhabitants
were displaced, 120,000 ha flooded land

2009 Sebou, Beht, Rdom,
Tiflet, Smento,
Bouchahla

90,000 ha land and transport infrastructures flooded

2010 Sebou, Beht, Rdom,
Tiflet, Smento,
Bouchahla

110,000 ha land and transport infrastructures
flooded

Source PNE (2015)
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In fact, Wahda dam services are highly important at national level, beside its
flood control regional service. It has indeed a strategic role in food-energy-water
nexus security, thus solutions to improve Wahda dam longevity and mitigate its
reservoir sedimentation have to be found. This was clearly stated in the ABHS
revision of its PDAIRE that claimed integrated sustainable solutions to protect the
plain from floods based on integrated dam reservoir management as a non-structural
measure and development of models for hydrometeorological projections (ABHS
2017). Being directly concerned with flooding of this important agricultural area,
the Regional Agricultural Development Office of El Gharb, called ORMVAG,
implemented an ambitious program for mitigating flood risk. Indeed, during the
period 2009–2013, ORMVAG led cleaning up and dredging operations of all
stormwater networks in El Gharb plain, i.e. 4500 km of channels, in order to cope
with the rapid siltation of these networks and to preserve its functionality in miti-
gating floods (Fig. 2.17).

In 2018, a master plan for flood control and management of Sebou catchment
was developed within bilateral cooperation between Morocco and South Corea. The
main measures and actions outlined in this plan relate essentially to improving
dams’ reservoirs operation system, implementing flood prevention and warning
system, setting standards, and enforcing legal framework of wadis maintenance
system.

Fig. 2.17 Stormwater drainage system map in El Gharb plain (Source ORMVAG 2017)
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Wahda dam solution was certainly a great response for flood mitigation in El
Gharb plain and development of its agriculture potential for national food security.
However, erosion risk had deceased its efficiency, particularly in mitigating flood.
This measure has been accompanied by other structural measures and non-structural
measures including stormwater systems maintenance, and the plan for the dam
reservoir and watercourses maintenance. It has to be highlighted though that a
cost-benefit analysis has to be made to update the multilevel usefulness of the dam
in order to appraise flood prevention and control options. Exploring new techniques
for erosion control, storage capacity enhancement, watercourses recalibration, and
flood warning systems are some of the options that could be explored for an optimal
flood protection that are economically affordable for public budget.

2.5.2 Other Structural Measures

As stated in this section introduction, 79% of the total investment cost for flood
control are assigned to structural measures (PNI 2002). In addition to dams, many
other structural measures have proved their efficiency in Moroccan practices for
flood control. They include embankment protection, spurs and weirs river
impoundment, installing culverts, bridges, riffles and fords, demolition operations,
and earthworks. An example of a structural measure other than dam, for flood
control is the case of the diversion channel Bousekoura Wadi, commonly called
SCO.

Case study of SCO diversion channel of Bouskoura wadi Casablanca city flood
control

The economic capital of Morocco, Casablanca, is located on the Atlantic coast
about 80 km south of the administrative capital Rabat. It is characterized by a
semi-arid climate with average temperatures ranging from normal to 12.5 °C in
winter to 22 °C in summer. Annual rainfall totals are characterized by high vari-
ability and have an annual mean of 427 mm. They can reach values lower than
200 mm or sometimes exceed 800 mm. Increasing number and intensity of extreme
rainfall events and rapid urban development have affected the performance of urban
drainage systems in this city and its suburbs. Indeed, Casablanca has experienced
torrential rains on November 27th, 2010 that reached 195 mm in 24 h, which
represents nearly 50% of the precipitation annual average that was totally recorded
in only one day. These precipitations have exceeded the network discharge capacity
and gave rise to floods that caused significant damage in this strategic city para-
lyzing many parts of its territory, especially industrial areas and transport infras-
tructures. However, the low capacity of the stormwater pipes was not the main
cause of this dramatic situation. The city was mostly affected by the overflowing of
wadi Bouskoura that reached also many basic infrastructures that cross the wadi and
riparian areas during the day of November 30th, 2010 (Fig. 2.18). The wadi crosses
the city from the East side to the West side, before flowing into Atlantic Ocean
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through the stormwater drainage network of the city. In the last two decades,
Casablanca has experienced such a rapid economic development in real estate
causing the closing off the wadi flow path. Thus, Bouskoura wadi flow cross section
at the entrance of the urban area was significantly reduced as the drainage pipe
capacity was 2 m3/s while the 10-year return period discharge was 45 m3/s.

The World Bank study in 2011 showed that for the period 2010–2030, the net
present value of potential economic losses due to natural disaster and the impact of
climate change for Casablanca are estimated at 1.39 billion dollars, which most
would be associated with flooding (WB 2011c). These losses represent 7% of
current gross domestic product (GDP) of Greater Casablanca.

In order to combat the major black spots of overflow in Casablanca, a chan-
nelization system, commonly called SCO, has been suggested within the Sewerage
Master Plan of Casablanca by the water utility in charge of water supply, sewage
systems, and energy in Casablanca, namely LYDEC, a branch of Suez. The sug-
gested measure is a mega-drainage system, called the Super Collecteur Ouest
(SCO) combining a 3 km-open channel, for Bouskoura wadi diversion, and a 7 km
underground tunnel with 4 m diameter discharging at 65 m3/s in the Atlantic coast
(Fig. 2.19).

The cost of the project implementation was estimated to USD 90 Million which
was a heavy investment for the sole public resources. In fact, its implementation
was a good example of public-private partnership for flood control measures
financing and cost-sharing. The various stakeholders involved in this project
funding are shown in Table 2.8.

In November 2018, the SCO proved its efficiency by discharging 30 m3/s and
making western parts of Casablanca floods free. In addition to the protection in the
city of Casablanca against floods, this structural measure enables the city managers
to protect basic urban infrastructures; to open important spaces to urbanization; to

Fig. 2.18 2010 flooded areas in Greater Casablanca a 10 black spots causing most frequent
floods; b map of Bouskoura wadi floodplain (Source WB 2011a)
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Fig. 2.19 Wadi Bouskoura channelization with the SCO drainage system for Casablanca flood
control (Source LYDEC 2014; Casa Aménagement 2020)

Table 2.8 Main Public-Private funding parties of the SCO drainage system for Casablanca flood
control

Public-private parties Financing contribution over 3 years
(2015–2017) in USD Million*

State general budget starting in 2014 13.2

Ministry of interior (fund to combat effects of
natural disasters-FLCN)

13.2

Ministère of interior (territorial collectivities
directorate)

16.4

Water department at the ministry of energy,
mines, water, and environment

8.2

Casablanca municipality 15

Greater Casablanca region 10

Cherifian office for phosphates (OCP Group) 8

Anfa urbanization and development agency
(AUDA)

5

Hydraulic basin agency of Bouregreg-Chaouia
(ABHBC)

1

Total 90
Source Casa Aménagement (2020)
*1 USD is equivalent to about 10 MAD
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protect existing and planned industrial zones; to relocate rainwater outlets in the
western part of Casablanca and to resize Bouskoura wadi outlet.

2.5.3 Flood Warning Systems for Flood Prevention

The PNI (2002) has planned many non-structural measures as a backup for engi-
neering structural solutions. Investment planning had given a small share to these
types of measures showing the weak importance given to them. Yet, the occurrence
of flood events in areas that were seemingly protected by structural measures such
as dams and watercourse recalibration, had drawn attention of flood management
stakeholders to the potential of non-structural measures in improving flood pre-
vention and thus resilience of flood-prone areas. Examples of these measures are
flood warning systems, rainwater harvesting, legal framework enforcement, etc. In
this way, the adoption of the new water law 36-15 was a good example of a legal
non-structural measure as it has brought many adjustments and details for a
better-integrated water management including floods and drought control (see
Sect. 2.3.2). This law had particularly emphasized on flood warning development
all over the Moroccan territory. In the same way, many international cooperation
projects recommended the enhancement of warning systems. A typical best practice
of non-structural measure for flood prevention is the Ourika flood warning system
case.

Case study of Ourika valley and flood warning system in the High Atlas
Mountains

Ourika watershed is a small sub-basin in the high Atlas Mountains, part of Tensift
catchment, South of Morocco. It has a surface of 503 km2 at Aghbalou gauging
station located about 40 km to the Southeast of Marrakech city. It is bordered on the
east by the watershed of Zat, and on the west by the Rheraya basin, the plain of
Haouz at north, and the High Atlas Mountains to the south (Fig. 2.20). The Ourika
basin is characterized by high elevation and steep slopes upstream of the wadi. 75%
of the basin is located between 1600 m and 4165 m elevations and slopes can reach
60° to 70°. When intense rains occur, these slopes along with the land surface high
imperviousness increase runoff generating the rise of floods (Bennani et al. 2019).
The rainy period is October–April and the dry period is May-September with an
average annual rainfall at the High Atlas ranging from 600 mm to 800 mm. The
hydrological context of the Ourika watershed is influenced by a very marked
seasonal and inter-annual irregularity of precipitation and heterogeneity of their
spatial distribution (Saidi et al. 2003; Zkhiri et al. 2017). The drainage network is
causing serious flooding by the extension of water bodies during periods of heavy
rainfall, between July and October generating important damages for populations
and infrastructures. The basin experienced many floods in 1984, 1987, 1995 1999,
and 2014 that pushed water authorities to seek solutions for flood control. The case
of the 17 of August 1995 was particularly severe as more than 200 people lost their
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lives, many persons were missing, 300 ha of agricultural land were inundated,
among which 62 ha were lost, and enormous material damage occurred (Daoudi
and Saidi 2008). Besides, this mountainous basin is a touristic area that is massively
visited during summer, and many touristic infrastructures, such as hotels and
restaurants located nearby the river bed, were affected. The rainfall intensity was
about 100 mm/h upstream the Ourika basin having generated a peak flow of
1000 m3/s within 15 mn. Sediments accumulation has played a major role in
aggravating the damages as it initially blocked the runoff by forming a natural dam
that has later on collapsed creating a sharp hydrograph downstream and bringing
alluvial cones into the wadi. In October 1999, another flood hit the Ourika valley
and its neighboring watersheds including R’dat, Zat, Rheraya, and N’fiss. The
rainfall and peak discharge reached 103.8 mm/day and 762 m3/s, respectively. No
human causalities were recorded but infrastructure and agricultural areas were
damaged.

After the 1995 disaster, structural measures against flood have been imple-
mented in the Ourika basin given its importance in terms of touristic activities and
flood exposure. Ministry of Equipment (ME) has mainly concentrated on the
Ourika water streams to mitigate occurrence of debris flow as well as to enlarge
floodwater carrying capacity. Such measures included riverbed excavation along
12 km to ensure discharge capacity for floodwater, riverbank formation and pro-
tection with large gravel and revetment works to protect damaged road linking
Marrakech city to Ourika valley. In addition, 27 small check dams were constructed

Fig. 2.20 Geographic
location of Ourika watershed,
Morocco (Modified from
Bennani et al. 2019)
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by the ME in the Ourika basin as of April 2000 to prevent outbreak of debris flow in
the eight tributaries of Ourika wadi. Other small dams were built in the main wadi
course to reduce the flow speeds and bank erosion as well as sediment transport.
However, upstream of check dams were still causing important raise of water level
increasing flood risk. In order to complement this set of structural measures and
improve flood mitigation efficiency, other non-structural measures were added.
Indeed, the High Commissioner for Water, Forests, and the Fight against
Desertification (HCEFLCD) implemented a master plan of reforestation in order to
mitigate erosion risk. A reforestation of two watersheds of Ourika and R’dat was
carried out with a total treated surfaces of 2093 ha in Ourika basin and 3389 ha in
the R’dat basin during the period 2000–2006.

All these measures were tightly reliant upon a good knowledge of
hydro-meteorological conditions. Besides, the safety of the population required a
good warning system in this mountainous and yet highly touristic area. Therefore,
in march 2000, Moroccan government sought the support of the Japan International
Cooperation Agency (JICA) to conduct a study for implementing a Master Plan for
Flood Forecasting and Warning System (FFWS) for Atlas Region (JICA 2004).
Thus, in 2001, five new hydrological stations were installed in the Ourika basin and
another one in Rheraya basin as they were badly hit by the disaster (Fig. 2.21a).
These stations were equipped with a VHF/FM and/or a HF/SSB radiotelephone to
report flood information to the regional water authority. Two data transmission
stations, four monitoring posts, and a warning post located at Ighref were also
implemented. In addition, for a better integrated regional management of water
resources, Tensift Hydraulic Basin Agency ABHT was created in 2000 having the
responsibility, among others, of flood management. The ABHT included in its

a)                                     b)

Fig. 2.21 Flood forecasting and warning system (FFWS) for the high Atlas: a FFWS stations in
Ourika valley 2004, b FFWS stations in all Tensift High Atlas sub-catchments 2010 (Source JICA
2004)
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PDAIRE the FFWS by extending it to five other watersheds, namely Rdat, Zat,
Rheraya, Issyl, and Nfis (Fig. 2.21b). Since 2007, the ABHT has financed the
telemetry network extension to 16 sites, including 3 rainfall stations and 13
rainfall-limnometric stations (ABHT 2010). The Ourika valley FFWS played a
successful role in the detection and warning of ten floods between 2003 and 2012.
During the 2014 floods, which affected Al Haouz province, no loss of life was
recorded despite some property damages. In addition to providing an efficient early
warning system, this project has raised local populations awareness toward emer-
gency procedures. Currently, when flooding occurs, many local volunteers are
tasked with warning tourists, keeping them informed, and helping them evacuate
(OECD 2017b).

In its PDAIRE, the ABHT has assessed a total of 88 flood-prone areas over
Tensit catchment territory. To tackle this problem, a program for flood risk pro-
tection was planned for the period of 2010–2020 and 2021–2030. 15% of the total
budget of this program is dedicated to non-structural measures that are basically
consisting of land use regulation in flood zones through delineation studies,
awareness raising of the population, and the extension of flood forecast and warning
systems. The ABHT has nowadays 42 hydrometeorological stations, 7 control
posts, 7 transmission relays and 18 alarm posts. 98% of hydrological stations are
equipped with telemetry. Data transmission is ensured by Radio across all sites. In
2019, the ABHT began to install redundancy networks with LTE wireless broad-
band (ABHT 2019).

2.5.4 Other Non-structural Measures

Most of the PDAIREs have integrated non-structural measures in their financial
plans for flood control. In addition to flood warning systems, these measures
include watercourses maintenance, watersheds management, contingency plans,
information, training, and coordination. These choices were made based on the PNI
(2002) recommendations. However, the PNE (2015) recalled that other measures
should be contained in action plans for flood control, such as:

• reform of the legislative framework governing the management of flood risk;
• delineation of areas at flood risk and their mapping for each catchment;
• linkage between planning and land use development documents in order to

control land use in areas at flood risk;
• flood prevention enhancement by improving knowledge in the field of

hydrometeorological forecasting and the development of flood forecasting and
warning and emergency plans;

• reinforcement of financial mechanisms (i.e. insurance and funds for natural
disasters mitigation), in addition to consultation and coordination.

These new non-structural measures are being integrated into the latest update of the
PNI. In the meanwhile, many governmental bodies have already taken actions for

2 Flood Risk Management Practices in Morocco: Facts and Challenges 79



implementing such measures. Some successful examples of these achievements are
the new water 36-15 enactment, the creation of the FLCN fund for mitigating
natural disaster impacts, production of new maps of aptitude for urbanization, and
recently the creation of the Fund of Solidarity against Catastrophic Events (FSEC).

Legislative measure: Law 36-15

A good example of legislative measures for flood management is the new law
36-15, enacted in 2016. As introduced in paragraph, this law gives provisions of
flood control, prevention, and management in a more detailed way that was absent
in the previous water law 10-95. The new water law emphasizes on the manage-
ment of water-related risks in particular floods and water scarcity. For floods, the
law dedicated many articles on protection and prevention of flood risks, detection,
monitoring, warning and management of flood events, and the implementation of
water information system (Table 2.9). This legislative measure is a very important
step in adapting the legal framework and therefore the administrative action to
climate change related risks including floods. Similar efforts are still to be continued
through the publication of pending implementation instruments of this law related
to the novel documents that it provided. This is particularly the case of:

Table 2.9 Comparison of flood provisions between law 10-95 and the new law 36-15

Law 10-95 Law 36-15

– ABH liability for implementing flood
prevention and control measures
(art.20)

– Flood definition (art.3)

– Flood control infrastructures and
prohibited construction areas
(art.94-97)

– ABH liability for identifying and realizing
flood prevention and control measures (art.80)

– Atlas of Flood prone areas based on
three-level risk classification (art.118)

– Plans for Flood Risk Prevention to be
prepared by ABH for medium and high flood
risk areas in coordination with related
stakeholders (art.118)

– Integrated Flood Monitoring and Warning
Systems to be implemented in all flooding
streams (art.121-122)

– Communication between General Directorate
of Meteorology and ABH for providing
necessary metrological forecast to the
Integrated monitoring and warning systems
(art.121)

– Vigilance committees’ creation at national and
regional levels for flood events management
(art.123)
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• The procedures for establishing and approving Flood Risk Prevention Plans.
These plans are made for a period of 20 years.

• The conditions and procedures for establishing and operating Integrated Flood
Monitoring and Warning Systems to be implemented in all flooding streams.

• The composition and operating procedures of the new Vigilance Committees
that will be established at national and regional levels for flood events man-
agement chaired by the governmental authority in charge of the Interior.

Financial measure: The FLCN fund

Another successful measure is the implementation of the Fund to combat the effect
of Natural Disasters, called FLCN. The fund was created in 2009, with the support
of the WB and the assistance of the OECD, and put under the auspices of the MI.
Initially, the fund was mainly dedicated to cover emergency response and
post-disaster reconstruction; it has gradually evolved into prevention financing.
Thus, the fund has launched call for projects every year since 2015 in order to
support projects of public stakeholders involved in risk management, namely the
ministerial departments, public institutions, and companies, or territorial commu-
nity elected councils. During the 2015–2018 period, the fund hence co-financed a
total of 97 projects, through these calls, supporting both structural and
non-structural measures for disaster prevention. In 2019, call submission, 75
applications were received, most of them from territorial community councils, and
46 projects were related to structural measures and 29 for non-structural measures.

For flood disaster prevention, the fund is supporting structural measures such as
infrastructures for flood control or elevation of public infrastructures exposed to
flood (e.g. public buildings, bridges, airports, ports), and non-structural measures
such as plans for flood risk mitigation, warning systems, resilience regulations
improvement and structures to monitor their application in urban and land use
planning, floor risk mapping. For flood disaster prevention, the fund is supporting
structural measures such as infrastructures for flood control or elevation of public
infrastructures exposed to flood (e.g. public buildings, bridges, airports, ports), and
non-structural measures such as plans for flood risk mitigation, warning systems,
flood risk mapping, resilience regulations improvement and structures to monitor
their application in urban and land use planning.

Most of the disaster control projects supported so far by the FLCN are related to
flood control and related measures led by ABHs for studying and implementing
flood protection measures in flood-prone areas, or installation of new radars for data
monitoring and automation of meteorological stations investigated by DGM, or
urbanization aptitude mapping undertaken by the Ministry of Urban Planning or
Urban Agencies. Examples of such projects funded by the FLCN are:

• Modernization of meteorological services within the framework of the
VIGIOBS project (Issara et al. 2010). The number of automatic weather stations
has thus increased from 50 to more than 200, and the number of radars from 6 to
8. The FLCN has mobilized funding of USD 13.5 million over the period 2010–
2012 for this project.
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• The SCO diverting channel of Bouskoura wadi. This project has reduced floods
of the city of Casablanca and Bouskoura. The FLCN mobilized 14% of the total
budget for this project for the period 2015–2017.

The FLCN measure has enabled Moroccan state to have a specific financial tool for
risk management. This fund will leverage other sources of funding as the FLCN
contributes up to 50–70% of the total cost of eligible projects (MI 2020).

Urban planning measure: Urbanization Aptitude Map

Al Hoceima, a city in north Morocco on the Mediterranean shores, has experience
successive natural disasters that arefloods in 2003, the devastating earthquake of 2004,
and landslides in 2008. As a response, the MI launched with the support of the WB a
program on Integrated Disaster risk management and Resilience to assess Morocco’s
exposure to natural risk hazards and suggest recommendations for mitigating these
risks. Following these program recommendations, the first urbanization aptitude map,
calledCAU,was elaborated in 2012 forAlHoceima city. It is amajor decision-making
tool for earthquake-Flood and landslide risks management as it represents a real basis
for the preparation and updating of urban planning documents and the regulation of
land use and planning for this city. In 2017, 62% of urban planning documents of Al
Hoceima city have incorporated the provisions of the CAU (Al Hoceima Urban
Agency,AUA2017). Following the implementation of theFLCNfinancial tool and the
launch of its calls for proposals in 2015, a governmental program for elaborating 31
CAUs through the Moroccan territory was established for the period 2016–2021, thus
many urban agencies received this fund support to elaborate their maps.

Regarding the risk of flooding, urbanization aptitude maps are based on the
exploitation of Flood Atlas maps elaborated by the ABH and more detailed studies
on most vulnerable sites. Therefore, these maps involve the implementation of the
classification and mapping of flood risk based on field investigations concerning the
areas at stake; analysis of hydro-meteorological data; a hydro-geomorphological
study, and hydraulic modeling of urbanized areas. Different types of hazard maps,
including flood maps, are then crossed and synthesized under a single cartographic
document that is the CAU. This map defines five urban area classes:

• Constructible areas: Areas deemed to have no significant natural risk;
• Constructible areas under technical conditions: Low-risk areas, which can be

built under conditions for carrying out general improvements;
• Constructible areas under special conditions: Medium-risk areas, which can be

built under specific measures to be taken by urban and real estate developers;
• Non-constructible areas: Areas at high risk.
• Non aedificandi areas: presenting risks of flood, landslide, or earthquake which

cannot be rectified.

Figure 2.22 shows an example of an urbanization aptitude map of Taounate city,
northern Morocco (AUT 2017). The ongoing generalization of these maps to the
whole Moroccan territory is a good example of compelling administrative planning
tools as a non-structural measure for flood risk management.
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2.6 Swot Analysis and Recommendations

In this work, many research articles, administration documents, consultancy, and
international organizations reports were analyzed to give a holistic insight on flood
risk management in Morocco and form a critical view from a scientific perspective.
Information and data were collected from different sources to come up with one
document that integrates all scientific and governance aspects of flood risk man-
agement in Morocco. Analysis of this management landscape shows the important
advances made by the Government to protect the population and prevent flood risk,
but also the shortcomings that were or are still to be overcome. Given the variety of
these aspects, a SWOT analysis (Hill and Westbrook 1997) was carried out for
scoping and identifying the strengths, weaknesses, opportunities, and threats related
to flood risk management in Morocco. Results are shown in Fig. 2.23. The analysis
revealed various flood risk management success and failure factors related to three
major components that are: governance, risk assessment approaches, and flood risk
mitigation measures sustainability.

Fig. 2.22 Taounate city
urbanization aptitude map
(Source AUT 2017)
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Governance issues: In general, Morocco has made considerable progress in
managing the risk of one of the most costly and adverse disasters for the past fifty
years that is flood. The existence of legal arsenal, flood dedicated national plan
(PNI), and integration of flood prevention and control in regional water agencies
plans are all premises of a real awareness of public authorities and an advantageous
framework for flood risk management. The paradigm shift from reactive to
proactive approach in flood risk management, thrusted by international organiza-
tions, is also another positive advance in the process of risk management. However,
the multiplicity of stakeholders, the poor coordination at transversal and vertical

Fig. 2.23 SWOT analysis of flood risk management in Morocco 2020
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levels, the weak law enforcement, particularly in the delineation and use of
flood-prone areas are still impediments to the improvement of this management.
The appraisal process is not implemented yet as a common practice for updating
and adapting the development of flood risk management strategies. The prevention
approach is still being developed but in an unequal manner between the ten ABHs
(flood atlases, PDAIRE updates) despite the provisions of the newly elaborated
water law. Indeed, on legislative level, the water law 36-15 has undoubtedly the
merit of introducing for the first-time provisions dedicated to flood management.
However, many of its implementation instruments are still pending generating
discrepancies in flood prevention actions implementation.

The ongoing development of a risk management national strategy is a good
opportunity to come up with solutions for these discrepancies and deficiencies.
The MI leading this strategy is indeed the right department that can coordinates
effectively flood prevention and control as it does for flood emergency and crisis
management. The recent trainings, communication efforts, and the positive
responses of stakeholders are good indicators of the potential of this
leadership. Moreover, the financial hurdles that most of the implementation parties
were facing in terms of heavy investment and/or maintenance costs of structural and
non-structural measures, were largely reduced by the creation of the FLCN under
the MI management. The call for proposals launched each year by the FLCN
receives indeed increasing numbers of proposals from a variety of eligible public
institutions and consolidates the role of this ministry in the coordination challenge.

The newly created Provincial Coordination Centers in the four locations, cited in
Sect. 2.3.2, are also expected to improve local coordination between the multiple
stakeholders and advocate for the creation of new directives for better legal
responsibilities description and differentiation.

Among the 96 projects financed by the FLCN through calls for proposals over
the period 2015–2018, only one project was investigated by a consortium of three
research institutions. The project was on natural risk study in the central Rif.
A special interest should be given to research institutions to encourage more
interaction between the different stakeholders for advancing research on natural risk
assessment. Indeed, flood risk is a particularly transversal issue involving many
administrations and data providers. The FLCN can be a good framework for pro-
moting collaboration between different partners.

Flood Atlas maps and their updates by ABHs are an essential prerequisite for
urbanization aptitude maps (CAU) elaboration by urban agencies. The absence or
lack of accuracy of such maps may affect the development of such map, essential to
harness the rapid development of land use and urbanization sprawl. Therefore, the
process of updating such maps should be adapted to urban planning requirements.
The fact that many projects financed by the FLCN were dedicated to elaborating
Urbanization Aptitude Maps proves the urgent need for these documents. However,
a close look at the process of establishing such document shows that it goes through
a hydrological and hydraulic modeling work for accurate risk assessment. This part
should be closely coordinated with ABHs for more technical and accurate risk
assessment and to avoid redundancy in flood risk studies.
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Although flood-prone zones atlases have been produced at the scale of each
ABH, these documents remain very general and only informative. They were not
followed by the implementation of Prevention Plan against Flood Risk (called
PPRI), a document that is more concise and should give accurate delimitation of
flood zones, heights, and velocity reached at different points in these zones, iden-
tification of exposure and risks, and recommendations for suitable measures for
future urbanization (DRPE 2013). Accelerating the production of pending imple-
mentation instruments of related provisions in law 36-15 will certainly help in the
elaboration of these plans.

Technical issues: another strength of Moroccan flood risk management is the
development of flood risk modeling since nineties despite the lack of data in terms
of time and spatial distribution. Modeling works, mostly carried out by ABH and
the Water Department gave a fairly primary assessment of flood risk at national and
catchment scales that formed the basis for establishing PNI, PNE, catchment’s flood
atlas, and selecting flood control measures and their integration in budget planning.
Since the launch of the program for establishing 31 urbanization aptitude maps
(CAU) by the land use and urban planning ministry, many urban agencies per-
formed their own flood risk modeling downscaled to their urban action perimeters.
However, accuracy of these studies is a real weakness for the following reasons:

• Hazard assessment: no study has made a downscaling to simulate future trends
of extreme rainfall events intensities, especially for short durations of few hours,
that are often the cause of flash floods. Table 2.1 gives indications on duration of
extreme precipitations that caused floods.

• Rainfall-runoff processes are often estimated based on stochastic methods and
calibrated with discharge measurements when they exist. Estimates of design
floods are often missing to initiate any hydraulic modeling for water infras-
tructures in the region (Zemzami et al. 2012). IDF curves are often used to
estimate future rainfall intensities based on the Talbot-Montana model
(Moujahid et al. 2018). However, these curves need to be updated by DGM for
each meteorological station as climate change has considerably affected their
accuracy.

• In mountainous areas, floods are greatly affected by geomorphological and
hydrographic characteristics of watersheds. Steep slope, dense drainage net-
work, compact shape, unvegetated surface, low infiltration soils increase the
rainfall-runoff process paving the way to important floods in upstream basins
(e.g. Ourika, Upper Moulouya, Rif, etc.). Therefore, catching these character-
istics in fine detail is crucial for an accurate hydraulic modeling and flood risk
assessment. Indeed, Bennani et al. (2019) analyzed the impact of two digital
elevation models (DEM), with 30 m and 4 m spatial resolution on the accuracy
of hydraulic models of Ourika watershed. They showed that a realistic repre-
sentation of topography is essential to simulate flood in areas where data are
scarce. The development of remote sensing public resources is a good oppor-
tunity for hydraulic modeling improvement. However, their resolution is not
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always sufficient to accurately describe the geomorphological characteristics of
mountainous watersheds.

• In both versions of the PNI, the primary recommendation was the improvement
of flood risk knowledge. An accurate scientific risk assessment requires indeed a
good knowledge of hazard and vulnerability. However, it became clear from the
technical approaches adopted in PNI and Flood Atlases so far, that data sparsity
and short records, and lack of high-resolution topography maps hampered the
development of more accurate risk maps. It was obvious that, in 2002, with the
pressing need for a more preventive flood policy, accuracy of maps was not a
priority. Yet, it is clear that the present development of technology and data
resources, including satellite and UAV data and the advent of big data, machine
learning, and more broadly artificial intelligence, can develop a better risk
assessment knowledge and thus, help decision makers in optimizing investment
in flood protection measures. It can also overcome the obstacle of data exchange
and communication between various and large arrays of institutional
stakeholders.

• Vulnerability assessment needs to be refined in urban areas. The newly devel-
oped Urbanization Aptitude Maps are certainly an opportunity to come up with
deficiencies in urban vulnerability assessment as it is strongly linked to urban
and real estate factors.

• Exposure was not considered in the PNI and PDAIRE first editions as the
knowledge about this risk element was not fully acquired. Vulnerability was
assimilated as exposure. Besides, exposure data are often collected from various
institutions with different levels of availability. In fact, a fair good coverage of
social data, urban data, land use is available. However, economical value is still
a weak link in the process of exposure assessment.

• MnhPRA is a good GIS-based tool for a first assessment of risk in Morocco.
However, this tool is not accessible to researchers so that a scientific and
technical improvement of this tool can be performed. In addition, law 36-15
provision about the implementation of a new Integrated Systems for Flood
Monitoring and Warning could be a good opportunity for linking this system to
MnhPRA to improve its accuracy and usage in partnership with the scientific
research community.

• So far, there is no standard in Morocco defining reference or threshold hazards.
The 2016 water law 36-15 states that flood risk atlases should define three levels
of hazards—low, medium, and high—without fixing the related return period. In
Europe, the 100-years return period that has long served as a reference is now
considered to be the average level. In the OECD guide for Morocco (OECD
2018), return periods of 10–20 years, 50 years, and 100 years were
recommended.

Mitigation measures, sustainability, and resilience issues

Many measures have proven their efficiency in flood control, such as the SCO
channel for protecting Casablanca city and the new El Malleh dam for
Mohammedia city. In fact, the set of dams realized within the dam’s policy is a
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major asset for Morocco’s water resources integrated management strategy
including flood protection. In the PDAIREs, the primary implemented flood pro-
tection measures were the traditional engineering ones, generally consisting of
programs of dams, levees, and channels building. Cost estimation of these measures
is usually based upon the method used in the PNI (2002), where investment costs
were computed using a classification of sites according to the size of the urban area
and flood vulnerability, and the estimation of a cost class ratio based on previous
sites studies. However, no cost-benefit analysis has been integrated into the process
of selecting mitigation options. Besides, the environmental and social impacts of
large dams and structural measures are often neglected. Indeed, these large
infrastructures generally require substantial land provisions and real estate acqui-
sition, generating adverse social impact and important threat to flood control
measures acceptance. Moreover, erosion is another serious threat to Moroccan dams
as their silting puts the sustainability of these structures in jeopardy. Erosion affects
also the hydraulic performance of drainage and sewage systems (e.g., El Gharb).
Maintenance of these structural measures can be a hurdle to water managers that
seriously affects their performance in protecting against floods in the long term.

Large reservoirs have the advantage of economy of scale but they are costly to
build and maintain, and they can result in massive social and environmental dis-
turbances. Cost-benefit analyses should be required for flood risk studies done by
ABHs and DGE for a better investment adjustment and sustainable protection.

Lessons from neighboring countries should be drawn. Indeed, Aswan High Dam
offered Egyptians a way to control runoff from the Nile and to provide a stable
water supply but hard-pressed the country financially and politically to secure
funding. The dam successfully stopped damage from seasonal flooding but blocked
sediment that floodwater brought with it to replenish the Nile Delta and therefore,
increased its vulnerability to erosion (Syvitski 2008; Verner 2012). For flood
control channel in Sfax city, Tunisia, water deterioration in the channel is firstly
related to contaminated groundwater drained by the channel and secondly to
anthropogenic inputs (Dahri et al. 2014). The sustainability of flood measures,
particularly structural ones, should be integral part of options selection. For
instance, enhancing dam’s sustainability can be achieved by prospecting new ways
of designing dams. Indeed, studies in Spain and China showed that hybrid con-
nection of check dams’ system can generate the largest decrease in flood magnitude
better than the parallel system and to a lesser degree, the series of dam system. The
construction of check dams is an important instrument in holding sediment from
reaching downstream infrastructure and for reducing flood amplitude in a cascading
way (Boix-Fayos et al. 2008; Yuan et al. 2019). Leichao 2020 showed that the
sediment interception efficiency of check dams can be greatly reduced under
extreme rainstorms when these dams are poorly managed. They concluded that
management and construction technology standards of check dams for flood and
erosion control should be improved to keep up the efficiency of dams’ systems.

The need for future dams may be obvious for flood control as extreme
rainfall-runoff are varying under climate change. However, the random character of
climate change poses also the risk of oversizing these structures and therefore
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reducing their efficiency. Yet, the succession of long sequences of drought in 1980–
1985; 1991–1995; 1998–2002; 2004–2008, asserts the need for dams to alleviate
drought impact on water resources, drought events being considered as natural
disasters far more damaging economically and socially than floods in Morocco.
Therefore, updating national and regional water policies (PNI, PDAIREs) is a good
opportunity to reassess the role of existing or new dams, primarily designed for
hydropower or irrigation, with the additional purpose of flood mitigation. Hence,
cost-benefit analyses should be a necessary step in defining program of dams’
construction and should integrate all services provided by large dams including
water availability, hydropower generation, and flood control.

Besides, relying on dams alone for long-term protection is a real threat to flood
resilience. Indeed, the examples of al Wahda dam built in 1996 that failed in
protecting Al Ghrab plain against the 2010 floods, the Assif El Krayma hill dam
built in 2012 that failed in protecting Sidi Ifni city in Moroccan desert against 2014
floods, have demonstrated how much it was dangerous to rely solely on these types
of measures for flood control. Indeed, non-structural measures are required to
accompany structural ones for a better resilience. The Ourika case is a good
example of combination of structural and non-structural measure for flood risk
management and resilience enhancement. However, a close look at numbers and
investment shares in non-structural measures shows their low consideration in
regional planning, highlighting a weakness of flood risk management in Morocco.
Update of flood risk management plans should be an opportunity to consider the
benefit of these measures and increase their shares in investment planning. As these
measures often require a public engagement to ensure their long-term efficiency,
absence of citizen involvement in decision-making may be a threat to the sus-
tainability of such measures. Nevertheless, the provision of law 36-15 for preparing
new Flood Risk Prevention Plan for high and medium risk areas is the right
opportunity to stimulate the engagement of citizens and other public stakeholders
within a participatory approach for a better communication, flood risk preparedness
and resilience enhancement. Lastly, the involvement of international organizations,
such as OECD and WB, was a good opportunity for Moroccan government to
advance its flood risk management strategy. International cooperation in research
can also offer a great opportunity for improving flood risk assessment in Morocco
and developing innovative solutions for flood prevention and control.
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Chapter 3
Flood Analysis and Mitigation Strategies
in Algeria

Hamouda Boutaghane, Tayeb Boulmaiz, El Khansa Lameche,
Abdelouahab Lefkir, Mahmoud Hasbaia, Chérifa Abdelbaki,
Ahmed Walid Moulahoum, Mehdi Keblouti, and Abdelmalek Bermad

Abstract Floods are frequent hazard in Algeria. They cause severe casualties,
destroy infrastructures, and impair economies. In the past decades, Algeria expe-
rienced devastating floods. The dominant type of occurring floods are flash floods,
which tend to be not well documented and studied in Algeria. This chapter presents
a brief introduction to the flood phenomena within the Algerian climatic and
management context, based on databases, scientific publications, and local technical
reports. Existing studies about floods are reviewed. It also provides an analysis of
the most disastrous floods that occurred in the past decades. Of the most noteworthy
flash floods, a highlight of the Bab El Oued flash flood occurring in a heavily
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urbanized setting and the M’zab Valley flash flood, which took place in a UNESCO
World Heritage Site. The monitoring network in Algeria is presented and data
availability is discussed. The implementation of the first forecasting and early
warning system are also presented. Different aspects of flash floods were presented
including the effect of the increase of urbanization, the influence of climate change
and the adopted strategies of flood risk management. Heavy and increasing
urbanization and population growth increased the flood vulnerability and this trend
must be mitigated.

Keywords Flash flood � Vulnerability � Integrated flood risk management �
Algeria

3.1 Introduction

Floods are a worldwide natural phenomenon and are considered as one of the most
severe weather-related disasters. They can damage societies, impair economies,
harm the environment, and cause tragic human casualties. 47% of all
weather-related disasters are caused by floods, impacting 2,3 billion persons, and
killing 156,000 others with estimated economic losses of 662 billion (US $).

In recent decades, occurring floods were dominated by devastating flash floods
especially observed in Mediterranean countries (Gaume et al. 2016; Llasat et al.
2013, 2010) and the MENA zone (WorldBank 2014). From 1900 to 2011, 15
MENA countries were affected by 213 floods, killing almost 19,000 peoples and
impacting 8.6 million others. Flash floods are also generated by extreme rainfall
over a short time period (Price et al. 2011)

Floods have been a permanent scientific interest with many developments done
in different associated relating topics. The main challenge of scientists is to better
understand the phenomenon and develop a model strategy for flood risk manage-
ment. Several instructive reviews dealing with floods appeared: (Hammond et al.
2015; Mignot et al. 2019; Nkwunonwo et al. 2020; Teng et al. 2017).

Llasat et al. (2010) and Gaume et al. (2016) have collected and analyzed infor-
mation about 55 events of extreme floods that happened during the period between
1990 and 2006 and 172 extreme flood events (period 1940–2015) respectively in
Mediterranean countries. They found a contrast in the magnitude and impact of
extreme events between the West and East parts of Mediterranean region. Floods
occur in Northern Africa with reduced frequencies, but with a high number of
fatalities, they are often devastating. The most dramatic event in Mediterranean and
MENA regions occurred in Algiers (2001, 900 killed) (Gaume et al. 2016).

Algeria is part of MENA countries and the most exposed to natural disasters (62
hazards, between 1980 and 2010) with 58% of them as floods (WorldBank 2014).
Floods are among the most important natural hazards in Algeria. Significant
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fatalities, damage to buildings, and the loss of roads and urban infrastructure have
been induced.

In this chapter, the focus is made on the flood analysis and mitigation strategies
in Algeria: what is known and what can be done. A synthesis of several scientific
publications and research projects on this theme is presented. Different aspects of
flood analysis and their evolution in relation to urbanization and climate change are
discussed.

3.2 Reviewed Studies on Floods

The flood research is the first step to a better comprehension of the phenomenon for
improving management. It needs a good study of meteorological data and climate
change, in particular precipitation, and good knowledge of the vulnerability of
watersheds and cities and exposure to flooding in those territories to tackle flood
problems (Loudyi and Kantoush 2020). The studies reporting the floods in Algeria
are increasing in recent years. This research focused on three themes: (1) flood
hazard mapping, (2) hydraulic and hydrologic modelling (3) some specific flood
event analysis (Table 3.1).

Several studies have been carried out with the aim of generating flood risk maps
based on hydrological and hydraulic simulation (Astite et al. 2015; Yamani et al.
2016; Abdessamed and Abderrazak 2019 and Hafnaoui et al. 2020) or hydrogeo-
morphological approach (Cheikh lounis et al. 2015; ZaÏri 2018; Mimouni et al.
2019; Bourenane et al. 2019). By using PLUTON as a hydrological model and
HecRas for flood simulation, Astite et al. (2015) delimitated flood risk areas in El
Harrach river, the most important in Algiers city. Several flooding events resulting
from the growth of the population and municipalities expansion over the natural
space of El-Harrach River, have been identified in this coastal region. On the
semiarid Ain-Safra River, which is located in Southwest of Algeria, a similar study
was carried out (Abdessamed and Abderrazak 2019). The simulation was also
carried out for the purpose of testing the retaining concrete walls built by local
officials, as well as other proposed security measures. Results showed that for
100-years floods there are some overflows, although the measures given remain
insufficient for 1000-years. Both studies (Astite et al. 2015 and Abdessamed and
Abderrazak 2019) were focused on the frequency related to return periods to
indicate flooded zones, furthermore, Hafnaoui et al. (2020) have proposed a system
based on the suggested values of rainfall. (40, 60, 80, and 100 mm) to identify
flood-prone zones. The idea was to use the flood hazard map with weather warnings
released by the National Office of Meteorology (NOM) in order to identify the area
exposed to flood. Contrary to the simulated flood using mostly the HecRas soft-
ware, Bourenane et al. (2019) performed an investigation based mainly on field
survey, aerial photographs, and satellite images analyze in addition of other
information sources to identify the flood plains of historical events. The use of such
approaches is more effective since it is based on real events (historical floods),
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Table 3.1 Summary of reviewed studies on floods in Algeria

Study area
City/
Catchment/
Wadi

Method/approach Tools References

Flood hazard and mapping

El Baydh Hydrological analysis and
hydraulic simulation

ArcGIS, HEC-RAS Hafnaoui et al.
(2020)

Constantine Hydro geomorphological
approach

GIS Bourenane et al.
(2019)

Wadi
M’zab

Vulnerability and risk
analysis

GIS Mimouni et al.
(2019)

Ain-Safra Hydrologic and hydrologic
modeling

HEC-HMS, WMS,
HEC-RAS, and GIS

Abdessamed and
Abderrazak
(2019)

Chlef Multi criteria analysis GIS Zaïri (2018)

Wadi Kniss Hydro geomorphological
approach

GIS Cheikh lounis
et al. (2015)

Wadi El
Harrach

Floods cartography on urban
environment

PLUTON
ArcGis,
HEC-GeoRAS,
HEC-RAS

Astite et al. (2015)

Ghardaia Cartography the flooded area
event of (2008)

(SOGREAH)
HEC-RAS

Yamani et al.
(2016)

Hydraulic and hydrologic modelling

Wadi
Bechar

Hydrologic modeling of
floods

GR1A, GR2M
(IRSTEA)

Bekhira et al.
(2018)

Wadi
Mekkera

Deterministic modeling for
the identification of the flood

HEC- HMS,
Muskingum-Cunge

Benmansour and
Haddouche
(2019)

Simulation of flood
generation in the semi-arid
region

MERCEDES (IRD) Maref and Seddini
(2018)

Study of the uncertainty HEC-HMS, GLUE
approach

Lehbab-Boukezzi
et al. (2016)

propagation of floods model
Muskingum and QdF model

HyfranPlus
(INRS-ETE)
Author program

Abbes and Meddi
(2016)

Hydrodynamic modeling
describes the flash floods that
characterize semiarid zones

Numerical simulation:
P.G. and V.L. schemes

Korichi et al.
(2016)

Identification of potential
risk areas

Numerical simulation:
BSV equations,
RKDG finite element
scheme.

Atallah et al.
(2016)

Wadi Ksob Study of the Wadi Ksob
flood of the 1994

Hydrodynamic
simulation Code
Rubar20 (IRSTEA)

Hasbaia et al.
(2015)

(continued)
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contrary to the first approach (hydrological and hydraulic simulation) which is
based on projected events and unperfect models. However, the hydrogeological
approach requires an enormous amount of data and more time, especially for the
field survey.

The major observation is the missing of scientific contribution about urban
flooding despite the prevalence of this type of flood. Urban sewer systems are not
well studied, and only rural areas are analyzed. It could be due to the difficulty of
this kind of study and the gap of available data.

The choice of the hydrological model is conditioned by the availability of cli-
matic data. The hydrologic studies were just a statistical adjustment of time series or
a simple rainfall-runoff transformation. The time step of available data is typically
daily which is not suitable for rapidly occurring phenomenon. HEC-RAS, a 1-D
Hydraulic model was commonly used and one of the simplest existing flood
models. This simplicity is related to the considerable negligence of essential ele-
ments of flood hydraulics (Nkwunonwo et al. 2020).

The topographic information is generally extracted from low resolution (30 m �
30 m) digital elevation models (DEMs) given by SRTM products, which does not
successfully capture the fluvio-morphological characteristics of the wadis that are
narrow in nature.

Hydrological and hydraulic modelling of the flood inundation is an essential tool
for better flood risk management. However, the unavailability of adequate data and
detailed information needed by the researchers slows the flood modelling devel-
opment in Algeria. These difficulties must be overcome firstly.

3.3 Flood Inventory in Algeria

The information about floods in this chapter was collected from different types of
sources: technical reports, scientific publications, and databases. In order to
inventory historical floods and their effects in Algeria, several works were carried

Table 3.1 (continued)

Study area
City/
Catchment/
Wadi

Method/approach Tools References

Specific flood event analysis

Bab El
Oued

Analyzing the influence of
urbanization and the
meteorological hazard (event
of 2001)

RuiCells Menad et al.
(2012)

Saf-Saf
Basin

Study of the exceptional
floods (1984, Skikda)

Analysis and
description

Boulghobra
(2012)
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out. They provide information about fatalities, a brief description of the induced
damage, and refer to other characteristics of floods (rain, flow, and water depth).
Sardou et al. (2016) developed a flood’s catalogue of north-western Algeria for the
period between 1847 and 2014. They documented 127 events and found that
62.20% are classified as flash floods (Sardou et al. 2016).

The Civil Protection (CP) has the most complete information of occurred flood
events since 1921. The main statistics of CP database are recapitulated in Fig. 3.1
and Table 3.2. Another inventory was produced and documented by the Algerian
National Agency of Water Resources (ANRH) of the events from 1970 until 2000
(Lahlah 2000).

Other information was collected from the Dartmouth global archive of large
flood events (dartmouth.edu) and the major flood events in FloodList (floodlist.-
com). Globally, information of events characteristics is partial and often not
accurate. One of the EM-DAT criteria to qualify hazards as disastrous is that the
number of casualties must exceed 10 (Gaume et al. 2016): Table 3.3 and (Fig. 3.2)
present the disastrous floods in Algeria.

By analyzing (Fig. 3.2), October is the month with the highest flood occurrence
with 1141 recorded casualties (87% of the total death toll). In addition, most events
are occurring in autumn and winter, appearing more frequently in the central
regions of the country (Fig. 3.3).

ANRH agency classifies the main causes of floods in three major types: (i) ex-
ceptional weather situation (heavy rain, torrential rain), (ii) anthropogenic factors

Fig. 3.1 Evolution of the number of flood-related casualties in Algeria (CP database, period
1965–2013)
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(iii) and geographic location (city crossed by Wadi or city at the foot of mountains).
These three types are interconnected (Bahlouli 2010; Lahlah 2000). During the last
decades, the Algerian authorities initiated 575 actions with an amount of 227 billion

Table 3.2 Statistics of floods occurred in Algeria from 1965 to 2013(CP database)

Parameters Value

Number of events 1306

Event with human casualties 607

Total number of human casualties 1849

Number of casualties (period 2000–2011) 1014

Event with more than 10 casualties 27

Average number of casualties every year 10:20

Table 3.3 Disastrous floods with more than 10 casualties (1965–2013)

No. Locations Date Casualties

1 Chlef 06/10/1966 63

2 Mascara (Ouled Sidi Ali) 01/01/1969 10

3 Biskra 01/09/1969 28

4 Batna 09/10/1969 28

5 Tizi Ouzou (Azzazga) 12/10/1971 40

6 Tizi Ouzou 28/03/1974 52

7 Alger 01/01/1980 11

8 Sétif (El Eulma) 01/09/1980 44

9 Tiaret (Sougueur) 24/09/1980 15

10 Annaba 11/11/1982 47

11 Djelfa (Birine) 22/08/1983 10

12 Ain Temouchent 01/01/1984 33

13 Jijel 29/12/1984 29

14 Skikda 30/12/1984 11

15 Ain Defla (Bordj El Amir Khaled) 01/01/1986 13

16 Sétif (Ain Azel) 06/02/1990 19

17 Relizan (Oued-Rhiou) 20/10/1993 22

18 BordjBou Arréidj 23/09/1994 16

19 Laghouat 28/10/1995 40

20 Adrar 14/01/1999 12

21 Chlef (Tedjna) 11/10/2001 15

22 Algiers (Bab El Oued) 11/10/2001 900

23 Tamanrasset, Reggane 09/08/2003 13

24 M’sila region 19/04/2007 13

25 Ghardaïa 01/10/2008 50

26 Béchar 08/10/2008 12

27 El Bayadh 01/10/2011 11
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Fig. 3.2 Monthly, seasonal, and regional distributions of the disastrous floods in Algeria (1965–
2013)

Fig. 3.3 Map of disastrous floods in Algeria (1965–2013)
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DZD (1.75 billion US$) to mitigate floods. Hundreds of cities and locations were
protected and an important number of Wadis were managed (MRE 2018).

3.4 Notable Flash Floods in Algeria

The two catastrophic flash flood events that marked the country during the 2000s
are the Bab El Oued flash flood (2001, urban flash floods) and the Wadi M’zab flash
flood (2008, UNESCO World Heritage Site flash floods).

3.4.1 Bab El Oued Flash Flood (Urban Flash Flood)

Bab El Oued is a municipality of Algiers that is located on the northern coastal
façade. From 9th to 10th of November 2001, Bab El Oued was devastated by the
worst flash flood in the Mediterranean and MENA regions (Gaume et al. 2016).
This disaster caused 900 fatalities, 423 injuries, and catastrophic material damages
estimated to exceed 300 million US$. Of the 38 floods disasters that hit North
Africa from 1975 until 2001, 31% of the casualties died in this flood (Brauch 2003).
This sad record tells of the gravity of this disaster.

Bab El Oued district is at the output of the Wadi Koriche catchment (9 km2)
(Fig. 3.4). This catchment is heavily urbanized in its downstream part and on the
upstream ridges. Despite the inconvenient steep slopes, these areas were gradually
urbanized in an uncontrolled manner (Fig. 3.5). Urbanization occupies approxi-
mately two-thirds of the watershed; the remaining third is occupied by forests and
low vegetation areas (Menad et al. 2012).

Algiers was struck by a heavy rain during 36 h reaching 263 mm (Bouzaréah
rainfall station). If the rains with remarkable intensities seem to be frequent in this
region, this rain accumulation which has been widely studied (Argence et al. 2006,
2008; Menad et al. 2012; Thomas et al. 2011), has never been recorded before since
1908 (Menad et al. 2012). The associated return period of this exceptional event is
200 years (Cheikhlounis et al. 2009).

Menad et al. (2012) using the reduced discharges method (Gaume et al. 2009),
suggest the value of the specific flow as 9–14 m3/s/km2. According to Gaume et al.
(2016), the extreme peak discharge of the Bab El Oued flash flood is the greatest in
the Mediterranean region (Fig. 3.6).

There is an agreement that effects generated by the heavy rainstorm were
accentuated by heavy urbanization, degradation of cover of vegetation, and accu-
mulation on the slopes of earth embankments which constituted mudslides
(Fig. 3.7). The sediment volume was estimated from 0.8 to 1 million m3

(Boutaoutaou 2007; Cheikhlounis et al. 2009; Menad et al. 2012).
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3.4.2 Wadi M’zab Flash Flood (UNESCO World Heritage
Site)

Ghardaïa is situated about 600 km south of Algiers in northern-central Algeria and
lies on the left bank of M’zab River (Fig. 3.8). In 1982, for its settlement
influencing urban planning, for its Ibadi cultural values, and a settlement tradition
that has prevailed to the present century, the M’zab valley was registered as cultural
property under the UNESCO World Heritage List (Sub-catchment).

Fig. 3.4 Wadi Koriche catchment (Menad et al. 2012)

Fig. 3.5 Land cover change in the Oued-Koriche catchment (Menad et al. 2012)
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Fig. 3.6 The peak discharge of the Bab El Oued flash floods related to estimated world records
since 1940 (Gaume et al. 2016)

Fig. 3.7 Flash floods of Bab El Oued (November 10, 2001)

(b) Sub-catchment map (a) Soil occupation map (Yamani et al. 2016)

Fig. 3.8 Wadi M’zab-Ghardaia region
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Ghardaïa is one of the most-arid regions affected by floods. The region lived, in
October 1st, 2008, an extreme flood with a maximum discharge of 1600 m3/s and a
water depth exceeding 8 m (Fig. 3.9). Several studies in the literature can be found
about this catastrophic event (Bendoudj et al. 2014; Bourenane et al. 2019; Yamani
et al. 2016). This catastrophe resulted in an estimated number of 50 victims and 86
injured while leaving thousands homeless (MRE 2018).

The damage would have been more dramatic if the alert had not been launched at
4 A.M. from the ancestral alert system called: Oumanaa Al Sayel (flash flood
sentinel) which is a community-based system for the management of the watershed.
This system was designed in 1273. It is a very ingenious hydraulic system based on
the principle of full and fair exploitation of rain water and its accurate distribution in
all oasis groves. It also includes towers and installations that enable permanent
monitoring of floods to prevent flood hazards (Ali Taleb and Souad 2020;
Benmamar et al. 2016; Khelifa and Remini 2019).

According to the ANRH agency, the measurements of precipitations in the two
days of the event accumulated to 79.7 mm, almost equaling the yearly precipitation.
Floods were caused by heavy rains generating a water accumulation along 2 km of
wadis and mudslides overrun the riverbanks of Wadi M’Zab. The floods were
aggravated when a dam break took place 20 km upstream of the city releasing more
than 900 m3/s (Mimouni et al. 2019). The Algerian Space Agency (ASAL) has
mapped the inundated areas of the event of October 1, 2008, using high-resolution
satellite images and surface terrain model enhanced by GPS data (Benhamouda
2012) (Fig. 3.10).

The flood event value is extreme but still included in anticipated rainfall and
discharge region statistics. The aggravation of the event comes from the huge
amounts of deposits that raised the wadi bottom (1.50 m in some sections). The
dam break had a secondary effect. Mimouni et al. (2019) concluded in their analysis
of flood hazard of the Wadi M’zab valley, that there is an increase in the vulner-
ability due to the accelerating urbanization. This generates a serious problem in risk
management. The ancestral alert system, despite being rudimentary and traditional,
had a major role in reducing the damage.

Fig. 3.9 Flash flood of Wadi M’zab in October 01, 2008
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3.5 Monitoring and Data Availability in Algeria

Algerian has an area of 2.38 million km2 and it is divided in 17 large hydrographic
basins. Two national organizations have a network of monitoring stations
(Figs. 3.12 and 3.14). The two organizations are the National Office of Meteorology
(NOM) and the Algerian National Agency of Water Resources (ANRH).

The network wish is currently managed by ANRH (Taibi 2012) is made of:

• 220 hydrometric stations (water level, Discharge, Sediment Concentration,
Salinity, Sampling for river water quality analysis).

• 50 complete climatological station.
• 200 rain gauges (Rainfall intensity).
• 860 rainfall stations (Daily rainfall).

The network is almost entirely manual. With a view to future improvement, the
ANRH have undertaken the task to automate the stations so that data is easily
collected and transmitted (Figs. 3.11 and 3.12).

The ONM uses the following networks and types of stations (Halimi 2016):

• 84 professional observation stations, thirty-two (32) of which are in aerodromes.
This network is distributed according to the international standards of the World
Meteorological Watch (V.M.M) networks.

• 300 Climatological stations, of which 100 are automatic stations.
• 07 weather radars (200 km, radius) distributed in the north of territory

(Fig. 3.13). This network comes with satellite resources to complete the

Fig. 3.10 Analysis and mapping of flooded areas in October 1st, 2008 (Benhamouda 2012)
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meteorological observation network for monitoring cloudy systems (oriented
towards aviation hazards) and rainy systems for agriculture, hydrology, and civil
protection (Keblouti et al. 2015) (Fig. 3.14).

The quality of the data obtained from these two sources is reliable that is con-
sidered being collected with the necessary rigor. There is a problem with the length
of the historical datasets provided both from hydrometric and pluviometric moni-
toring networks. Monitoring stations tend to be frequently interrupted, decom-
missioned, or simply abandoned. This leads to the presence of discrepancies and the
occurrence of randomized gaps in the datasets which limits the availability of long
synchronous time-series to capture long-term patterns.

It is important to note that most of hydrometric stations are implemented outside
of urban areas, intended for water resource management purposes. However, no
monitoring systems are dedicated to flood measurements.

Fig. 3.11 An automatic
station ANRH

Fig. 3.12 Hydrometric
stations in Algeria
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It would therefore be highly desirable to build a “national hydrometeorological
network”, endowed with stable and sufficient human, material, and financial
resources to ensure the sustainability of the activity as well as the reliable quality of
the data. To this end, it is therefore essential to bring together all the means to
ensure continuous operational maintenance of the network. It would also be
appropriate to strengthen the radar network, will supplement precipitation data, for
purposes of flood prevention, warning systems, and real-time flood monitoring.

Fig. 3.13 Algerian weather
radar network

Fig. 3.14 Rainfall stations in
Algeria (ONM & ANRH)
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3.6 Forecasting and Early Warning Systems

The Ministry of Water Resources (MRE) had a project intended to install warning
systems in several cities of the country. The first operation of this type was initiated
as a pilot project in Mekerra Basin and was implemented during the period 2009–
2010 (Fig. 3.15).

A Flood Prediction Unit (UPI) has been established to manage flood forecasting
processes in river basins. This unit is currently estimated to predict the floods of the
Wadi Mekerra (basin of the Oued Mekerra), as a first step, then will be gradually
generalized throughout the Algerian territory. Flood forecasting and warning sys-
tems integrate real-time management and data collection (automatic
hydro-pluviometric stations) and apply and integrate hydrological and hydraulic
models to provide forecasts of flows and levels. Water in the main sites of Oued
Mekerra. The monitoring sytems is managed by ANRH.

The main goal of this project is to upscale rules and to establish procedures of
flood risk forecasting and warning systems based on the results obtained and tested
on a pilot case.

Flood Forecasting and Warning Monitoring Regulations exist nowadays which
include:

• The context of the pilot project,
• The regulatory framework and the administrative framework,
• The basic hydrological elements and the definition of alert levels, maps, and

tables to be consulted in the event of an alert by the organs of the ORSEC plan
(Algerian emergency plan), the structure of the UPI (Flood Prediction Unit), and
all stakeholders in the alert procedure, the current activity of the UPI, the
activation of a standby state,

Fig. 3.15 Location of the Mekerra basin and its main gauging stations (Korichi et al. 2016)
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• The preparation of forecasts by the UPI on standby—alert communications,
current data management—the relationship between the UPI and the ANRH
including comments and recommendations.

Currently, according to the information collected, the system installed in Wadi
Mekerra is not operational and no other system is installed.

3.7 Urbanization and the Increase in Vulnerability

Clearly, floods occur from natural processes, but they are not a natural disaster.
Heavy rainfall is the flash floods trigger; all things considered, the damages depend
on land use and expanded urbanization. The disasters that occurred in the last two
decades showed the impact of urbanization in the improved cost of flash floods
(Sect. 3.5).

Over time, Algeria has been subjected to rapid socio-economic modifications,
which have resulted in urbanization concentration and population growth. The
Algerian population expanded from about 11.3 million in 1960 to almost 43 million
in 2019, quadrupling in 50 years. A disproportionate spatial redistribution has
resulted in this demographic development. The population of the coastal areas and
valleys is focused on the cities. In 2018, 90% of the population is located on 13% of
the country’s area. The urbanization rate went from 30.5% in 1960 to 72% in 2019
(Fig. 3.16).

Algeria experienced in the last decades, successive drought sequences and a
higher urban need. Progressively, the limits of the wadis are unprotected, and urban
settlement tend to occupy the wadi beds. In other cases, the main wadis-bed had
been disturbed: piped, derived, or buried (Fig. 3.17). The increase in impervious
areas results in changes in the hydrology of watershed (Shuster et al. 2005).

The disastrous consequences were the result of inconsiderate occupation of wadi
beds (Freddy et al. 2016). These changes have induced a highly imperviousness and
anthropogenic influences and growth in the urban vulnerability.

3.8 Floods and Climate Change

The climate variability and climate change remain the main causes of the frequent
recurrence of floods over time. Algeria is considered North Africa’s most sensitive
country to climate change (Schilling et al. 2020). Several studies have been carried
out on the assessment of climate change in some regions involving Algeria:
(Tramblay et al. 2013)used an Extreme Precipitation (EP) index in the Maghreb
region and concluded that in most stations, the rules of stationarity remain valid.
The same conclusion has been reached by (Kharin et al. 2013) and (Ghenim and
Megnounif 2016). In fact, the first showed that non-significant change occurred in
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EP by using Coupled Model Intercomparison Project 5 (CMIP5) models of global
climate for the Representative Concentration Pathway (RCP) 8.5 scenarios, while
the latter who studied the variability and trend of EP, found that no significant trend
exists over 35 stations in northern Algeria. These findings support the idea that in
Algeria, the EP is more influenced by local climatic processes and orography
(Ghenim and Megnounif 2016; Tramblay et al. 2013).

Fig. 3.16 Population growth and changes in urbanization rate

(b) Aerial photography of Sidi Kaci city, El Tarf (2015) (a) Aerial photography of Sidi Kaci city, El Tarf (2004)

Fig. 3.17 An example of the effect of urbanization: imperviousness anthropogenic influences
generating a flood (Abdelmadjid et al. 2018)
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3.9 Integrated Flood Risk Management Strategy
in Algeria

The most human losses (1014, 77.64%) and economic damage occurred during the
period between 2000 and 2011. This was a turning point for Algeria in flood
protection. Consequently, the (MRE) has developed the National Flood Protection
Strategy (NFPS) based on the deep analysis of the fifty most frequently flooded
sites in different portions of the country. The NFPS categorized the flood types for
the fifty sites as represented in (Fig. 3.18) (MRE 2018).

Rapid floods can be considered a sub-category of flash floods. Noticeably 1/3 of
flood events are a flash floods and 56% of the events have significant sediment
depositing risk, which makes them more devastating. The NFPS identified 689
areas with potential flooding risk (MRE 2018). Five level risks were retained in the
NFPS (Fig. 3.19).

The NFPS promotes the Integrated Flood Risk Management (IFRM); as a
strategic tool that allows an improved perception of the problem of flood risk
management in a thorough and systematic manner (Fig. 3.20).

The IFRM is the main flood risk management policy adopted in Algeria for
2030. It encompasses the three main action areas, namely (i) preventive manage-
ment measures (Preparation, Protection, Adaptation, Mitigation), (ii) control of the
situation (limiting the extent of the phenomenon by managing the event), and
(iii) recovery or post-flood measures to return to normal economic, social and
environmental activity as quickly as possible (MRE 2018). The NFPS represents a
major advance in the field of flood protection in Algeria.

Fig. 3.18 Types of floods in 50 most frequent flooded areas
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Fig. 3.19 Localization and classification of potential risk in the 689 areas

Fig. 3.20 Summary of the IFRM
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3.10 Conclusion

The knowledge of floods, especially of flash floods is very limited in Algeria,
such events are not well researched and documented in the country. This chapter
aims to provide a clear insight and useful information on them for future studies.

Flood history in Algeria was recapped and the disastrous flood events were
listed. Clearly, the country is very affected by floods with 1306 events and 1849
casualties. The most disastrous floods typically occur in autumn and winter,
appearing more frequently in the central regions of the country. Information about
floods is very important, which is why it is necessary to develop specific and
detailed catalogs for historical floods. The two recent catastrophic flash floods are
highlighted. The first is the Bab El Oued flash flood (2001). This is the deadliest
event occurred in Mediterranean and MENA regions. This urban flash flood is an
important case study. The second is the Wadi M’zab flash flood (2008) which
occurred in UNESCO World Heritage Site of the valley of M’zab. The lesson to
remember is that a rudimentary warning system can be very beneficial to reduce
casualties.

In Algeria, 90% of population is concentrated in 13% of the country’s area. The
population growth and increase in urbanization are the drivers of the increasing
vulnerability. This trend is projected to continue until 2050 and its effects need to be
mitigated. In Algeria, the influence of climate change on floods is inexistent. The
extreme precipitation is more influenced by local climatic erratic processes and
orography. Modelling of the flood inundation can be a helpful tool for a better flood
risk management strategy. All studies focused on rural regions. The used approa-
ches and selected models are limited by the data availability.

The National Floods Protection Strategy have a big challenge to promote the
Integrated Flood Risk Management, adopted in 2018 as the main Policy for 2030.
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Part II
Hydrometeorology and Climate Changes



Chapter 4
Assessing the Impact of Climate Change
on Temperature and Precipitation Over
India

Sridhara Nayak and Tetsuya Takemi

Abstract This study explores a comprehensive assessment of future climate
change in terms of the climatologies, distribution patterns, annual cycles, and
frequency distributions of temperature and precipitation over India by analyzing
190 mega-ensemble experimental results. The results indicate that the annual
mean surface temperatures over Indian regions are typically 25 °C or higher in
the present climate (1951–2010) and are expected to increase by 3–5 °C in the
future climate (2051–2110). Some desert regions in the west and tropical humid
climate types in the central and south regions of the country show possible
temperature increases of 4–5 °C, while the temperatures over the subtropical
humid climates in the north and east regions of the country show increases of 3–4
°C. The precipitation amounts over the arid and semiarid climate types in the
western region and over some tropical rainforest climate zones in the southwest
region show increases of 0.5 mm d−1 in the future climate, and the precipitation
amounts over the temperate, rainy climate types in the northeast region show
increases of more than 1 mm d−1. This study also discusses future changes in
various climatic variables, including vertical velocity, air temperature, specific
humidity, cloud cover, and relative humidity.
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4.1 Introduction

According to the recent reports of the Intergovernmental Panel on Climate Change
(IPCC), climate change is anticipated to play a crucial role in increasing or inten-
sifying natural disasters on Earth, particularly extreme weather events (IPCC 2014).
Climate change has therefore become one of the major concerns in the world due to
its impact on socioeconomic development, and the effects of climate change are
mostly reflected in the increase in surface temperature and the changes in precip-
itation patterns and other climatic features (Pall et al. 2007; O’Gorman and
Schneider 2009; Guhathakurta et al. 2011; IPCC 2012, 2014; Takemi et al. 2016).

India is a land of diverse topographies and climate types. The topography in
India is characterized by various mountain ranges, plains, high plateaus, coastal
plains, and deserts. The mountain ranges of India include the Western Ghats in the
southwest, the Eastern Ghats in the southeast, the high Himalayan range in the
north, the Aravalli Range in the northwest, and the Vindhya and Satpura Ranges in
the central region. The Indo-Gangetic Plains occupy most of the central, eastern and
northern parts of India, and the Thar Desert occupies most of the western part. The
high plateaus of India comprise the Chota Nagpur Plateau in the east, the Deccan
Plateau in the south, and the Malwa Plateau in the west. The coastal plains of India
are surrounded by the Bay of Bengal and the Arabian Sea. Because of such
topographical and physical variations, the climate of India consists of a wide range
of climatic types, from the alpine Himalayan region in the north to the tropics in the
south, including tropical rainforest, tropical monsoon, tropical wet, tropical arid,
and semiarid, savanna, temperate rainy, steppe, subtropical humid, alpine and desert
climate types. The major climate types in India include a desert climate in the west
(less than 300 mm year−1 rainfall), a wet climate in the tropics (approximately
2000 mm year−1 rainfall), a wet-dry climate in the tropics (normally above 18 °C
and 1500 mm year−1 rainfall), a humid climate in the subtropics (within 0–27 °C
and 1000–2500 mm year−1 rainfall) and an alpine climate type with glaciers in the
north. Therefore, understanding the climates of tropical, subtropical, temperate, and
arid/semiarid regions are key to understanding the climate of India. Furthermore,
understanding how global climate change affects the climate of India will provide
profound knowledge on the impacts of global warming on regional-scale climates.

Occasional occurrences of natural disasters such as droughts, floods, coastal
erosion, and landslides are also part of life in this land and cause severe and
widespread damage (IPCC 2012, 2014). These disasters are mainly associated with
weather extremes and are strongly determined by the temperature and precipitation
characteristics over the target areas (e.g., Guhathakurta et al. 2011; Ojha et al.
2013). Therefore, understanding the distributions of temperature and precipitation
over India is very important not only for the present climate but also for future
developmental planning and decision-making aimed at resisting future climate
change issues.

There have been a number of studies (Nayak and Mandal 2012; Kumar et al.
2013; Prakash et al. 2015; Kishore et al. 2016; Akhter et al. 2017; Maity et al.
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2017a, b; Nayak et al. 2017, 2018; Nayak and Mandal 2019) that have investigated
the distributional patterns and climatologies of temperature and precipitation over
the Indian region from observational, reanalysis, and modeled datasets. In a recent
study, Nayak et al. (2019) analyzed precipitation and temperature climatologies and
distributions over India for the period 1981–2010 and highlighted that the 30-year
mean precipitation climatology over India corresponds to *3 mm d−1 and the
30-year mean annual temperature over India corresponds to 23.15 °C. The climate
signals during the twentieth century over India also confirm remarkable changes in
precipitation patterns and an increasing surface temperature trend (Sinha Ray and
Srivastava 1999; Sharma et al. 2004; Dash and Hunt 2007; Niyogi et al. 2010).
Kothawale and Rupa Kumar (2005) reported an increase in the mean annual
temperature over India at a rate of 0.05 °C per decade during the period 1901–2003.
Jain and Kumar (2012) documented a warming trend in the annual mean, minimum
and maximum temperatures at rates of 0.51, 0.27, and 0.72 °C per century,
respectively, from 1901–2007. Rao et al. (2014) also highlighted an increase in the
annual minimum temperature over India of 0.24 °C per 10 years during the per-
iod 1971–2009. On the other hand, studies of annual precipitation show mixed
trends (decreasing over some regions and increasing over some regions) over Indian
regions during the period 1901–2003 (e.g., Kothawale and Rupa Kumar 2005;
Guhathakurta and Rajeevan 2008). Kumar et al. (2010) also observed similar trends
in annual precipitation over Indian regions during the period 1871–2005.

Although many studies are available that have assessed past temperature and
precipitation distributions and trends over India, a limited number of studies have
focused on future climate changes over India. Kumar et al. (2013) highlighted
possible warming over India of 1.5 °C by the end of 2050 and of 3.9 °C by the end
of twenty-first century under the SRES A1B climate scenario compared to the
temperature in 1970–1999. Patwardhan et al. (2018) also documented a possible
increase in surface temperature over India of 4–5 °C towards the end of the
twenty-first century under the SRES A1B scenario. Patwardhan et al. (2018)
reported increases in summertime (Mar–May) temperatures of 1.6–4.1 °C over the
northwest and west-central regions, of 1.7–4.4 °C over the central northeast region,
and of 1.2–3.8 °C over the northeast and peninsular regions of India by the 2080s
under the SRES A1B scenario with respect to the temperatures recorded in the
1970s. Chaturvedi et al. (2012) highlighted possible increases in precipitation
amount over India by 4–5% by 2030 and 6–14% by 2080 under the RCP6.0 and
RCP8.5 scenarios compared to the amounts in 1961–1990. Akhter et al. (2017) also
documented possible increases in precipitation amounts over various Indian regions
during the 2020s, 2050s, and 2080s under the RCP4.5 and RCP8.5 scenarios.
Akhter et al. (2017) highlighted increases in precipitation amounts by 12–30% over
some regions of northwest India, by 3–30% over some regions of western India, by
5–18% over a few parts of northeast India and by 6–24% over some regions of
southern India under the RCP4.5 and RCP8.5 scenarios. All these studies clearly
indicate possible increases in surface temperatures and precipitation amounts over
Indian regions towards the end of the twenty-first century.

4 Assessing the Impact of Climate Change on Temperature … 123



Recently, Mizuta et al. (2017) conducted mega-ensemble global climate simu-
lations for 6000-year historical and 5400-year future (4 °C warming) climates with
100 experiments for the present climate (1951–2010) and 90 experiments for the
future climate (2051–2110) by using the Meteorological Research Institute
(MRI) Atmospheric General Circulation Model (AGCM) at a 60-km spatial reso-
lution. A number of recent studies (e.g., Endo et al. 2017; Iizumi et al. 2018;
Kusunoki 2018; Fujita et al. 2019) have used these mega-ensemble simulations to
predict various aspects of the historical climate over different regions of the world
and assess future climate change projections. Based on the limited previous studies
over India, it is expected that the surface temperatures and precipitation amounts
over India would increase in the future climate. Thus, understanding future climate
change projections over India has become crucial for future developmental planning
and monitoring climate risks. In this sense, the abovementioned mega-ensemble
climate simulations should add new insights to future assessments of climate
change over India because ensemble analysis always reduces uncertainties in the
context of climate risk management. Thus, an attempt is made to explore a com-
prehensive assessment of climate change over India by analyzing the 190
mega-ensemble experimental results in two climate periods (1951–2010 and 2051–
2110) and discussing the climatologies, distribution patterns, annual cycles, and
frequency distributions of temperature and precipitation over India in the past
60 years and their future changes in the next 100 years.

4.2 The d4PDF and Analysis Procedures

The hourly precipitation and daily temperature datasets used in this study were
obtained from 100 experiments of the present climate (1951–2010) and 90 exper-
iments of the future climate (2051–2110 with +4 °C warming) from MRI-AGCM
simulations at a 60-km resolution. A list of these 190 ensemble experiments is
given in Table 4.1. This mega-ensemble climate simulation dataset is known as
d4PDF (database for policy decision making for future climate change), and the
database was collected using various initial conditions and small perturbations of
sea surface temperatures (SSTs) for 6000-year historical and 5400-year future (4 °C
warming) climate simulations (Mizuta et al. 2017). Here, the 6000-year historical
climate simulations refer to 100 ensemble historical experiments comprising

Table 4.1 List of 190 ensemble experiments conducted by AGCM

Model Climate period Total number of ensemble
experiments

Resolution

MRI-AGCM Present (1951–2010) 100 60 km

Future (2051–2110, with 4 °
C warming)

90

Source (Data source) Mizuta et al. (2017)
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60 years each, totaling 100 � 60 years of simulations. Similarly, the 5400-year
future climate simulations refer to 90 ensemble future experiments comprising
60 years each, totaling 90 � 60 years of simulation.

Asian precipitation-highly resolved observational data integration towards
evaluation (APHRODITE) daily temperature and precipitation datasets at a
0.25° � 0.25° grid box for the period 1961–2007 are also used to validate the
model-simulated temperature and precipitation results in the present climate. The
detailed methods for the preparation of the APHRODITE temperature and pre-
cipitation data are described in Yasutomi et al. (2011) and Yatagai et al. (2012),
respectively.

As described in the introduction, this study is focused on climate change over
India. The topography of India and the surrounding regions is demonstrated in
Fig. 4.1. A tropical rainforest climate extends in the southern and western coastal
parts of the Indian subcontinent, surrounded by monsoon and savanna climate
regions in the central, east, and south. In the north and northeastern parts of India, a
rainy temperate climate exists. In the western parts of India, there are steppe and
some arid/semiarid climate regions. The tropical humid climate type includes the
tropical wet (no dry season), tropical monsoon (short dry season), and tropical
wet-dry (dry in winter) climate types. The dry climate consists of subtropical steppe
and desert climate types and is mostly arid/semiarid and dry. The humid subtropical
(warm summer but no dry season), Mediterranean (dry, hot summer), and west
coast (no dry season but warm and cool summer) climate types are included in
warm temperate climates.

In the present analyses, the ensemble annual mean climatologies, annual cycles,
and frequency distributions of temperature and precipitation over India are first

Fig. 4.1 Topography of the
area. The Indian Ocean is
located with white on the
map. Source (Data source)
Mizuta et al. (2017)
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derived for the period 1961–2007 (48 years) from the AGCM simulations and are
then compared with the APHRODITE observations to validate the d4PDF results
over the Indian region. Then, similar analyses of temperature and precipitation are
performed from the AGCM simulations for two climate periods of 60 years each:
1951–2010 for the present climate and 2051–2110 for the future climate. The
climatologies of other climatic variables, including the vertical velocity, air tem-
perature, specific humidity, cloud cover, and relative humidity, are also analyzed
and discussed in this study.

4.3 Validation of d4PDF Data Over India

Figure 4.2 shows the temperature climatology for the period 1961–2007 from the
ensemble mean of the AGCM experiments and that from the APHRODITE
observations. The AGCM-simulated temperatures show that the annual mean sur-
face temperatures over Indian regions, except over a few regions of north India,
correspond to mostly 25 °C or higher during 1961–2007 (Fig. 4.2a, b). The lowest
temperatures, which are approximately 0 °C or less, are noticed over some regions
in northern India, and the highest temperatures of approximately 27 °C or greater
are seen over some regions in southern and western India during this period. Similar
temperature variations are also noticed in the APHRODITE observations except
over a few regions in southern and western India (where the temperatures are *2 °
C higher). A comparison between the AGCM-simulated climatology and the
APHRODITE-observed climatology indicates that the overall temperature clima-
tology over India is well-represented by the model. The individual ensemble cli-
matology also shows similar results, with standard deviations in the range of 0.5–
0.15 °C from the means (Fig. 4.2c). A comparison between the temperature cli-
matology from the ensemble mean of the AGCM and that from the observations
indicated that the AGCM simulations have an overall cold bias over India.
The AGCM shows a large cold bias over the northern and northeastern moun-
tainous areas; however, the magnitude of the model bias over most of the Indian
regions is in the range of −1 to 0.5 °C (Fig. 4.2d). The spatial correlation coefficient
between the simulated and observed temperature climatologies over India is 0.99.

The distribution of annual mean precipitation over most of the regions in central,
eastern, and northeastern India shows approximately 3–5 mm d−1 of precipitation
during 1961–2007 in the AGCM ensemble simulation and approximately 1–3 mm
d−1 over most of the other parts of India (Fig. 4.3a, b). A few areas over the
northeastern regions, including the Western Ghats, received the highest amounts of
precipitation (>7 mm d−1) during this period. The APHRODITE observations also
show mostly the same amounts of precipitation over these regions. The precipita-
tion climatology in each individual simulation also shows similar results, with
standard deviations within 0.05–0.25 mm d−1 compared to the means (Fig. 4.3c).
The ensemble mean precipitation climatology obtained by the AGCM shows a wet
bias of 0–1 mm d−1 over most of the regions of central, eastern, southern, and
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western India, while a large wet bias is noticed over some regions of northern,
northeast, and southcentral India (Fig. 4.3d). The spatial correlation coefficient
between the simulated and observed precipitation climatologies over India is 0.76.

The annual cycles and normal probability distribution functions (PDFs) of the
monthly mean temperatures over India during 1961–2007 from the AGCM model
simulations and those from the APHRODITE observations are presented in
Fig. 4.4. The monthly mean temperature climatologies over India from the AGCM
simulations indicate that the lowest temperature over India corresponds to *15 °C
during December–January and the highest temperature corresponds to approxi-
mately 29 °C in May (Fig. 4.4a). The PDFs from monthly mean temperatures

Fig. 4.2 Temperature climatologies derived from a the AGCM ensemble mean and
b APHRODITE for the 1961–2000 period. c Standard deviations (STD) of the climatologies of
temperature derived from all ensemble members. d Model biases in the temperature climatology.
Source (Data source) Mizuta et al. (2017)
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indicate that the temperature over India in most of the months remained at
approximately 22 °C during 1961–2007 (Fig. 4.4b).

The temperature patterns seen in d4PDF can be confirmed with the observed
temperatures from APHRODITE, but the model values are underestimated by
approximately 2 °C. Each individual ensemble simulation also shows similar
temperature characteristics over India. The annual cycle of the precipitation cli-
matology over India during 1961–2007 shows that India receives the highest
amount of precipitation (240 mm or higher) in July (Fig. 4.4c). Both the AGCM
model and APHRODITE observations show the same features qualitatively,
although the AGCM overestimates the precipitation amount by approximately
20–30 mm in some months. The precipitation amounts for May, June, September,
and December are well-captured by the model and have good agreement with the
observations. The p-value between the observed precipitation amounts and the

Fig. 4.3 Precipitation climatologies derived from a the AGCM ensemble mean and
b APHRODITE for the period 1961–2000. c Standard deviations (STD) of the climatologies of
precipitation derived from all ensemble members. d Model biases in the precipitation climatology.
Source (Data source) Mizuta et al. (2017)
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d4PDF simulations was tested considering the null hypothesis as an equal mean
with a 99% significance level; the p-value was found to be 0.45, which is suffi-
ciently higher than 0.1. We thus fail to reject the null hypothesis. In other words, the
differences between the observed and simulated precipitation amounts are not
significant. The PDFs of monthly precipitation intensities in the AGCM simulations
show precipitation intensities of approximately 4 mm d−1 (or *120 mm precipi-
tation considering 30 days in a month) in most months, while the precipitation
intensities are approximately 3 mm d−1 in the APHRODITE observations
(Fig. 4.4d). Similar monthly precipitation features over India are also noticed in
each individual simulation.

Overall, the AGCM-simulated mean temperature and precipitation climatolo-
gies, annual cycles, and frequency distributions are in good agreement with the
APHRODITE observations over the Indian region.

Fig. 4.4 Annual cycles and probability distributions (PDFs) over India derived from the AGCM
ensemble and APHRODITE observations for the period 1961–2007. The upper panels (a–
b) correspond to the results for temperature, and the lower panels (c–d) correspond to the results
for precipitation. The thin lines in the figures correspond to the results for each ensemble member.
Source (Data source) Mizuta et al. (2017)
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4.4 Climate Change Over India Under Global Warming

4.4.1 Projected Changes in Temperature Distribution

The spatial distributions of the temperature climatologies derived from the AGCM
ensemble mean for the periods 1951–2010 and 2051–2110 are presented in
Fig. 4.5. The annual mean surface temperature over a large part of India is noticed
to be mostly 25 °C or higher in the period 1951–2010 and is expected to be mostly
27 °C or higher in the period 2051–2110 over the same regions (Fig. 4.5a, b). The
results show a possible warming of 3–5 °C over the entire Indian region in the
period 2051–2110 with reference to the period 1951–2010 (Fig. 4.5c). The tem-
peratures over central and northwest India are expected to increase by 4–5 °C in the
future climate, while the temperatures over a few regions of north India are pro-
jected to rise by 6 °C or more.

Figure 4.6 represents the annual cycles and frequency distributions of the
monthly mean temperatures over India in two climate periods and their projected
changes. The results indicate that the mean temperature over India in the future
climate is expected to vary from *20 °C in December–January to 34 °C in May
(Fig. 4.6a). Each individual ensemble member also shows a similar pattern of
monthly temperature over India. The monthly mean temperature is expected to
increase by *4 °C during July–September and by *5 °C during October–June
under the future climate (Fig. 4.6b). The normal probability distribution functions
indicate that the monthly temperature over India is expected to shift by approxi-
mately +5 °C in the future climate (Fig. 4.6c). The temperatures over India in most
months are expected to shift from *22 °C in the present to *27 °C in the future
climate. Similar temperature characteristics are observed in each individual
ensemble member. The change in the frequencies of monthly mean temperatures
with a 1 °C interval bin between the two climate periods indicates that more months
are expected to be warmer (26 °C or higher) in the future climate (Fig. 4.6d).

Fig. 4.5 Temperature climatologies from the AGCM ensemble mean for a present and b future
climates and c the future temperature changes. Source (Data source) Mizuta et al. (2017)
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4.4.2 Projected Changes in Precipitation Distribution

Figure 4.7 represents the precipitation climatologies derived from the AGCM
ensemble experiments for two climate periods and their future changes. The figure
shows that the precipitation distribution patterns in both climate periods (i.e., during
1951–2010 and 2051–2110) are almost the same over all regions of India but with
higher magnitudes under the future climate except over the Western Ghats regions
(Fig. 4.7a–b). The precipitation amounts increase in the future climate by
approximately 0.5–1 mm d−1 over almost all regions and decrease by

Fig. 4.6 a Annual cycles in two climate periods and b projected changes in temperature. c PDFs
in two climate periods and d projected changes in the temperature frequencies. The thin lines (a, c)
correspond to the results for each ensemble member. Source (Data source) Mizuta et al. (2017)

Fig. 4.7 Precipitation climatologies from the AGCM ensemble mean for the a present and
b future climates and c their future changes. Source (Data source) Mizuta et al. (2017)
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approximately 1 mm d−1 over the west coast along the Western Ghats (Fig. 4.7c).
The northeast regions of India are likely to experience relatively more precipitation
in the warming future climate.

The annual cycles and frequency distributions of the monthly total precipitation
amounts over India in the present and future climates and their projected changes
are illustrated in Fig. 4.8. The results indicate that the total monthly precipitation
over India in the future climate is expected to increase to *300 mm in July with an
uncertainty range of 260–340 mm (Fig. 4.8a). The monthly total precipitation
amount is likely to increase by 20–40 mm (5–45%) during July–October in the
future climate and by 2–13 mm (3–35%) during November–June (Fig. 4.8b). This
indicates that India is expected to receive relatively more precipitation in the
monsoon season (June–September) under the future climate. The PDFs of the
monthly precipitation intensities show peaks at 4 mm d−1 in the present and future
climates, but the peaks are less frequent in the future (Fig. 4.8c). This indicates a
possible reduction in the number of months in the future climate with precipitation
amounts of approximately 120 mm. On the other hand, an increase in the number of
months with precipitation intensities of 7 mm d−1 or higher is expected in the future
climate. This indicates the possibility of an increased number of months being
wetter in the future climate. Each individual member also shows similar charac-
teristics in their PDFs, although some members do not show large changes in the
annual cycles and the frequency patterns of precipitation in the future climate. This
uncertainty behavior could be associated with the use of SST perturbations in the

Fig. 4.8 a Annual cycles in the two climate periods and b projected changes in precipitation.
c PDFs for the two climate periods and d projected changes in the precipitation frequencies. The
thin lines (a, c) correspond to the results for each ensemble member. Source (Data source) Mizuta
et al. (2017)
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simulations (e.g., Mizuta et al. 2017). For instance, Yoshioka et al. (2007) reported
that changes in SSTs led to a maximum precipitation variation of
−0.23 ± 0.05 mm d−1 over north African regions. The changes in the frequencies
of monthly total precipitation amounts over India in the two climate periods with
100-mm interval bins indicate a possible increase in the number of months with
total precipitation amounts higher than 200 mm in the future climate (Fig. 4.8d).
On the other hand, there is a possibility that the number of months with total
precipitation amounts lower than 200 mm will decrease in the future climate.

4.4.3 Projected Changes in Extreme Events

We analyzed the frequency distributions of daily mean temperatures and precipi-
tation amounts over India as a whole to understand the occurrences of cold and
warm days and of light and heavy precipitation days in present and future climates.
Figure 4.9 illustrates these PDFs. The results indicated that the daily temperature in
the present climate varies in the range of 11–34 °C (Fig. 4.9a), while the daily
precipitation varies from no rain up to 20 mm (Fig. 4.9b). The magnitudes of the
daily temperatures in the future climate show an increase of 4–5 °C compared to
those in the present climate, while the intensities of daily precipitation show
increases in precipitation intensities of wet days exceeding *7 mm d−1. The
intensities and frequencies of warm events (>25 °C) and strong precipitation events
(>25 mm d−1) are expected to increase in the warming future climate, indicating
more severe hot days and water-related disasters over India in the future. Each
ensemble experiment result also shows the same characteristics of the frequency
and intensity of the daily mean temperature and precipitation.

Fig. 4.9 Frequency distributions derived from the daily a temperature and b precipitation datasets
in the AGCM ensemble experimental results for two periods: present climate and future climate.
Source (Data source) Mizuta et al. (2017)
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4.4.4 Projected Changes in Other Climatic Variables

This section discusses the climatologies of various climatic variables, including the
vertical velocity, specific humidity, relative humidity, air temperature, and cloud
cover from 1951 to 2051 and from 2051 to 2110, and their future projections. Here,
omega refers to the vertical velocity, which represents the rate of change in pressure
in a parcel over time.

Figure 4.10 presents the annual mean omega at 500 hPa derived from the
AGCM ensemble means for the two climate periods and their future changes. It
shows that omega is negative over almost all Indian regions except over a few
regions in eastern India in both climate periods (Fig. 4.10a, b), indicating strong
upward air motions over most Indian regions. A few regions in north and northeast
India show relatively strong upward air motions in both climates. However, the
upward air motion is expected to be weaker over a few regions in south and north
India in the warming future climate than in the present climate (Fig. 4.10c).

The annual mean temperature climatologies at 500 hPa during 1951–2010 and
2051–2110 and their projected changes are shown in Fig. 4.11. The temperatures in
the upper atmosphere (at 500 hPa) are negative in both climates, with maximum
values up to −4 °C in the present climate and up to 0 °C in the future climate
(Fig. 4.11a, b). The future changes in temperature (at 500 hPa) during 2051–2110
indicate increases of 4–5 °C over the Indian regions relative to the period 1951–
2010 (Fig. 4.11c). The atmosphere under the future climate is expected to be rel-
atively warmer over the western and northern parts of India than in the other Indian
regions.

Figure 4.12 illustrates the annual mean specific humidities at 500 hPa in the two
climate periods and their future changes. The spatial patterns of specific humidity in
both climates are similar over almost all regions of India, but there is an increase in
the overall amount of specific humidity in the future climate (Fig. 4.12a, b). The
specific humidity over the southern regions of India seems to be more pronounced

Fig. 4.10 Omega at 500 hPa from the AGCM ensemble mean for the a present and b future
climates and c their future change. Negative signs in (a–b) indicate upward directions. Source
(Data source) Mizuta et al. (2017)
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compared to those of other Indian regions. The specific humidity in the future
climate is expected to increase over the entire Indian region (Fig. 4.12c). A few
regions in western and northern India show relatively low increases in specific
humidity in the future climate.

The annual mean relative humidities at 500 hPa in both climates and their future
changes are shown in Fig. 4.13. The relative humidities in both climates are
maximized over some regions in south and northeast India and minimized in west
India (Fig. 4.13a, b). The relative humidities in the future climate are expected to
increase over the eastern, central, and western regions of India, particularly in the
12–27 °N latitudinal belt, and to decrease over some regions in southern, northern,
and northeastern India (Fig. 4.13c). The spatial patterns of cloud cover at 500 hPa
are found to be similar in both climates but with a slightly lower percentage in the
future climate (Fig. 4.14a, b). The cloud cover in the future climate is likely to
decrease over the entire Indian region, although the magnitude of this decrease is
below 2% (Fig. 4.14c).

Fig. 4.11 Temperatures at 500 hPa from the AGCM ensemble mean for the a present and
b future climates and c their future changes. Source (Data source) Mizuta et al. (2017)

Fig. 4.12 Specific humidities at 500 hPa from the AGCM ensemble mean for the a present and
b future climates and c their future changes. Source (Data source) Mizuta et al. (2017)
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4.5 Discussion

This study considers various aspects of temperature and precipitation characteristics
over India in the past 60 years (1951–2010) and their future changes in the next
100 years (2051–2110) by analyzing the results of 190 ensemble experiments. The
climatologies, annual cycles, and frequency distributions of temperature and pre-
cipitation for the period 1961–2007 from the ensemble means of AGCM experi-
ments over India are first compared with those from the APHRODITE observations
to validate the model results. The results indicate that the AGCM-simulated cli-
matologies, annual cycles, and frequency distributions of temperature and precip-
itation are in good agreement with the APHRODITE observations over the Indian
region, although some cold and wet biases are noticed in the temperature and
precipitation simulations, respectively (Figs. 4.2 and 4.3). Previous research (e.g.,
Karmacharya et al. 2017, Nayak et al. 2019) over Indian regions with various
climate models has also highlighted similar cold and wet biases in the respective

Fig. 4.13 Relative humidities at 500 hPa from the AGCM ensemble mean for the a present and
b future climates and c their future change. Source (Data source) Mizuta et al. (2017)

Fig. 4.14 Cloud cover at 500 hPa from the AGCM ensemble mean for the a present and b future
climates and c their future changes. Source (Data source) Mizuta et al. (2017)
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models used in the studies. Therefore, simulating Indian climatology with complete
accuracy has been a long-standing challenge. However, the spatial distribution of
the various climate states over India in the d4PDF datasets appear to be quite
reasonable (Figs. 4.2 and 4.3). The temperature climatologies over the desert cli-
mate type in the west region, the tropical wet and monsoon climate types in the west
coast, central and south regions, and the temperate climate type in the north and
northeast regions are well-represented in the d4PDF dataset, while those over some
tropical wet-dry climate types in the southeast regions are underestimated
(Fig. 4.2a, b). The d4PDF dataset reproduced the precipitation climatologies well
over tropical rainforests in the south region and the arid and semiarid climate types
in the west region, while it overestimated the precipitation amounts over some
temperate rainy climate types in the north and northeast regions and tropical
monsoon and savanna climate types in the central-east region (Fig. 4.3a, b).

The annual mean surface temperatures over most of the Indian regions are 25 °C
or higher in the present climate and are expected to increase by 3–5 °C in the period
2051–2110 (Fig. 4.5). This result is consistent with the multitude of other previous
studies over India (e.g., Kumar et al. 2013; Patwardhan et al. 2018). The temper-
atures over some desert regions in the west of the country and tropical humid
climates in the central region show possible increases of 4–5 °C, while those over
the subtropical humid climates in the north and east regions show increases of 3–4 °
C. An increase of 4–5 °C in the air temperature at 500 hPa is also noticed over the
Indian regions during the period 2051–2110 relative to the period 1951–2010
(Fig. 4.11), indicating a possible warmer atmosphere under the future climate. An
increase in the temperature of*5 °C is expected, particularly during October–June,
in the future climate (Fig. 4.6b). The number of months with monthly temperatures
of 26 °C or higher is also likely to increase in the future climate (Fig. 4.6d).

The spatial distributions of precipitation over India show maximum precipitation
over northeast India and in the regions over the west coast along the Western Ghats
in both climate periods. An increase in precipitation of approximately 1 mm d−1 is
expected in the future climate over most regions of India, while a decrease in
precipitation of approximately 1 mm d−1 is expected over the west coast regions
(Fig. 4.7). The precipitation amounts over the arid and semiarid climate types in the
west and in some tropical rainforests in the southwest show increases of 0.5 mm
d−1 in the future climate, and the precipitation amounts over the temperate rainy
climate in the northeast show expected increases of more than 1 mm d−1. Most of
the tropical monsoon and savanna climate type regions show possible increases of
*1 mm d−1 in precipitation in the future climate, while some tropical wet regions
on the southwest coast indicate possible reductions of *1 mm d−1. The monthly
precipitation over India in the future climate is expected to increase by 5–45%
during the months from July to October (Fig. 4.8b). Previous studies over India
(e.g., Sabade et al. 2011; Chaturvedi et al. 2012; Akhter et al. 2017) also high-
lighted similar magnitudes of precipitation increases in the future climate. The
reason for this result could be associated with the upward motion of air, which is
expected to be stronger in the future climate, together with increased specific
humidity (Figs. 4.10 and 4.12). It is interesting to note that the vertical motion of air
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is weaker in the future climate over the Western Ghats regions, possibly because of
the decrease in precipitation on the west coast along the Western Ghats. The
number of warm days (>25 °C) and strong precipitation days (>25 mm d−1) are also
expected to intensify and to occur more frequently in the warming future climate.
This indicates the possible occurrence of severe hot days and water-related disasters
over India in the future climate. The reason for the increase in strong precipitation
days in the future climate may be attributed to the temperature increases over the
Indian region, which would increase the specific humidity, according to the
Clausius-Clapeyron relationship, and cause more precipitation (e.g., Nayak 2018;
Nayak and Takemi 2019).

The omega values at 500 hPa indicate stronger upward motions of air over most
of the Indian regions in the future climate (Fig. 4.10). The arid and semiarid climate
types in the western part of the country and the temperate rainy climate types in the
northeast show stronger vertical velocities in the future climate, while most of the
tropical wet in the south indicates weaker vertical velocity in the future climate. The
upward motion of air in the future climate is also noticed to be weakened in the
north areas, which include mountainous regions. The annual mean temperature
climatologies at 500 hPa show a warmer atmosphere over entire Indian regions
under future climate (Fig. 4.11). The desert in the west seems to be comparatively
warmer in the future compared to the other climate states of India, while some
regions in the temperate climate in the east and northeast are expected to be less
warm. The specific humidity at 500 hPa also shows an increase of specific humidity
over entire Indian region in future climate (Fig. 4.12). The desert, arid and
semi-arid climate in the west shows relatively low increase of specific humidity in
future climate. The relative humidity at 500 hPa is expected to increase over east,
central and west regions of India and decrease over some regions in south, north,
and northeast India (Fig. 4.13). Most of the regions of tropical rainforest, monsoon,
and savanna in the 12–17 N latitudinal belt show a possible increase of the relative
humidity in the future climate, while a possible reduction of the relative humidity is
noticed over few regions of temperate rainy climate. The cloud cover at 500 hPa are
noticed mostly similar in two climate periods with a small decrease in magnitude in
future climate over entire India (Fig. 4.14c). The cloud cover over the desert in the
west shows relatively low decrease in the future climate, while the same over most
of the tropical wet and monsoon in the south and temperate rainy in the northeast
shows relatively more decrease.

The present study with mega-ensemble d4PDF climate simulations shows
overall consistency results with previous studies over India in the present climate
and future climate. Thus, the present results with the d4PDF dataset with historical
6000-years and future 5400-years climate simulation give an overall confidence to
understand the climate of India and its different climate states starting from dry/
desert to wet and tropical to temperate. Moreover, this study discussed future
changes of various climatic variables which would help to understand the factors
behind the climate changes over India. So this study would provide an insight
towards the future assessment over Indian climate in order to reduce the uncer-
tainties to monitor climate hazards in India.
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4.6 Conclusions

This study investigates a comprehensive assessment of climate change over India
from 190 mega-ensemble AGCM experiment results in two climate periods (1951–
2010 and 2051–2110). The main focus was on the climatologies, annual cycles, and
frequency distributions of temperature and precipitation over Indian region in the
past 60 years and their projected future changes in the next 100 years. The model
simulated ensemble mean results appeared quite reasonable in simulating clima-
tologies, annual cycles, and frequency distributions of the temperature and pre-
cipitation over the Indian region. The temperature over Indian regions during 1951–
2010 shows mostly 25 °C or higher and precipitation shows mostly 3–5 mm d−1

during this period. Future AGCM simulations show an overall increase of 4–5 °C
temperature and 2–45% precipitation over India in the period 2051–2110 with
reference to the period 1951–2010. The consistency of these results with previous
studies over India would lead to overall confidence in climate change assessments
to monitor climate hazards in India in the future.
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Chapter 5
Analysis of the Hydrological Behavior
of Watersheds in the Context of Climate
Change (Northwestern Algeria)

Halima Belarbi, Bénina Touaibia, Nadir Boumechra,
Chérifa Abdelbaki, and Sakina Amiar

Abstract The aim of this work is to study the temporal evolution of the
rainfall-runoff relations of four basins in northwestern Algeria: the Tafna Maritime,
Isser Sikkak, downstream Mouilah and Upper Tafna basins. The adopted approach
consists of analyzing hydroclimatic variables using statistical methods and testing
the nonstationarity of the rainfall-runoff relation by the cross-simulation method
using the GR2M model. The results of the different statistical methods applied to
the series of rainfall and hydrometric variables show a decrease due to a break in
stationarity detected since the mid-1970s and the beginning of the 1980s. The
annual rainfall deficits reached average values of 34.6% during the period of 1941–
2006 and 29.1% during the period of 1970–2010. The average annual wadi flows
showed average deficits of 61.1% between 1912 and 2000 and 53.1% between 1973
and 2009. The GR2M conceptual model simulated the observed hydrographs in an
acceptable manner by providing calculated runoff values in the calibration and
validation periods greater or less than the observed runoff values. The application of
the cross-simulation method highlighted the nonstationarity of the rainfall-runoff
relations in three of the four studied basins, indicating downward trends of monthly
runoff.

Keywords Precipitation � Runoff � Breakpoint � Nonstationarity � Drought �
GR2M model
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5.1 Introduction

Water is a common and vital good, and its access, security and control are major
challenges. In addition to these challenges, there are other challenges linked to
probable changes in extreme climatic events, particularly periods of drought, which
are predicted to become intense and persistent over time (Vervier et al. 2004). For
all these reasons, the quantification of water resources is of great importance for
scientists and water managers around the world (Milano et al. 2013). The impor-
tance of research lies in the major challenges represented by meteorological vari-
ability and its effect on the hydrological cycle (Goula et al. 2006).

In Algeria, the majority of productive watersheds, representing approximately
75% of the annual flow of surface water, are found in the eastern part of the country
along the Mediterranean coast. Much of the rest of the land is subjected to desert
conditions in which water scarcity is acute (PNUD-FEM 2003). In addition to the
unfavorable geographic position of the country, the population explosion has
worsened the situation. Indeed, the available water resources per inhabitant per
year, which was 1,500 m3 in 1962, dropped to 720 m3 in 1990, 630 m3 in 1998 and
430 m3 now, thus reflecting pressure from population growth (Mozas and Ghosn
2013; Safar-Zitoun 2019). Therefore, Algeria is already in a situation of water
scarcity (Benblidia and Thivet 2010) that could be amplified by the intensity and
pace of climate change (Barnett et al. 2001; Frich et al. 2002). In fact, with regard to
estimates of sectoral needs, climate change will place the country in an uncom-
fortable situation since the maximum volume of water that can be mobilized will
reach the limit of the water needs of the country (Rousset and Arrus 2006).

Current climate disturbances are reflected in irregular rainfall and a drought that
has become established over several years. This climatic variability, manifested by
a drop in rainfall, has been the subject of numerous studies. In 1993, following an
analysis of data from 120 rainfall stations, Laborde (1993) was able to highlight a
succession of four rainfall phases, including a long deficit phase established at the
end of 1973. The most pronounced rainfall deficit was recorded in the western part
of the country, where the rainfall hardly exceeded 350 mm on average (Matari et al.
1999; Medejerab and Henia, 2011; Belarbi et al. 2013; Achite et al. 2014; Belarbi
et al. 2016, 2019; Khedimallah et al. 2020). According to Aït Mouhoub (1998),
while this reduction was on the order of 30% in eastern Algeria, it amounted to
more than 50% in the central and western regions of the country. Meddi and Meddi
(2009) estimated the deficit at 20% in the central region and more than 36% in the
far western region, resulting in a drastic decrease in surface flows. Meddi and
Hubert (2003) estimated this reduction at nearly 55% for the basins in the central
region and between 37 and 44% in the eastern region, while the deficit varied from
61 to 71% for the basins in the far west.
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The objective of this study is to analyze trends in the rainfall-runoff relation,
taking four basins in northwestern Algeria as the study area: the Maritime Tafna,
Isser Sikkak, downstream Mouilah and Upper Tafna basins. These four basins are
of important socioeconomic interest because they supply water to the populations of
many municipalities and provide the needs of the agricultural and industrial sectors,
which are very active in the region (Kettab 2001). The methodological approach
consists, first, of a characterization of hydrometeorological variability using non-
parametric statistical tests for trend analysis and, second, of an application of the
cross-simulation method starting from the lumped conceptual hydrologic monthly
model GR2M over several subperiods.

5.2 Methods and Materials

5.2.1 Study Area

The four basins, which are subbasins of the Tafna basin, occupy the extreme
northwest of Algeria (Fig. 5.1).

Fig. 5.1 Geographic location of the study area
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The Upper Tafna basin (1604) (Fig. 5.1) covers an area of 256 km2 and has a
perimeter of 78 km (Ghenim 2001). Bounded to the north by the plains of Maghnia
and Hennaya and to the south by the high Oran plains, this basin is occupied mainly
by mountains of the Alpine orogeny formation whose summits culminate at 1465 m
above sea level (Tlemcen Mountains). This basin is characterized by steep relief,
and 49% of its surface has a slope greater than 25% (Megnounif et al. 2003). The
watershed is well-drained with a poorly organized hydrographic network (Rc < 2)
(Bouanani 2004). Its mainstream, Oued Sebdou, drains the basin over a length of
28 km (Ghenim et al. 2010). Oued Sebdou begins in Ouled Ouriach at Ghar
Boumaaza, at an altitude of 1300 m, but is clearly distinct only around the town of
Sebdou at an altitude of 900 m. From Sebdou and up to Sidi Medjahed, the course
of Oued Sebdou follows a steep valley established in limestones and dolomites of
the Jurassic period. It then follows a southeast/northwest direction until it reaches
the Beni-Bahdel dam (Ghenim et al. 2010).

The downstream Mouilah basin (1602) (Fig. 5.1) covers an area of 2650 km2

and has a perimeter of 230 km. A large portion of its surface is in Moroccan
territory. The fairly varied relief in this basin consists of very heterogeneous zones
formed by mountains (the Traras Mountains in the northwest and the Tlemcen
Mountains in the south), plains and valleys. The slopes are generally very accen-
tuated in the mountains (exceeding 20%) and gentler (between 0 and 10%) on either
side of the watercourse (Ghenim et al. 2008). The stream begins in the El Abed
region at an altitude of 1250 m, enters Morocco (40 km north of Oujda) and takes
the name Oued Isly. Oued Isly becomes permanent downstream near Oujda and is
then called Oued Bou-Naïm; Oued Bou-Naïm enters Algeria around Maghnia under
the name Oued Mouilah. The confluence of Oued Mouilah with Oued Tafna is
located at an altitude of 285 m upstream of the Hammam Boughrara dam at the
level of Sidi Belkheir (Dahmani et al. 2006). Oued Mouilah receives on its right
bank Oued Ouerdeffou, which forms the meeting of Oued Abbes, Oued Aouina and
Oued Mehaguene (Terfous et al. 2001), and on its left bank, it receives Oued
Bou-Selit, Oued Ben-Saria and Oued El Aouedj.

The Isser Sikkak basin (1607) (Fig. 5.1) covers an area of 460 km2 with a
perimeter of 116 km. The average altitude in this basin is 475 m. The Isser Sikkak
watercourse originates at an altitude of 1190 m on the Terny plateau south of
Tlemcen at the source of Aïn-Rhanous. The length of its main thalweg is 55.7 km.
This thalweg is reformed from the sources of the El-Ourit waterfalls at an altitude of
800 m and takes the name Oued Saf-Saf downstream from the village of Saf-Saf
and then the name Oued Sikkak from the commune of Chetouane. It first follows a
deep and steep valley and then continues on the plains of Hennaya.

The Tafna Maritime basin (1608) (Fig. 5.1) has an area of 392 km2 with a
maximum altitude of 713 m and a perimeter of 116 km (ABHOCC 2006). It is the
lowest region in the large Tafna watershed and is the region all the waters of Oued
Tafna and its tributaries collect.

The types of geological formations that are observed in outcrops in the basins
influence the distribution of superficial flows. Following his study, Bouanani (2004)
found that almost the entire area of the basins is occupied by permeable to
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semipermeable formations, which promote the infiltration of surface water.
However, the relative abundance of karst carbonate formations, represented by the
Tlemcen and de Terny dolomites in the Upper Tafna (1604) and Isser Sikkak
(1607) basins, undoubtedly differentiates the hydrological behavior of these two
basins from that of the downstream Mouilah basin (1602), more than half of the
surface of which is occupied by Plio-Quarternary alluvium surmounting marl and
Miocene sandstone at the level of the Maghnia plain.

The region is characterized by a semiarid climate with two predominant seasons.
A cool, wet season extends from October to May with fairly irregular rains; the
other season, which is dry and warmer, extends from June to September with low
rainfall (ABHOCC 2006).

5.2.2 Data Description

Rainfall, temperature and hydrometric data were obtained from the two organiza-
tions that are responsible for the hydrometeorological network, namely, the
National Agency for Hydraulic Resources (NAHR) and the National Office for
Meteorology (NOM).

We needed to select a homogeneous observation period to ensure the statistical
consistency of the results. Following quality control and homogeneity tests of the
rainfall, hydrometric and temperature data, we selected six rainfall stations arranged
over two periods: the first period begins in 1941 and runs until 2006, and the second
period begins in 1970 and runs until 2010. The data were represented by obser-
vations from four stations arranged over two study periods: First period began in
1912 and ended in 2000, and the second period began in 1973 and ended in 2006.
The temperature data were collected from four stations and covered a single study
period from 1976 to 2007.

It should also be mentioned that, for the statistical analysis of the hydromete-
orological data, a hydrological year beginning on September 1 of year M and
ending on August 31 of year (M + 1) was adopted. This decision is justified by the
fact that in the Mediterranean area, the rainy season begins in the month of
September and ends in May. The maximum rainfall rates are often recorded during
winter in the months of November, December and January. It follows that the
hydrological year reflects the natural climatic conditions (Sebbar et al. 2011).

The geographic coordinates and the main statistical parameters characterizing
the distributions of rainfall data (mm) from the different stations selected are shown
in Table 5.1.

Table 5.1 shows that the average annual rainfall over the 1941–2006 period
varies between 424.8 (Bensekrane station) and 521.7 mm (Zenata station), with a
general average of 470.3 mm. Over the 1970–2010 period, the annual averages
fluctuate between 325.5 (Pierre du Chat station) and 565.0 mm (Mefrouche station),
with a general average of 409.8 mm. The table also shows that the decade of the
1980s had the highest rainfall deficit in the region. The coefficient of variation (Cv)
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is quite important. The highest variability is noted at Zenata station, with a coef-
ficient of variation equal to 0.406 (1941–2006).

The geographic location, catchment area and various statistical parameters of the
mean annual flows are presented in Table 5.2.

According to Table 5.2, the results of the mean annual flow analysis show a high
standard deviation and coefficient of variation. Across all stations, the runoff depth
varies enormously from year to year. In addition, these results show that the decade
of the 1990s was the driest decade. On the other hand, the decades of the 1930s
(1912–2000) and the 1970s (1973–2009) were periods of surplus. The coefficient of
variation, Cv, varies between 64% and 77%, which means that the variability of the
hydrometric series is considered to be very high.

The results of the descriptive analyses of the two quantiles (the minimum and the
maximum), mean, standard deviation and coefficient of variation of the temperature
time series are shown in Table 5.3.

The long-term averages of the mean annual temperatures range from 17.3 °C
(Mefrouche station) to 18.2 °C (Beni-Bahdel station), with an average across all
stations of 17.7 °C. The coefficient of variation, Cv, does not exceed 8%, which
means that the variability of the temperature time series is considered to be low
(Table 5.3).

Potential evapotranspiration is an essential input of the GR2M model. Potential
evapotranspiration expresses the evaporative losses of a basin and is used in the
production function of the model (Kouassi et al. 2008). The potential evapotran-
spiration values, which were calculated according to the Thornthwaite formula,
cover the period from 1976 to 2007.

5.2.3 Methodological Approach to Structural Break
Detection

The literature on statistical approaches to time series of hydrometeorological
variables is particularly abundant. In this study, we opted for the nonparametric
Pettitt and Mann-Kendall (MK) tests. The Pettitt test is renowned for its robustness;
it allows the detection of breaks in a time series (a break at time “t” can be defined,
generally, by a change or shift in the central tendency of a time series variable)
(Braud 2011). To complement the results of the Pettitt test, we used the
Mann-Kendall test. This test makes it possible to analyze the existence of a linear
trend (upward or downward) in a time series. The robustness of this statistical test
has been approved by several comparison tests carried out by Yue and Wang
(2004). These two tests were programmed in the Turbo Pascal language. In addi-
tion, the results of the applications were represented by the selection of a signifi-
cance level of 5%.
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Pettitt Test

Pettitt (1979) defines the variable Ut,n as follows:

Ut;n ¼
Xt

i¼1

Xn
j¼tþ 1

Dij ð1Þ

or

Di;j ¼ sgn xi � xj
� � ¼ 1 si xi [ xj

0 si xi ¼ xj
�1 si xi\xj

8<
: ð2Þ

Pettitt proposed testing the null hypothesis using the Kn statistic, which is
defined by the maximum absolute value of Ut,n for values of t varying from 1 to n
−1. From rank theory, k denotes the value of Kn taken over the studied series; under
the null hypothesis, the probability of exceeding the value k is given approximately
as follows:

Pr Kn [ kð Þ � 2 exp
�6k2

n3 þ n2ð Þ
� �

ð3Þ

For a given risk (significance level) a, if the estimated probability of exceedance
is less than a, the null hypothesis, H0, is rejected. The series then includes a
localized break at the time when it is observed as max Ut;n

�� ��
t¼1;...;n�1 (Belarbi et al.

2012).

Mann-Kendall Test

If we consider each element xi in a time series with (i = 1, …, n), we can calculate
the trend statistic, t0, of the test, given as follows by Mann (1945), Kendall (1975)
and Paturel and Servat (Paturel and Servat 1996):

t0 ¼
Xn
i¼1

ni ð4Þ

The mean and variance of the test statistic are calculated, respectively, as
follows:

E t0ð Þ ¼ n n� 1ð Þ
4

ð5Þ

V t0ð Þ ¼ n n� 1ð Þ 2nþ 5ð Þ
72

ð6Þ
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The reduced test statistic is given as follows:

u t0ð Þ ¼ t0 � E t0ð Þ½ �ffiffiffiffiffiffiffiffiffiffi
V t0ð Þp ð7Þ

We seek the probability, a1, using the reduced centered normal law such that
a1 ¼ P uj j[ u t0ð Þj jð Þ, and the null hypothesis is accepted or rejected at level a
depending on whether a1 [ a or a1\a:

When the values of u t0ð Þ are significant, we conclude that there is an increasing
or decreasing trend depending on whether u t0ð Þ[ 0 or u t0ð Þ\0, respectively
(Sneyers 1975).

To locate the period when a trend appeared, the test statistic lends itself better to
the progressive and retrograde calculations necessary for this purpose. By reversing
the direction of the calculation, the obtained variable, u t0ð Þ, is called a retrograde
series. The point of intersection of �u t0ð Þ with u t0ð Þ indicates the beginning of the
trend (Meddi et al. 2005).

5.2.3.1 Analysis of Variability of Meteorological Observations

The moving average method aims to reduce the influence of accidental variations
and to eliminate the effect of very short-term fluctuations. This method makes it
possible to smoothen random and periodic components without affecting the gen-
eral movement of the series (Belarbi et al. 2012). The principle of this method is to
replace the original series with a series of moving average values defined, in the
simplest case, as follows:

yk ¼ 1
2nþ 1

Xn
i¼�n

ykþ ið Þ ð8Þ

In addition, to assess the evolution of an annual time series of a meteorological
variable, it is advisable to take into account any deviation from the average that
corresponds to the surplus or deficit for the year in question compared to the
observed long-term average (Bodian 2011). This deficit is calculated as follows:

Ei ¼ Yi �Meanð Þ
Mean

� 100 ð9Þ

where Ei denotes the deviation from the average (percent); Yi represents the annual
average of the variable recorded during year i; and Ymean indicates the interannual
average of the variable recorded over the study period.
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5.2.3.2 Hydrological Modeling and Rainfall-Runoff Relation

Modeling the rainfall-runoff relation has become an essential tool for the man-
agement of water resources. A number of studies carried out in Algeria using
conceptual models have been presented in the hydrological literature. Several
models (GR1A, GR2M, GR3M, GR4J, SWAT or even neuro-fuzzy) have been
used in the works of these authors.

For this research, we chose the GR2M model developed in the GR (Rural
Engineering) model series from CEMAGREF. This global conceptual model has
undergone several revisions, proposed successively by Kabouya and Michel
(1991), Makhlouf and Michel (1994), Mouelhi (2003) and Mouelhi et al. (2006),
which allowed the gradual improvement of the performance of the model.

Indeed, the advantage of using GR2M comes from the small amount of data
required (rain, evapotranspiration and flow) for the calibration and simulations.
These input data are expressed in depth of runoff (mm). GR2M simulates the flow
at the outlet of a watershed using precipitation and evapotranspiration data.

5.2.3.3 Description of the GR2M Model

The GR2M model consists of a production tank that governs the production
function, characterized by its maximum capacity, and a reservoir (gravity water)
that governs the transfer function (Kouassi et al. 2012). This monthly water balance
model contains two free parameters that require calibration (X1 and X2). The first
parameter (X1) represents the maximum capacity of the tank (soil). The second
parameter (X2) represents the exchange parameter at the underground reservoir level
(gravity water) (Perrin et al. 2007). Two free parameters in a global conceptual
model are sufficient to represent the rainfall-runoff relation at the monthly time step
(Mouelhi 2003; Makhlouf and Michel 1994).

5.2.3.4 Mathematical Criterion for Optimizing the Model
(Nash-Sutcliffe Criterion)

The performance of a model is measured according to the objectives that are set.
The same model can be assessed in several ways, the only constraint being the
objective of the assessment (Djellouli et al. 2013).

The best-known and best-performing criterion for conceptual models is the
Nash-Sutcliffe criterion (Perrin et al. 2007). Indeed, several comparative studies
among different forms of criteria have been carried out and have shown that the
Nash-Sutcliffe criterion imposes itself as that which, overall, allows the best cali-
bration (Mouelhi 2003). This dimensionless criterion makes it possible to judge the
quality of an adjustment and facilitates the comparison of adjustments among
different basins whose flows correspond to different orders of magnitude (Kouassi
2007). The criterion is defined by Nash and Sutcliffe (1970) as follows:
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Nash ¼ 1�
P

Qi
0 � Qi

C

� �2P
Qi

0 � Qm
� �2

" #
� 100 ð10Þ

where Qi
0 represents the monthly observed discharge; Qi

C is the monthly calculated
discharge; and Qm is the average flow observed over the whole observation period
without gaps.

The estimation of the Nash-Sutcliffe criterion ranges between �1 and 100%.
The model is considered effective when the estimated streams approach the
observed streams, i.e., when the value of the Nash-Sutcliffe criterion is close to
100%. Thus, a performance greater than or equal to 60% can be viewed as
acceptable (Perrin 2000). The version of the GR2M model used in this study is
available on the CEMAGREF Web site (http://webgr.irstea.fr/modeles/mensuel-
gr2m/).

5.2.3.5 Evaluation of the Robustness of the GR2M Model

One of the most commonly utilized methods to assess the robustness of a model is
the double-sample technique. This method makes it possible to test the adaptability
of models regardless of their complexities (Kouassi et al. 2011).

In the case where there are observations presenting themselves as time series
(e.g., monthly or annual time series), it suffices to subdivide the observation period
of each watershed into subperiods and perform a calibration over one period and a
validation over the rest of the observations while making sure to reserve a period for
the model warm-up (Kouassi 2007). This task is repeated such that the model
calibrates successively on all the subperiods. The robustness of a model is evaluated
by the difference between the value of the Nash criterion in the calibration phase
and that in the validation phase (Perrin 2000).

5.2.3.6 Cross-Simulation Approach: Trend Analysis
of the Rainfall-Runoff Relation

While many methods to detect trends in hydrological variables such as rainfall and
flows are available, there are very few methods capable of detecting trends in
rainfall-runoff behavior (Aït-Mesbah 2012). Among these methods, the
cross-simulation approach is used because of its robustness for the study of trends
in rainfall-runoff relations (Kouamé et al. 2013).

The description of the methodology of this approach is based on the work of
Andréassian et al. (2003) and Kouassi et al. (2012).

The methodology begins with the division of the study period into n successive
periods of equal lengths. This approach is based on the principle that calibrating a
model makes it possible to characterize the hydrologic behavior of the model over
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the calibration period (of n subperiods). Then, applying the calibrated model to all
the other subperiods while keeping the same parameters, we obtain the flow that
would have resulted had the basin remained under the conditions of the calibration
period. By renewing this operation after each control, we thus build a trend matrix.
In the interpretation of the simulation matrices, each value is replaced by a sign,
indicating an increasing or decreasing evolution of the hydrological variable over
time. For this study, the target variable that is considered is the monthly average
flow, transformed into a measure of the depth of runoff (mm). For this purpose,
each value in the matrix is replaced by a (+) or a (−), depending on whether the
value is greater or less than the value of the diagonal. The value located on the
diagonal represents, for each line, the best reference insofar as it is the closest value
to the value that was actually observed (because it is predicted by the model
calibrated on the period in question). The comparison is carried out line by line
because it is necessary to ensure conditions of equal rainfall. If the (+) values
represent the majority, this means that the hydrological variable simulated in the
matrix tends to increase over time. If (−) values represent the majority, the opposite
is true (Renard Renard 2006; Belarbi et al. 2017).

5.3 Results and Discussions

5.3.1 Results

5.3.1.1 Detection of Breaks in the Rainfall Time Series

The application of the two tests (Mann-Kendall and Pettitt) at a significance level of
5% made it possible to identify a breakpoint in the rainfall time series. The iden-
tification of this breakpoint makes it possible to distinguish two periods, a surplus
period and a deficit period, in the basins (Table 5.4).

Table 5.4 Statistical tests applied to the time series of annual rainfall totals

Station Mann-Kendall test Pettitt test

u t0ð Þ Significance
level

Breakpoint
year

Values of
Kn

Pr Knð Þ Significant
breakpoint

Study period 1941–2006

Bensekrane −4.14 −1.96 1976/77 646 0.00025 1976/77

Beni-Bahdel −3.03 −1.96 1978/79 692 0.00007 1974/75

Zenata −5.97 −1.96 1976/77 1013 0.00000 1975/76

Study period 1970–2010

Pierre du
Chat

−0.96 −1.96 – 203 0.04614 1980/81

Mefrouche −2.35 −1.96 1975/76 221 0.02296 1980/81

Maghnia −1.79 −1.96 – 207 0.03972 1980/81
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The Pettitt test, when applied to annual rainfall totals during the 1941–2006
period, confirmed the occurrence of significant breakpoints in the mid-1970s
(Table 5.4; Fig. 5.2). However, during the 1970–2010 study period, breakpoints
were identified in 1980/81 (Table 5.4; Fig. 5.3).

This break is identified by a peak in the evolution of the Pettitt indices. Over the
period from 1941 to 2006 (Fig. 5.2), the Pettitt indices correspond to 646 for the
Bensekrane station, 692 for the Beni-Bahdel station and 1013 for the Zenata station.
During the period 1970–2010, indices have values of 203 for the Pierre du Chat
station, 221 for the Mefrouche station and 203 for the Maghnia station (Fig. 5.3).

By applying the Mann-Kendall test, we detected the existence of a very sig-
nificant downward break in the time series of the annual rainfall totals of the
Bensekrane, Beni-Bahdel and Zenata stations. This abrupt change occurred in the
mid- and late 1970s (Table 5.4; Fig. 5.4). During the 1970–2010 study period, a
break was identified in the mid-1970s in the rainfall totals from the Mefrouche
station (Fig. 5.5). However, the trend in the annual rainfall totals of the Pierre du
Chat and Maghnia stations is not significant (the null hypothesis that there is no
trend is accepted) (Table 5.4).

A rainfall deficit indicates a negative change or a decrease in the mean annual
rainfall, while a surplus means an increase in the mean annual rainfall observed in
the time series before and after a breakpoint. The deficits are −50.82% for the
Zenata station, −27.76% for the Beni-Bahdel station and −25.16% for the
Bensekrane station (period 1941–2006) (Table 5.5). During the period 1970–2006,
the deficits exceeded -26% for the Pierre du Chat station and −30% for the
Mefrouche and Maghnia stations. Furthermore, the linear regression between the
precipitation values and time, which is used to quantitatively describe the possi-
bility of a linear downward or upward trend in the time series, confirms that annual
rainfall totals experienced an average decrease. The rainfall totals reached
−8.04 mm annually at Zenata station (study period 1941–2006) (Fig. 5.4) and
−6.83 mm annually at Mefrouche station (study period 1970–2010) (Fig. 5.5).

These observations corroborate the results of a number of studies, among which
we can cite Laborde (1993), Matari et al. (1999), Meddi and Hubert (2003), Meddi
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Fig. 5.2 Application of the Pettitt test to the annual rainfall time series data for the period 1941–
2006
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Fig. 5.3 Application of the Pettitt test to the annual rainfall time series data over the 1970–2010
period

100

200

300

400

500

600

700

800

19
44

-1
94

5

19
48

-1
94

9

19
52

-1
95

3

19
56

-1
95

7

19
60

-1
96

1

19
64

-1
96

5

19
68

-1
96

9

19
72

-1
97

3

19
76

-1
97

7

19
80

-1
98

1

19
84

-1
98

5

19
88

-1
98

9

19
92

-1
99

3

19
96

-1
99

7

20
00

-2
00

1

20
04

-2
00

5

-5

-4

-3

-2

-1

0

1

2

3

Bensekrane

P = - 3,01 t + 524,20     r = - 0,47

 Annual rainfall  Regression line

Years

 u(t')  - u'(t')

100

200

300

400

500

600

700

800

19
44

-1
94

5

19
48

-1
94

9

19
52

-1
95

3

19
56

-1
95

7

19
60

-1
96

1

19
64

-1
96

5

19
68

-1
96

9

19
72

-1
97

3

19
76

-1
97

7

19
80

-1
98

1

19
84

-1
98

5

19
88

-1
98

9

19
92

-1
99

3

19
96

-1
99

7

20
00

-2
00

1

20
04

-2
00

5

-5

-4

-3

-2

-1

0

1

2

3
Beni- Bahdel

P = - 2,71 t + 554,10     r = - 0,37

 Annual rainfall  Regression line

Years

 u(t')  - u'(t')

100

200

300

400

500

600

700

800

900

1000

19
44

-1
94

5

19
48

-1
94

9

19
52

-1
95

3

19
56

-1
95

7

19
60

-1
96

1

19
64

-1
96

5

19
68

-1
96

9

19
72

-1
97

3

19
76

-1
97

7

19
80

-1
98

1

19
84

-1
98

5

19
88

-1
98

9

19
92

-1
99

3

19
96

-1
99

7

20
00

-2
00

1

20
04

-2
00

5

-8

-6

-4

-2

0

2

4

Zenata

P = - 8,04 t + 786,92     r = - 0,72

 Annual rainfall  Regression line

Years

 u(t')  - u'(t')

Fig. 5.4 Application of the Mann-Kendall test to the annual rainfall time series data for the period
1941–2006
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and Meddi (2009), Belarbi et al. (2013, 2016, 2017), and Sebaibi (2014), which
place most of the breakpoints during the 1970s in Algeria, particularly in the
western part of the country.

5.3.1.2 Detection of Breakpoints in the Runoff Time Series

The results of the two tests, at a significance level of 5%, on the mean annual flow
time series of the Pierre du Chat, Remchi, Pont RN7/A and Beni-Bahdel stations are
shown in Table 5.6.

The mean annual flow time series of the Pierre du Chat and Remchi stations
analyzed over the period from 1912 to 2000 show a significant break in the
mid-1970s (Table 5.6). The results show that the test statistic reached a maximum
in 1975/76 for the time series from Pierre du Chat station and in 1974/75 for that of
Remchi station (Fig. 5.6).

Table 5.5 Rainfall deficits at the various stations studied

Station Breakpoint
year

Study
period

Before
break

After
break

Deficit
(%)

Mean (mm) Mean
(mm)

Bensekrane 1976/77 1941–2006 478.5 358.1 25.16

Beni-Bahdel 1974/75 535.7 387.0 27.76

Zenata 1975/76 681.6 335.2 50.82

Pierre du
Chat

1980/81 1970–2010 403.8 295.8 26.74

Mefrouche 1980/81 781.5 546.2 30.12

Maghnia 1980/81 435.0 302.3 30.51

Table 5.6 Statistical tests applied to the mean annual flow time series

Station Mann-Kendall test Pettitt test

u t0ð Þ Significance
level

Breakpoint
year

Values of
Kn

Pr Knð Þ Significant
breakpoint

Study period 1912–2000

Pierre du
Chat

−3.30 −1.96 1994–1995 432 0.16129 1975–1976

Remchi −4.65 −1.96 1986–1987 619 0.01138 1974–1975

Study period 1973–2009

Pont RN7/A 1.88 1.96 – 151 0.11534 –

Beni-Bahdel −3.60 −1.96 1981–1982 195 0.01717 1986–1987
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During the 1973–2009 study period, a break in the mean annual flow time series
was identified in the mid-1980s for the Beni-Bahdel station (Table 5.6; Fig. 5.6).
No break was detected in the discharge time series of the RN7/A Pont station
(Table 5.6).

The identification of these structural breaks is an expected consequence fol-
lowing a very significant downward trend in annual average flows during the
twentieth century in general and in particular since the mid-1970s and 1980. In
addition, the linear regression between the annual average flows and time indicated
downward trends in the flows. The average annual drop reached −0.27 mm at the
Pierre du Chat station during the study period of 1912–2000 and −1.57 mm at the
Beni-Bahdel station during the period from 1973 to 2009 (Fig. 5.7).

The flow deficits calculated before and after the date of the break of each mean
annual flow time series were quite significant (Table 5.7).
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Fig. 5.6 Trends of mean annual flows determined using the Pettitt test
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5.3.1.3 Study of Interannual Rainfall Variability

Rainfall is very variable from year to year and from one station to another. A very
rainy year can be suddenly followed by a dry year without a transition period. This
is the case for the Bensekrane station, which received a total rainfall of 725 mm in
1964/65 and only 205.8 mm in 1965/66 (Fig. 5.8). Similarly, the Pierre du Chat
station recorded 494.2 mm and 135.4 mm in the 1980/81 and 1981/82 seasons,
respectively (Fig. 5.9).

The seven-year moving average curve highlights the excess, normal and deficit
periods. The rainfall evolution of the Bensekrane station is characterized by excess,
normal and deficit periods (Table 5.8; Fig. 5.8). The surplus period from 1941/42
to 1967/68 had an average rainfall of 485.3 mm, which was 14% higher than the
total annual average of 424.8 mm. This surplus was followed by a normal period
from 1967/68 to 1977/78; the average rainfall during this period (449.6 mm) was
close to the total annual average (424.8 mm). The deficit period began in 1977/78
and ran until 2005/06. During this period, the total annual average rainfall was
358.9 mm.

For the Beni-Bahdel station (Table 5.8; Fig. 5.8), only one excess period was
observed, ranging from 1941/42 to 1975/76 with an average annual rainfall of
531.5 mm, followed by the first period of deficit beginning in 1975/76 and running
until 1990/91. During this period of deficit, a minimum total rainfall value of

Table 5.7 Hydrometric deficits of the different stations studied

Station Breakpoint
year

Study
period

Before
breakpoint

After
breakpoint

Deficit
(%)

Mean (m3/s) Mean (m3/s)

Pierre du
Chat

1975–1976 1912–
2000

7.94 2.75 65.34

Remchi 1974–1975 4.12 1.12 72.86

Beni-Bahdel 1981–1982 1973–
2009

1.41 0.66 53.13

19
44

-1
94

5

19
48

-1
94

9

19
52

-1
95

3

19
56

-1
95

7

19
60

-1
96

1

19
64

-1
96

5

19
68

-1
96

9

19
72

-1
97

3

19
76

-1
97

7

19
80

-1
98

1

19
84

-1
98

5

19
88

-1
98

9

19
92

-1
99

3

19
96

-1
99

7

20
00

-2
00

1

20
04

-2
00

5

100

200

300

400

500

600

700

800

900

Bensekrane

Years

 Annual totals (mm)               Average
 Average before break point        Average after break point

                          Seven-year moving average

19
44

-1
94

5

19
48

-1
94

9

19
52

-1
95

3

19
56

-1
95

7

19
60

-1
96

1

19
64

-1
96

5

19
68

-1
96

9

19
72

-1
97

3

19
76

-1
97

7

19
80

-1
98

1

19
84

-1
98

5

19
88

-1
98

9

19
92

-1
99

3

19
96

-1
99

7

20
00

-2
00

1

20
04

-2
00

5

100

200

300

400

500

600

700

800

900

Beni-Bahdel

Years

 Annual totals (mm)               Average
 Average before break point        Average after break point

                          Seven-year moving average

19
44

-1
94

5

19
48

-1
94

9

19
52

-1
95

3

19
56

-1
95

7

19
60

-1
96

1

19
64

-1
96

5

19
68

-1
96

9

19
72

-1
97

3

19
76

-1
97

7

19
80

-1
98

1

19
84

-1
98

5

19
88

-1
98

9

19
92

-1
99

3

19
96

-1
99

7

20
00

-2
00

1

20
04

-2
00

5

100

200

300

400

500

600

700

800

900

1000

1100

1200

Zenata

Years

 Annual totals (mm)               Average
 Average before break point        Average after break point

                          Seven-year moving average

Fig. 5.8 Interannual variability in annual rainfall totals for the period 1941–2006
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187.7 mm was recorded (1987/88). The period between 1990/91 and 1997/98 was a
normal period with an average rainfall of 442.6 mm, which was close to the total
annual average (464.8 mm). Again, a succession of dry years followed this normal
period. The second deficit period began in 1997/98 and continued until 2005/06.

For the Zenata station, two contrasting periods were identified (Table 5.8;
Fig. 5.8). The first is a surplus period from 1941/42 to 1973/74. During this period,
the total rainfall reached a maximum of 986 mm (1963/64). This surplus period was
followed by a deficit period that began at the end of the excess period and ran until
2005/06. The total annual average rainfall was 350.6 mm.

The application of the seven-year moving average method highlighted two
distinct periods at all the analyzed stations during the 1970-2010 study period. For
the Pierre du Chat and Mefrouche stations (Table 5.8; Fig. 5.9), excess periods
were observed between 1970/71 and 1977/78, with interannual averages of
412.8 mm for the Pierre du Chat station and 834.8 mm for the Mefrouche station.
The other period was a deficit period that began in 1977/78 and ran until 2007/08.
The total annual average rainfall values recorded during this period were 295.3 mm
and 542.4 mm for the Pierre du Chat and Mefrouche stations, respectively.

The analysis of rainfall data from the Maghnia station (Table 5.8; Fig. 5.9)
showed an excess phase that began in 1970/71 and ended in 1980/81. During this
phase, the total maximum rainfall between the beginning and the mid-1970s
reached 586.6 mm. The deficit phase began at the end of the excess period and ran
until 2007/08. During this phase, the average annual rainfall was 294.5 mm.

The results obtained following calculations of the deviations from the means
highlight the succession of dry and wet periods.

During the period 1941–2006 (Fig. 5.10), the wettest years corresponded to
1964/65 for the Bensekrane station, 1967/68 for the Beni-Bahdel station and 1963/
64 for the Zenata station, with deviations from the mean of 70.7%, 62.7% and
88.9%, respectively. The driest years were 1944/45 for the Bensekrane station,
1987/88 for the Beni-Bahdel station and 1982/83 for the Zenata station.

Over the period of analysis (1970–2010) (Fig. 5.11), the driest years were 1981/
82 for the Pierre du Chat station, 1999/00 for the Mefrouche station and 1982/83 for
the Maghnia station.
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Fig. 5.9 Interannual variability in annual rainfall totals over the period 1970–2010
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Table 5.8 Different trends at the studied rainfall stations

Station Beginning of
the period

End of the
period

Trend Mean
(mm)

Max (mm) Min (mm)

Study period 1941–2006

Bensekrane 1941/42 1967/68 Excess 485.3 725.0
(1964/65)

184.5
(1944/45)

1967/68 1977/78 Normal 449.6 562.7
(1970/71)

335.8
(1977/78)

1977/78 2005/06 Deficit 358.9 502.7
(1980/81)

235.8
(1982/83)

Beni-Bahdel 1941/42 1975/76 Excess 531.5 756.1
(1967/68)

224.3
(1944/45)

1975/76 1990/91 Deficit 367.7 515.7
(1990/91)

187.7
(1987/88)

1990/91 1997/98 Normal 442.6 597.4
(1995/96)

341.5
(1993/94)

1997/98 2005/06 Deficit 374.7 476.2
(2001/02)

208.7
(2004/05)

Zenata 1941/42 1973/74 Excess 687.7 986.0
(1963/64)

371.0
(1965/66)

1973/74 2005/06 Deficit 350.6 602.0
(1974/75)

193.0
(1982/83)

Study period 1970–2010

Pierre du
Chat

1970/71 1977/78 Excess 412.8 594.6 (197/
73)

305.8
(1977/78)

1977/78 2007/08 Deficit 295.3 494.2
(1980/81)

135.4
(1981/82)

Mefrouche 1970/71 1977/78 Excess 834.8 1062.4
(1973/74)

661.3
(1976/77)

1977/78 2007/08 Deficit 542.4 841 (1995/
96)

342.4
(1999/00)

Maghnia 1970/71 1980/81 Excess 435.0 586.6
(1974/75)

242.1
(1978/79)

1980/81 2007/08 Deficit 294.5 548.7
(1995/96)

173.2
(1982/83)

Bold indicates Minimum annual rainfall totals during the 1980s
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Fig. 5.10 Relative average deviations in annual rainfall for the period 1941–2006
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5.3.1.4 Study of Interannual Hydrometric Variability

The depth of runoff over the basins is marked by high temporal variability. Indeed,
the transition from a wet year to a dry year can be very abrupt. For example, for the
years 1933/34 and 1934/35, the Pierre du Chat station recorded runoff depths of
90.3 mm and 11.71 mm, respectively. The same case applies for Remchi station,
which recorded a water depth of 157.7 mm in 1935/36 and a depth of only
28.1 mm in 1936/37 (Fig. 5.12).

An analysis of the evolution of the average annual flows using seven-year
moving averages better illustrates the variability at all the stations (Table 5.9;
Fig. 5.12). Figure 5.12 shows that the evolution of flows at the Pierre du Chat
station is characterized by alternating periods of rainfall deficits and excesses. A dry
period was identified between 1912/13 and 1926/27. The average flow during this
period was 5.6 m3/s with a minimum of 0.8 m3/s in 1919/20. A wet period fol-
lowed, lasting from 1926/27 to 1940/41. During this period, the average annual
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Fig. 5.11 Relative average deviations in annual rainfall over the 1970–2010 period
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Fig. 5.12 Interannual variability in annual average station flows for the period 1912–2000
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flow reached a value of 11.5 m3/s. A second dry period occurred between 1940/41
and 1949/50 with a mean annual flow of 4.2 m3/s. This short deficit phase was
limited in time by a sequence of wet years beginning in 1949/50 and extending until
1975/76. The average flow during this period was 8.8 m3/s. From 1975/76 to 1999/
00, a long phase of dry years was established with a maximum flow of 9.3 m3/s in
1979/80 and a minimum of 0.2 m3/s in 1999/00.

The evolution of the interannual variability in the mean annual flow at the Remchi
station includes three hydrometeorological periods (Table 5.9; Fig. 5.12), starting
with an initial dry period between 1912/13 and 1928/29. Over this period, the
average annual flow was 2.9 m3/s, with a minimum of 4.9 m3/s in 1922/23. The
second period was a long sequence of wet years between 1928/29 and 1975/76.
During this period, the maximum flow reached a value of 9.7 m3/s in 1935–1936.
The third period was marked by a more intense and more severe drought than the
first; this dry period was established in 1975/76 and lasted until 1999/00. The
average annual flow dropped to 1.04 m3/s with a minimum of 0.07 m3/s in 1999/00.

Table 5.9 Different trends at the studied hydrometric stations

Station Beginning of the
period

End of the
period

Trend Mean
(m3/s)

Max (m3/s) Min (m3/
s)

Study period 1912–2000

Pierre du
Chat

1912/13 1926/27 Deficit 5.6 10.8
(1920/21)

0.8 (1919/
20)

1926/27 1940/41 Excess 11.5 21.9
(1932/33)

2.6 (1934/
35)

1940/41 1949/50 Deficit 4.2 8.7 (1949/
50)

0.6 (1944/
45)

1949/50 1975/76 Excess 8.8 17.36
(1973/74)

2.68
(1966/67)

1975/76 1999/00 Deficit 2.8 9.3 (199/
80)

0.2 (1999/
00)

Remchi 1912/13 1928/29 Deficit 2.9 0.7 (1917/
18)

4.9 (1922/
23)

1928/29 1975/76 Excess 4.5 9.7 (1935/
36)

0.7 (1965/
66)

1975/76 1999/00 Deficit 1.04 3.1 (1979/
80)

0.07
(1999/00)

Study period 1973–2009

Pont RN7/A 1973/74 2000/01 Deficit 0.7 1.8 (1979/
80)

0.2 (1992/
93)

2000/01 2008/09 Excess 1.3 1.6 (2004/
05)

1.02
(2001/02)

Beni-Bahdel 1973/74 1980/81 Excess 1.5 2.7 (1973/
74)

0.8 (1976/
77)

1980/81 2007/08 Deficit 0.7 2.5 (2008/
09)

0.3 (2004/
05
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During the 1973–2009 study period, successions of dry and wet periods were
observed at the two studied stations. For the Beni-Bahdel station (Table 5.9;
Fig. 5.13), a sequence of wet years was detected during the period from 1973/74 to
1980/81. During this period, the average annual flow was 1.5 m3/s with a maximum
of 2.7 m3/s in 1973/74. The second period observed at this station was a dry period
beginning in 1980/81 and ending in 2007/08; the average annual flow was 0.7 m3/s
with a minimum of 0.3 m3/s in 2004/05.

On the other hand, the interannual flow variability of the Pont RN7/A station
(Table 5.9; Fig. 5.13) was characterized by an initial dry period from 1973/74 to
2000/01 followed by a wet period from 2000/01 to 2008/09. During this wet period,
the average annual flow was 1.3 m3/s.

Figures 5.14 and 5.15 show the deviations of the annual average flows from the
mean. For the four stations, the wettest years correspond to 1932/33 for the Pierre
du Chat station, 1935/36 for the Remchi station, 1973/74 for the Beni-Bahdel
station and 1979/80 for the Pont RN7/A station, with deviations from the mean of
235.3%, 198.5%, 220.4% and 116.8%, respectively.

The driest year corresponded to 1999/00 for both the Pierre du Chat and Remchi
stations (Fig. 5.14), 2004/05 for the Beni-Bahdel station and 1992/93 for the Pont
RN7/A station (Fig. 5.15). The analysis results also show that the 1930s and 1970s
stood out as surplus phases in the region.

5.3.1.5 Evaluation of the GR2M Model Applied to the Four Basins

The breaks in stationarity in the mid-1970s and early 1980s detected during the
analysis of the rainfall series introduced a modification of the hydrological func-
tioning of the four basins. Therefore, the choice of calibration periods becomes
essential for the specification of the model parameters. In this study, to represent the
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Fig. 5.13 Interannual variability in the annual average station flows over the 1973–2009 period
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modeling results in the calibration and validation phases, we used 2/3 of the data for
calibration and 1/3 for validation.

For hydrological modeling of the Tafna Maritime basin (1608), we used
potential evapotranspiration data from the Zenata station and rainfall data from the
Pierre du Chat station. Potential evapotranspiration data from the Mefrouche station
and areal rainfall time series calculated from the Mefrouche and Bensekrane sta-
tions were used to model the Isser Sikkak basin (1607). The Upper Tafna basin
(1604) was represented by rainfall data and potential evapotranspiration data from
the Beni-Bahdel station. Finally, rainfall data series and potential evapotranspira-
tion from the Maghnia station were adopted to represent the downstream Mouilah
basin (1602).
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Fig. 5.14 Relative average deviations of annual average flows for the period 1912–2000
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Fig. 5.15 Relative average deviations of annual average flows for the period 1973–2009
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The monthly flow simulation results for the four basins are shown in Tables 5.10
and 5.11.

According to Tables 5.10 and 5.11, the X1 parameter varied between 492.75 and
699.24 mm, with an average of approximately 596.0 mm, during the 1976–2000
period and between 88.68 and 295.27 mm, with an average of 192 mm, for the
1976–2006 period. The parameter X2 oscillated between 0.72 and 0.88 during the
1976–2000 period, with an average of 0.8, and between 0.42 and 0.74 in the 1976–
2006 period, with an average of 0.6. These values are less than 1, which indicates
that groundwater inflows to the different rivers. Indeed, when X2 is greater than 1,
there is a loss of water from the reservoirs to other watersheds, and vice versa. In
the case of the four studied basins, the reservoirs contribute water to the rivers
(Koffi 2007).

In general, for the calibration phase, the values of the Nash-Sutcliffe criteria were
satisfactory for all four basins. The average performance of the Nash-Sutcliffe
criterion was 75.4% for the studied basins during the 1976–2000 period and 77.2%
for those analyzed over the 1976–2006 period. For the validation phase, the average
values of the obtained Nash-Sutcliffe criteria were 81.5% for the basins modeled
during the 1976–2000 study period and 78.7% for those analyzed over the 1976 to

Table 5.10 Results of the
calibration (1976–1992) and
validation (1992–2000) of the
GR2M model at the Tafna
maritime (1608) and Isser
Sikkak (1607) basins for the
period 1976–2000

ID 1608 1607 Average

Basin Tafna
maritime

Isser
Sikkak

X1 (mm) 492.75 699.24 596.0

X2 0.88 0.72 0.8

Nash calibration
(%)

70.3 80.5 75.4

R2 (%) 58.5 85.0 71.8

Nash validation
(%)

74.4 88.5 81.5

R2 (%) 97.2 90.3 93.8

Table 5.11 Results of the calibration (1976–1996) and validation (1996–2006) of the GR2M
model at the Upper Tafna (1604) and downstream Mouilah (1602) basins for the period 1976–
2006

ID 1604 1602 Average

Basin Upper Tafna Downstream Mouilah

X1 (mm) 295.27 88.68 192.0

X2 0.74 0.42 0.6

Nash calibration (%) 78.7 75.6 77.2

R2 (%) 80.3 86.3 83.3

Nash validation (%) 72.6 84.7 78.7

R2 (%) 72.8 65 68.9
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2006 period. Regarding the coefficient of determination (R2), the values obtained
were as follows: the maximum was 0.833 (1976–2006), and the minimum was
0.718 (1976–2000). In the validation phase, the maximum R2 was obtained during
the 1976–2000 period with a value of 0.938, and the minimum value was 0.689,
obtained during the 1976–2006 period.

The different average performance values obtained for the calibration and vali-
dation phases of the GR2M model are shown in Table 5.12.

According to the double-samplemethod, the performance values obtained from the
calibration and validation stages, which define the robustness criterion of the model,
are acceptable. The rangewas between−0.4 and−5.9%,with an average of−3.2% for
the basins analyzed during the 1976–2000 period. The values varied between −4.6
and +1.9%, with an average of −1.3%, for the basins analyzed over the period from
1979 to 2006. The absolute values of the robustness criterion obtained when the
Nash-Sutcliffe criterion was used were less than 10%, which reflects the robustness of
the GR2MmodelMouelhi version applied to the TafnaMaritime (1608), Isser Sikkak
(1607), Upper Tafna (1604) and downstream Mouilah (1602) basins.

Figures 5.16 and 5.17 indicate the hydrographs of the observed and simulated
phases for the calibration and validation stages.

Figures 5.16 and 5.17 show that the dynamics of the simulated flows in the
calibration and validation phases were fairly consistent with the observed flows.
Indeed, the mean monthly runoff depths captured the seasonal variations of the
calibration sample (Fig. 5.16). On the other hand, floods were poorly simulated,
particularly after 1978, a period marked by the intensification of degradation
phenomena in hydrometeorological conditions. These conditions also affected the
parameters that constituted the forcing variables of the GR2M model. In the vali-
dation phase, the GR2M model underestimated the highest peak flows except in the
Upper Tafna basin (1604), where the peak flows were overestimated (Fig. 5.17). On
the other hand, the model generated very low flows during the period from 1987 to
1992 in the Tafna Maritime (1608) and Isser Sikkak (1607) basins and from 1988 to
1996 in the Upper Tafna (1604) and downstream Mouilah (1602) basins. These
periods coincided with periods of drought.

Table 5.12 Average performance and robustness criterion of the GR2M model

Average performance
calibration

Average performance
Validation

Range

Study period 1976–2000

1608 Tafna Maritime 69.7 70.1 −0.4

1607 Isser Sikkak 79.2 85.1 −5.9

Average 74.5 77.6 −3.2

Study period 1976–2006

1604 Upper Tafna 77.5 75.6 +1.9

1602 downstream
Mouilah

80.9 85.4 −4.6

Average 79.2 80.5 −1.3
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5.3.1.6 Study of the Trend of the Rainfall-Runoff Relation

A matrix of cross-simulations was applied to the simulated annual average water
depths, which made it possible to correctly present the rain-runoff relations in the
four basins. The constituted periods, of which there were 4 in the 1976–2000 period
and 5 in the 1976–2006 period, were in steps of 6 years. The results of this
application are shown in Tables 5.13, 5.14, 5.15 and 5.16.

The matrices of cross-simulations were transformed into matrices of standard-
ized simulations and then into sign matrices, as shown in Tables 5.17, 5.18, 5.19
and 5.20. Recall that the gains and losses are indicated in these matrices by “+” and
“−” signs, respectively. As we studied the annual average flows in the direction of
the progressive evolution of time, the half of each standardized matrix above the
diagonal has been taken into account.

In the Tafna Maritime basin (1608), a total of 9 negative signs were recorded
versus 3 positive signs. In the Isser Sikkak basin (1607), 11 negative signs were
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Fig. 5.16 Hydrographs of observed and simulated flows during the calibration phase of the
GR2M model
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recorded versus 1 positive sign. In the Upper Tafna basin (1604), 14 negative signs
were recorded versus 6 positive signs. In the downstream Mouilah basin (1602), 4
negative signs were recorded versus 16 positive signs.
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Fig. 5.17 Hydrographs of observed and simulated flows during the validation phase of the GR2M
model

Table 5.13 Matrix of cross-simulations of runoff depth (mm) in the Tafna Maritime basin (1608)
for the 1976–2000 period

1976–1982 1982–1988 1988–1994 1994–2000

1976–1982 30.68 8.01 4.92 5.43

1982–1988 18.60 11.25 6.92 7.91

1988–1994 17.15 8.02 8.43 7.03

1994–2000 14.86 6.83 6.39 11.17
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From the results for all the studied basins, it is apparent that the negative signs
constitute the majority compared to the positive signs except in the downstream
Mouilah basin (1602).

Table 5.14 Matrix of cross-simulations of runoff depth (mm) for the Isser Sikkak basin (1607) for
the 1976–2000 period

1976–1982 1982–1988 1988–1994 1994–2000

1976–1982 26.19 18.43 14.05 7.23

1982–1988 27.53 17.13 11.44 7.07

1988–1994 27.21 19.32 6.74 5.62

1994–2000 31.26 20.37 9.26 9.83

Table 5.15 Matrix of cross-simulations of runoff depth (mm) for the Upper Tafna basin (1604)
for the 1976–2006 period

1976–1982 1982–1988 1988–1994 1994–2000 2000–2006

1976–1982 45.80 25.82 30.28 24.18 28.33

1982–1988 44.67 25.04 24.72 20.75 28.24

1988–1994 38.53 28.83 21.36 25.97 27.32

1994–2000 45.40 30.02 27.89 20.50 28.73

2000–2006 39.82 29.01 23.81 20.94 24.13

Table 5.16 Matrix of cross-simulations of runoff depth (mm) the downstream Mouilah basin
(1602) for the 1976–2006 period

1976–1982 1982–1988 1988–1994 1994–2000 2000–2006

1976–1982 11.12 8.10 11.13 10.23 20.28

1982–1988 8.60 5.72 7.08 7.75 21.91

1988–1994 9.09 6.46 7.88 9.89 18.96

1994–2000 9.16 6.88 8.58 9.27 20.75

2000–2006 9.24 6.61 8.22 9.06 20.26

Table 5.17 Sign matrix for the Tafna Maritime basin (1608) for the 1976–2000 period

1976–1982 1982–1988 1988–1994 1994–2000

1976–1982 30.68 – – –

1982–1988 – 11.25 – –

1988–1994 – + 8.43 –

1994–2000 – + + 11.17
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The two study periods (1976–2000 and 1976–2006) are both characterized by
high hydrometeorological variability. The assumption of the stationarity of the
annual runoff time series in the Tafna Maritime (1608), Isser Sikkak (1607) and
Upper Tafna (1604) basins can be rejected. Thus, this implies a nonstationarity of
the rainfall-runoff relations, manifested by downward trends in the hydrological
behavior of these basins. For the downstream Mouilah basin (1602), the stationarity
hypothesis is accepted.

5.3.2 Discussions

During the last four decades, 1970–1980, 1980–1990, 1990–2000 and 2000–2010,
a persistent decline in rainfall was experienced. The results of the application of the
Pettitt and Mann-Kendall tests programmed in the Turbo Pascal language estab-
lished that there was a significant downward trend at a significance level of 5% that

Table 5.18 Sign matrix for the Isser Sikkak basin (1607) for the 1976–2000 period

1976–1982 1982–1988 1988–1994 1994–2000

1976–1982 26.19 – – –

1982–1988 – 17.13 – –

1988–1994 – – 6.74 –

1994–2000 – – + 9.83

Table 5.19 Sign matrix for the Upper Tafna basin (1604) for the 1976–2006 period

1976–1982 1982–1988 1988–1994 1994–2000 2000–2006

1976–1982 45.80 – – – –

1982–1988 – 25.04 – – +

1988–1994 – – 21.36 + +

1994–2000 – – – 20.50 +

2000–2006 – – + + 24.13

Table 5.20 Sign matrix the downstream Mouilah basin (1602) for the 1976–2006 period

1976–1982 1982–1988 1988–1994 1994–2000 2000–2006

1976–1982 11.12 – + – +

1982–1988 – 5.72 + + +

1988–1994 – + 7.88 + +

1994–2000 + + + 9.27 +

2000–2006 + + + + 20.26
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manifested itself during the mid-1970s and intensified during the 1980s. The
rainfall deficit reached an average value of 34.6% during the period from 1941 to
2006; it fluctuated between 26.7 and 30.5% during the 1970–2010 study period.
These results confirm the drought that plagues the countries of the southern shores
of the Mediterranean. Thus, Sebbar (2013) estimated the rainfall deficit in Morocco
to be between 17.8% and 20%. Bahir et al. (2020) estimated this deficit in the
upstream part of the Essaouira basin (Morocco) at approximately 14% (1940–
2015). In Algeria, Meddi et al. (2009) indicated that since the mid-1970s, deficit
years are consistent, and these authors estimated rainfall deficits of 38% in Ain
Fekane, 40% in Ras El Ma and 39% in Ben Badis. By analyzing the data of 16
rainfall stations located in the Tafna watershed, Ghenim and Megnounif (2013)
found that the breakpoint seen from the middle to the end of the 1970s was sudden
and substantial. In their study, observed rainfall deficit was estimated to be between
23 and 36%. Belarbi (2017), who studied the same watershed, showed that in
addition to the downward trend and the timing of the breakpoint, the winter and
spring rains greatly decreased. The analysis of the various results obtained by the
seven-year moving average method confirms that the period after the break is
dominated by deficit years beginning from the end of the twentieth century and
extending into the early twenty-first century. Of the six stations used for the study
of rainfall variability, five stations showed sudden drops in rainfall from 1981 to
1988. This period was marked by a severe drought in the region. This result was
confirmed by the work of Meddi and Meddi (2009), who found that the 1980s were
defined by the most abrupt and significant fluctuation (in the statistical sense of the
term) observed in the northwest region of Algeria; the drop in rainfall amounted to
more than 36% over the west of the country. This drop led to a reduction in the
runoff contributions of the watersheds and was marked by a significant break in the
stationarity of the runoff time series detected in the mid-1970s for the period 1912–
2000 and in the mid-1980s for Beni-Bahdel hydrometric station during the period
1973–2009. Indeed, the characteristic synchronization of the breakpoints identified
in the rainfall and flow time series underlines the indisputable link that exists
between drops in rainfall and decreases in surface runoff (Kouassi et al. 2008). The
average hydrometric deficit was estimated at 69.1% over the period 1912–2000 and
was estimated to exceed 53% for the Beni-Bahdel station during the period 1973–
2009. The runoff deficit was greater than the rainfall deficit, which reflects the
intensification of meteorological drought at the level of runoff. The results of the
time series analysis of runoff depth using the seven-year moving average method
support the results found by change point detection tests. Indeed, the dry periods
detected during the 1970s and 1980s coincided with the breaks in stationarity
identified by the two statistical tests applied to the runoff time series data at the
Pierre du Chat, Remchi and Beni-Bahdel stations. Similarly, an analysis of the
results shows that the 1930s and 1970s stand out as surplus phases in the region.

The GR2M model was used to model monthly flows in the Tafna Maritime, Isser
Sikkak, Upper Tafna and downstream Mouilah basins. The results show that this
model is efficient and robust when applied to these basins. The performance of the
model during calibration and validation attained NSE values over 60%. Similarly,
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the values of the robustness criteria were less than 10% in absolute value. These
results corroborate those previously found. Following these conclusions (perfor-
mance and robustness), the GR2M model was used to analyze trends in the
rainfall-runoff relation by applying the cross-simulation approach. This approach
allows the testing of the expression of a stationarity behavior (such as in cases of
progressive evolution, cases of sudden disturbances and cases of presumed stabil-
ity) in rainfall-runoff relations. In our case, the results indicated decreases in the
monthly runoff depth in two periods: 1976–2000 and 1976–2006. These results
highlighted the nonstationarity of the hydrological response of the Tafna Maritime
(1608), Isser Sikkak (1607) and Upper Tafna (1604) basins. This nonstationarity
can be attributed to various causes. In some basins, nonstationarity results from the
physiographic character of the basin (soils, relief, vegetation, etc.). In other basins,
the change is probably due to rainfall variability, which is manifested by decreases
in the frequency and quantity of rainfall depths.

5.4 Conclusions

An analysis of the variability of hydrometeorological observations allowed the
characterization of the main modifications that the Tafna Maritime, Isser Sikkak,
Upper Tafna and downstream Mouilah basins have experienced. Generally, for the
four basins, rainfall deficits started in 1974/75 and continue to this day. The
severities of these deficits vary from one year to another. However, the repercus-
sions of this reduction in rainfall depth were identifiable in the runoff depth values,
which showed clear downward trends detected in the mid-1980s.

Given its performance and robustness, the GR2M model was applied to analyze
the trends in the rainfall-runoff relations of the Tafna Maritime and Isser Sikkak
basins over the period from 1975 to 2000 and the downstream Mouilah and Upper
Tafna basins over the 1976–2006 period. Nonstationarity was observed in the
rainfall-runoff relations, characterized by downward trends in the hydrometric
behavior of the Tafna Maritime (1608), Isser Sikkak (1607) and Upper Tafna
(1604) basins. This decrease was attributed to the modification of the rainfall
regime experienced in the region over the past 40 years and to the change in land
use following the geographic and morphological modifications of each basin. These
modifications, characterized by downward trends, motivate us to pay more attention
to the proper functioning of completed or planned projects and challenge us to
attain sustainable management of water resources in the region to mitigate persis-
tent drought.
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Part III
Rainfall-Runoff Modeling and Approaches



Chapter 6
Validation of Flash Flood Simulations
Using Satellite Images
and Community-Based Observations—
Impact of Infiltration and Small-Scale
Topographical Features

Franziska Tügel, Ahmed Hadidi, Ilhan Özgen-Xian, Jingming Hou,
and Reinhard Hinkelmann

Abstract This work is aimed at investigating flash floods in the region of El
Gouna, Egypt, by using a 2D robust shallow-water model that incorporates the
Green-Ampt model to find the most realistic infiltration setting for this desert area.
The results of different infiltration settings are compared to inundation areas
observed from LANDSAT 8 images as well as to community-based information
and photographs to validate the results despite scarce data availability. The model
tends to overestimate infiltration in the study area if tabulated Green-Ampt
parameters for the dominant soil texture class are considered. Specifically, bare
soils with no vegetation tend to develop a surface crust, leading to significantly
decreased infiltration rates during heavy rainfalls. Comparing the results of different
infiltration settings with the observed data showed that the crust approach or the
consideration of sandy clay loam instead of sand led to more plausible results for
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the considered study area than those obtained using the values for sand from two
different sources in the literature. Furthermore, small-scale structures, which are not
appropriately captured in the original digital surface model, but significantly affect
the resulting flow field, have been included based on the available information
leading to much more plausible results.

Keywords Shallow water equations � Hydroinformatics modeling system �
Green-Ampt Model � Data scarcity � Landsat-8 � Egypt

6.1 Introduction

Flash floods generated by heavy rainfall events occur all over the world, even in
desert areas. As they occur very suddenly and have destructive power, flash floods
can affect highly developed cities as well as areas with poor infrastructure. This
emphasizes how challenging it is to deal with such events. As climate change and
enhanced urbanization might lead to increased intensities and frequencies of such
events, appropriate mitigation and adaptation measures will become even more
important. In arid regions such as the Eastern Desert of Egypt, flash floods are often
caused by heavy rainfall in wadi catchments, where high rainfall amounts from a
large area quickly accumulate in the wadi streams. Often, cities and settlements are
located in the downstream regions of normally dry wadi catchments, and during
rare flash flood events, these cities and settlements are immediately at high risk of
flooding. Flash floods also affect the Red Sea region of Egypt almost every year,
leading to damage to infrastructure and properties and endangering human lives.
This work presents a 2D shallow-water model setup for El Gouna, a town of
approximately 15,000 inhabitants located along the Red Sea coast of Egypt. The
model can be used to analyze the flood areas generated from different rainfall events
and to investigate different structural mitigation measure scenarios, such as reten-
tion basins and drainage channels. In previous work, a sensitivity analysis on a
simplified catchment was carried out, and the results showed that in addition to
other parameters, such as friction and rain intensity, infiltration has a strong
influence on runoff at the outlet of the catchment (Tügel et al. 2018). In Tügel et al.
(2020a), the impacts of infiltration under different parameter sets as well as under
different mitigation measure scenarios for the city of El Gouna were studied, and
infiltration was represented for different extreme rainfall events. As Hou et al.
(2020) showed that the temporal storm resolution plays an important role in
obtaining reliable simulation results of inundated areas, a temporal rainfall distri-
bution was incorporated in the model used to study flash floods in El Gouna instead
of a simplified approach consisting of a constant average rain intensity, as used in
earlier studies, e.g., Tügel et al. (2020a).

The calibration and validation of flash flood models are commonly challenging,
as in most cases, no direct measurements of water depths or flow velocities are
available due to the sudden occurrence of heavy rainfall. Furthermore, the spatial
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distribution of flash floods over a wide land surface instead of at fixed points, as
during river floods, exacerbates the challenge of obtaining direct measurements.
Therefore, other data sources must be considered to obtain estimations of flood
extent and water depth to check the plausibility of simulation results. A useful and
widely available source for detecting land cover changes and flood areas are
remotely sensed multispectral images, for example, from the Landsat-8 or
Sentinel-2 satellites; however, due to their rather coarse temporal resolutions of
several days up to weeks, their usability is limited when considering relatively short
flood events such as flash floods. In recent years, community-based, crowd-sourced
data or so-called citizen science approaches have been used in different studies, for
example, for studies on the hydrological modeling of ungauged catchments and
flash floods (Starkey et al. 2017) and studies aiming to validate the results of
city-scale 2D flood simulations (Yu et al. 2016). Smith et al. (2017) assessed the
usefulness of social media for flood risk management, and Liang et al. (2017)
investigated the potential contribution of crowd-sourced data such as photographs
and messages to real-time flood forecasting.

Infiltration excess represents the main contributor to runoff generation during
storm events in arid areas. Especially in rural areas and urban green spaces, infil-
tration losses cannot be neglected. An appropriate representation of infiltration
during heavy rainfall events is important to include the runoff generation in
hydrodynamic models and for calculating water depths and flooding areas more
realistically. Additionally, due to the increasing interest in sustainable urban drai-
nage systems (SUDS) (e.g., Vergroesen et al. 2014; Ghazal 2018; Hou et al. 2019),
the appropriate consideration of infiltration in 2D hydrodynamic rainfall-runoff
models is also of great interest for the accurate assessment of the effectiveness of
decentralized stormwater management measures such as infiltration basins and
trenches. The Green-Ampt model (Green and Ampt 1911) is often used to calculate
time-dependent infiltration rates; for example, it is often used in hydrological
catchment models. However, only a few studies have coupled a 2D shallow-water
model with the Green-Ampt model, such as Esteves et al. (2000) and Xing et al.
(2019), which showed the general capability of these methods to simulate rainfall
runoff and infiltration processes.

For real-world applications, it is often difficult to estimate the Green-Ampt
parameters in terms of the hydraulic conductivity, capillary suction head at the
wetted front, and effective porosity of a catchment area, in addition to the initial soil
water content of the soil. If runoff measurements are available, the Green-Ampt
parameters are often considered as calibration parameters (e.g., Fernández-Pato
et al. 2016; Ni et al. 2020). For ungauged areas or during flash floods, direct
measurements are usually unavailable, and different methods to estimate the
Green-Ampt parameters have evolved and been investigated in recent decades. One
well-known contribution is the work of Rawls et al. (1983), in which average
parameter sets dependent on the soil texture class and soil horizon were derived
from 5000 soil samples. In the manual of the modeling software company Innovyze
(2019), other average values are recommended to be used to estimate the
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Green-Ampt parameters if no measurements are available, and these estimations
refer to different sources, such as Akan (1993).

During heavy rainfall events, soil surfaces can become clogged, which leads to
reduced infiltration rates. In particular, on bare, unprotected soils without vegetation
in arid regions such as the study area, the kinetic energy of raindrops can cause the
formation of a surface seal or crust (Morin and Benyamini 1977; Müller 2007;
Nciizah and Wakindiki 2015). Such layers have been observed to be approximately
1 to 5 mm thick (Tackett and Pearson 1965; Sharma et al. 1980). A modified
Green-Ampt model in which the hydraulic conductivity is calculated as the effective
hydraulic conductivity of the crust and subcrust soil is one simple approach that can
be used to account for the effects of a surface crust (Brakensiek and Rawls 1983;
Esteves et al. 2000; Nciizah and Wakindiki 2015).

In this study, the results of flash flood simulations of the event that occurred on
March 09, 2014 in El Gouna are validated by Landsat-8 images as well as
community-based photographs and statements. The most suitable infiltration set-
tings were determined, while the tabulated Green-Ampt parameters from two dif-
ferent sources were considered with and without the consideration of a surface crust
of reduced hydraulic conductivity, following the approach of Brakensiek and Rawls
(1983). Furthermore, the topographical data were checked due to poor agreement of
the model results with the observed data at some locations for the late timesteps.
Three major modifications in the original digital surface model (DSM) based on
observations from satellite images and photographs were proposed to improve the
model results.

6.2 Methods and Materials

6.2.1 Shallow Water Flow Model

To set up a 2D shallow water flow model of the study area, the hydroinformatics
modeling system (hms) was used; this system is an in-house software of the Chair
of Water Resources Management and Modeling of Hydrosystems, Technische
Universität Berlin (Simons et al. 2012, 2014; Busse et al. 2012). In the system,
different laws are implemented to calculate the bottom friction, and rainfall and
infiltration can be considered for each cell individually through sink/source terms in
the mass balance equation. In this study, the turbulent viscosity, mt, is set to zero as
turbulent effects can usually be neglected in rainfall-runoff simulations. The bottom
friction is calculated with Manning’s law. The general form of the conservation
laws is spatially discretized with a cell-centered finite–volume method, and an
explicit forward Euler method is used for the time discretization. The conserved
variables, q, for the new time level, n + 1, are calculated as shown in Eq. (6.1):
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qnþ 1 ¼ qn � Dt
A

X
k

Fn
k � nklk þDtsn ð6:1Þ

where n + 1 and n denote the new and old time levels, respectively; q is the vector
of conserved variables; F is the flux vector over edge k; s is the vector of source
terms; k is the index of a face of the considered cell. The timestep is denoted with
Δt; A is the area of the considered cell; n is the normal vector pointing outward from
the face; l is the length of the face.

Equation (6.1) is solved with a second-order MUSCL scheme (Hou et al. 2013).
As rainfall-runoff simulations usually deal with small water depths over complex
topography and are associated with propagating wet-dry fronts, flow transitions,
and high gradients, robust numerical methods are required to prevent numerical
problems and instabilities. The implemented HLLC Riemann solver used to com-
pute the fluxes over the cell edges is able to handle discontinuities in the flow field.
A total variation diminishing scheme including different slope limiters is used to
avoid spurious oscillations (Hou et al. 2013; Özgen et al. 2014). The water depth
threshold necessary to consider a cell as dry was set to 10–6 m, and at high gra-
dients, the scheme switches from second-order to first-order accuracy (Hou et al.
2013; Murillo et al. 2009).

6.2.2 Infiltration

Infiltration processes were represented with the Green-Ampt model. In the model,
the calculation of cumulative infiltration is performed iteratively as given in
Eq. (6.2); afterward, the infiltration rate is calculated using Eq. (6.3).
Equations (6.2) and (6.3) are described as follows:

FðtÞ ¼ Ktþðh0 � wÞDh ln 1þ FðtÞ
ðh0 � wÞDh

� �
ð6:2Þ

f ðtÞ ¼ K 1þ ðh0 � wÞDh
FðtÞ

� �
¼ dF

dt
ð6:3Þ

where F(t) denotes the cumulative depth of infiltration; f(t) describes the infiltration
rate in terms of the temporal change in the cumulative infiltration depth; K denotes
the hydraulic conductivity at the residual air saturation, which is assumed to be 50%
of the saturated hydraulic conductivity, Ks (Whisler and Bouwer 1970). The cap-
illary suction head at the wetted front of the soil is given with w, h0 is the ponding
water depth, and Δh is the increase in moisture content calculated by the difference
between the effective porosity, n, and the initial moisture content, hi. The effective
porosity, capillary suction head at the wetted front, and hydraulic conductivity are
the so-called Green-Ampt parameters, which can be estimated from the given soil
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texture class. There exist different approaches to account for such a crust; a simple
approach can be seen in Brakensiek and Rawls (1983), in which the effective
hydraulic conductivity of the crust and subcrust soil is calculated by a harmonic
mean (Rawls et al. 1990). Table 6.1 shows the Green-Ampt parameters for four
different soil texture classes described by Rawls et al. (1983).

Other values of the parameters are given in the user manuals of the hydraulic and
hydrologic modeling software XPStorm and XPSWMM of the Innovyze company
(2019) based on different sources. These manuals state that higher initial soil
moisture deficit values are applicable for very dry conditions, and lower values
should be used when wetter initial conditions occur. The values for four different
soil texture classes are given in Table 6.2.

Comparing the values from Innovyze (2019) with those from Rawls et al. (1983)
shows that the hydraulic conductivity for sand from Rawls et al. (1983) is
approximately one order of magnitude higher than the maximum value from Akan
(1993), and the value for loamy sand is more than double the one from Akan, while
the values are similar for sandy clay loam from Rawls et al. (1983) and for clay
loam from Akan (1993). For clay, the value from Rawls et al. (1983) is closer to the
minimum value than to the maximum value from Akan (1993). The average cap-
illary suction head values from Rawls et al. (1983) are lower than those from
Innovyze (2019) for all soil types except clay, for which the value from Rawls et al.
(1983) is almost double that from Innovyze (2019).

If it is expected that the considered soil will generate a surface crust with a lower
hydraulic conductivity than the subcrust soil, a modified infiltration model can be
used to account for such a crust. There exist different approaches to designing this
mode; a simple approach can be seen in Brakensiek and Rawls (1983), in which the
effective hydraulic conductivity of the crust and subcrust soil is calculated by a
harmonic mean (Rawls et al. 1990):

Ke ¼
Kc for Zf � Zc

Zf
Zf �Zc

K þ Zc
Kc

for Zf [ Zc

(
ð6:4Þ

where Ke is the effective hydraulic conductivity, Kc is the hydraulic conductivity of
the crust, Zc is the crust thickness, and Zf denotes the wetted depth, which is

Table 6.1 Average Green-Ampt parameters

Soil texture
class

Effective porosity
n (–)

Capillary suction head
w (cm)

Hydraulic conductivity
K (cm/h)

Sand 0.417 4.95 11.78

Loamy sand 0.401 6.13 2.99

Sandy clay
loam

0.330 21.85 0.15

Clay 0.385 31.63 0.03

Source Rawls et al. 1983
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calculated by dividing the cumulative infiltration depth from the previous timestep
by the soil moisture deficit.

6.2.3 Study Area

El Gouna is a tourist town 25 km north of Hurghada in the Red Sea Governorate of
Egypt. It is located inside the catchment of Wadi Bili. The total catchment area of
Wadi Bili is approximately 880 km2, and the wadi flows from the Red Sea
Mountains, passes through a narrow channel to the coastal plain of El Gouna and
finally drains into the Red Sea. In recent years, the region of El Gouna has been
affected by flash floods several times, leading to road and infrastructure damage.
Measurements of the rainfall and runoff of the event that occurred on March 09,
2014 were carried out and published in Hadidi (2016). Figure 6.1 shows the
location of Hurghada in Egypt (a) and the topography and catchment area of Wadi
Bili (b). Panel 1(c) represents the region of El Gouna on the coastal plain, including
the location of the discharge measurements collected in 2014 in a narrow valley
upstream of where the wadi spreads into a wider delta.

6.2.4 Data for Validation of Results

As it is usually difficult to obtain direct measurements of flash flood events,
alternative data sources need be considered to enable a validation of the results. In
this study, three different kinds of data are taken into account: multispectral satellite
images, pictures taken by the community, and statements from the community.

Table 6.2 Typical values of Green-Ampt parameters given in the user manuals of XPStorm and
XPSWMM

Parameter Typical initial moisture deficit at wilting
point (m3/m3)

w (cm) K (cm/h)

Reference (Clapp and Hornberger 1978) Several; sources not
given

(Akan
1993)

Sand 0.34 10.16 0.76–
1.14

Loamy
sand

– – 0.76–
1.14

Clay
loam

0.24 25.40 0.00–
0.13

Clay 0.21 17.78 0.00–
0.13

Source Innovyze (2019)
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Fig. 6.1 a location of Hurghada in Egypt (made with Natural Earth), b topography and Wadi Bili
catchment (delineated from SRTM DEM and visualized with SAGA GIS), and c location of
discharge measurements from Hadidi (2016) and the city of El Gouna (map: ©OpenStreetMap
contributors)

Fig. 6.2 Landsat 8 image from 17 March 2014 indicating the locations of the pictures and
statements as well as the inundated areas obtained from automatically detection of land use
changes from the spectral distance between Landsat 8 images of 20 February and 17 March 2014
(Landsat 8 image courtesy of the U.S. Geological Survey)
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Figure 6.2 shows the locations at which information of these three different sources
was obtained; the information types are further described in the next sections.

6.2.4.1 Landsat 8 Images

Images from the Landsat 8 satellite, which was launched in February 2013, are
available for the time of the considered flash flood event in El Gouna in March
2014. These images contain eleven different bands with different resolutions; most
of them have a resolution of 30 m. The “Semi-Automatic Classification Plugin”
(SCP) was used to download the images directly in QGIS (Congedo 2016). As the
temporal resolution of 16 days is relatively coarse and, due to excessively high
cloud cover during the days of the rainfall event itself, the images of 20 February
and March 17, 2014 were chosen as the best images to be compared to detect the
inundated areas caused by the event on 9 March 2014. Both images are shown in
Fig. 6.3, and when the images are compared, it becomes obvious which areas were
still inundated 8 days after the event. Following the SCP documentation, only
bands 2–7 were considered, and the band processing tool “Spectral distance” was
used to automatically detect land cover changes between 20 February and March
17, 2014. “Spectral angle mapping” was chosen as the distance algorithm, and the
distance threshold was set to 10. After vectorizing the results and extracting them
for the land surfaces, the polygons of inundated areas observed from the Landsat 8
images are shown with red polygons in Fig. 6.2.

6.2.4.2 Pictures

Another important source of information about the inundated areas and estimated
water depths that occurred during the event are pictures that were taken during and

Fig. 6.3 Landsat 8 images from 20 February 2014 (left) and March 17, 2014 (right) (Landsat 8
image courtesy of the U.S. Geological Survey)
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after the event. In this study, it was very important to obtain the geographical
information on the location where each picture was taken. The best case occurs
when the geotag function was activated on the used device while taking the pic-
tures. Another possibility is to locate each picture as precisely as possible by
descriptions or through orientation based on striking features in the surroundings.
Many pictures were collected from the flash flood event in March 2014, but
unfortunately, only very few of them were geotagged. Two of these photos were
chosen and are shown in Fig. 6.4. The left panel shows an inundated road with a
driving car. The water depth can be estimated to be between 10 and 25 cm, as the
car tire seems to be inundated up to less than half of its diameter. The right picture
shows an inundated area with some children. The water depth can be estimated to
be approximately 25–35 cm as the water goes up to the knees of the children. The
locations obtained from the geotags are indicated with circles in Fig. 6.2; 1 indi-
cates the location of the left picture, and 2 indicates the location of the right picture.

6.2.4.3 Statements

The third source of information used in this study are statements from persons who
were in El Gouna at the time of the event and observed the inundations in different
areas. To gather these statements, requests for information on and pictures of the
events were shared in different groups on Facebook and via email. Furthermore, a

Fig. 6.4 Pictures of inundated areas were taken on March 09, 2014, at 15:04 (Picture 1, left) and
on March 10, 2014, at 12:49 (Picture 2 right). The right picture was modified for reasons of data
protection to make the shown persons unrecognizable. Source private
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questionnaire was created with KoboToolbox, in which the locations of observed
inundations can be directly tagged within the toolbox and pictures can be uploaded.

6.3 Model Setup

To simulate the flood extent, water depths, and flow velocities for the region of El
Gouna, a shallow-water model was set up for a domain of approximately 9 km
11 km. The grid consisted of 438,372 rectangular cells of 15 m � 15 m each. To
consider the topography of the model area, the digital surface model
(DSM) ALOS WORLD 3D (JAXA 2017) was used, as it was concluded in pre-
liminary studies that this model represents the study area better than other freely
available digital surface models with the same resolution, 30 m, namely, SRTM,
and ASTER GDEM2 (Tügel et al. 2018). To reach smoother gradients between the
cells, inverse distance weighted interpolation with an output cell size of 10 m was
conducted by using QGIS. As most of the buildings were not included in the
original DSM, buildings were incorporated from open street map polygons by
increasing the elevation of the original DSM by 10 m. Figure 6.5 shows the
interpolated DSM, including buildings, for the model domain. A Manning coeffi-
cient of 0.01 m−1/3�s was used to represent the friction of bare sand based on the
values given in Engman (1986). As an initial condition, the system was considered
to be completely dry. The incoming flood wave from the Wadi Bili catchment was
taken into account with a boundary condition at the channel cross-section, where
Hadidi (2016) carried out flow velocity measurements and estimated the water
depths and runoff rates during the event on March 09, 2014. The inflow hydrograph
considered in this study, which has a peak discharge of 47.5 m3/s, was generated
from a hydrological model presented in Tügel et al. (2020b) that was calibrated with
the hydrograph observed by Hadidi (2016). The temporal distribution of rainfall
with a resolution of 10 min that was recorded during the event in 2014 at the
weather station at TU Berlin Campus El Gouna was considered a source term for all
cells inside the model domain. A total time period of 45 h was simulated to cal-
culate the flow propagation inside the domain.

6.4 Results and Discussion

6.4.1 Simulated Flow Field Without Infiltration

The simulation results include the flood extents, spatial distributions of water
depths, and flow velocities every three hours over the total simulation time of 45 h.
These outputs enable an analysis of the temporal and spatial developments of the
flood event. Figure 6.6 represents the simulated flow velocities, and Fig. 6.7 shows
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the simulated water depths after 9 h, when the maximum water depths were sim-
ulated, in a zoomed-in part of the model domain with open street maps in the
background to better locate the inundated areas within the city. The analytical
hillshade in the background allows the visualization of elevation and improves the
visibility of buildings, which were incorporated in the DSM. The flood came from
Wadi Bili at the western boundary of the domain and spread into different flow
paths, some of which propagated to the northeastern direction, crossing the model
boundaries, and continued beyond the considered domain. Other flow paths prop-
agated to the southeast direction to the city of El Gouna. In addition to the incoming
flood wave from the wadi catchment, the rainfall inside the domain also generated
streams at different locations, and water accumulated in several depressions. The
area around the campus of TU Berlin (denoted by A in Fig. 6.6 and Fig. 6.7) and the
area around the student dorms (denoted by B in Fig. 6.6 and Fig. 6.7) were only
affected by rainfall inside the domain, and water depths up to 0.20 m were simu-
lated, which agrees well with the statements given for these locations (see
Table 6.3); although the time in the first statement was 7 pm, and the timestep
shown in the figure is 9 pm. However, the timestep for 6 pm also showed inun-
dations of approximately 0.10 m, which agrees well with the statement that the
shoes of individuals were submerged. In the northwest corner of the depicted
section, a large flooded area was observed in the Landsat 8 images, where inun-
dations with water depths of approximately 0.20 m were also simulated. At all
locations where inundations were observed and reported by at least one of the
considered sources, a flooded area with a certain water depth was simulated. Only at
location 1 was no water depth simulated although flooded roads were observed at
this location, as shown in Picture 1 (Fig. 6.4, left). In the close surroundings of that
location, water depths up to 0.50 m were simulated. Additionally, it must be taken
into account that the geotags of the pictures might not be very accurate. At location
C, where maximum inundations of 2.00 m were reported within the questionnaire,

Fig. 6.5 Model domain, location of inflow, and topography from the AW3D digital surface model
and incorporated buildings from Openstreetmap polygons
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the maximum simulated water depth was only 0.40 m. On the other hand, Picture 2
(Fig. 6.4, right), which is close to location C, led to an estimated water depth of
approximately 0.25–0.35 m, which fits quite well with the simulated water depths.
A large flooded area with an overall maximum water depth of approximately 1 m
was simulated close to the desalination plant (indicated with a red X in Fig. 6.7),
while none of the considered observation sources indicated specifically high water
depths at this location. From earlier personal exchanges with staff members of the
desalination plant, it is known that inundations were also observed there but not in
the range of 1 m. Flow velocities between 0.5 and 2.5 m/s were simulated for most
streams. These numbers seem to be reasonable, as during a smaller flash flood event
in the same area that occurred on October 27, 2016, flow velocities of approxi-
mately 1 m/s were measured by one coauthor in a stream next to the main con-
nection road, which crosses the section shown in Figs. 6.6 and 6.7 from the
north-northwest to the south-southeast.

6.4.2 Infiltration

As most parts of the model domain consist of natural bare surfaces and mostly sandy
soils with high hydraulic conductivities, infiltration should not be neglected. In this
section, the obtained results when accounting for infiltration with the Green-Ampt
model are represented for different parameter values. Taking into account the
average Green-Ampt parameters for loamy sand from Rawls et al. (1983) (see
Table 6.1) and an initial moisture content of 0.03 m3/m3, assuming very dry soil
before the rainfall event, all the water infiltrated before reaching the city of El Gouna
(Fig. 6.8 left). Taking into account the parameter values for sand from Innovyze

Fig. 6.6 Simulated flow velocities after 9 h of simulated time, including the locations of
observations as described in Sect. 6.2.4
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(2019) (see Table 6.2), the flood wave propagated slightly further than in the case of
loamy sand from Rawls et al. (1983), but most of the area around El Gouna was still
completely dry - the local rainfall did not lead to any surface runoff as it directly
infiltrated, and most of the locations where inundations were reported from the
considered sources (see Sect. 6.2.4) did not show any water depths. Therefore, it can
be concluded that both sets of Green-Ampt parameters for sandy soil strongly
overestimate infiltration.

Fig. 6.7 Simulated water depths after 9 h of simulated time, including the locations of
observations as described in Sect. 6.2.4

Table 6.3 Statements from the El Gouna community regarding inundated areas and water depths
during the flash flood event in El Gouna on March 09, 2014

Location Statement Source

A The flood kind of receded in about a day. After
that, the road was quite bad and slippery
We stayed the night in the uni, as we could not
move out at all

Facebook group for students
of TU Berlin Campus El
Gouna

Between
A and B

l remember that the area between the
university and the dorms was flooded (dorms:
location B)

Facebook group for students
of TU Berlin Campus El
Gouna

Between
A and B

By around 7 pm, I remember our shoes were
submerged ankle deep in front of the library
building

Facebook group for students
of TU Berlin Campus El
Gouna

Between
A and B

The ground where GSpace is currently
situated, water stagnation had happened for
days

Facebook group for students
of TU Berlin Campus El
Gouna

C Maximum observed water depth of estimated
2 m near El Gouna cable park

Questionnaire created with
KoboToolbox
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Figure 6.9 shows the water depths after 9 h as simulated for sandy clay loam
from Rawls et al. (1983) and for sand from Rawls et al. (1983), as well as for sand
from Innovyze (2019), both accounting for a surface crust (after Eq. 6.4) of 5 mm
thickness and a hydraulic conductivity equal to that for clay from Rawls et al.
(1983) (see Table 6.1). All three of the simulations show very similar distributions
of flooded areas, with some differences in water depths. The simulated flooded areas
were still significantly reduced compared to the case without infiltration (Fig. 6.7),
but surface runoff also occurred in the city area, leading to inundations in some
areas. At most locations where inundations were reported via at least one of the
considered sources (see Sect. 6.2.4), significant water depths were simulated.
However, at locations, A and B corresponding to the statements that report inun-
dations around Campus El Gouna and the student dorms, only small water depths
with a maximum of 0.05 m were simulated. In most parts of the study area, the
dominant soil type is sand with pebbles, sometimes combined with mud (Hadidi
2016), but only the parameters for finer soil texture classes, such as sandy clay
loam, or the consideration of a surface crust with a reduced hydraulic conductivity
led to surface runoff in some areas of El Gouna as it was observed during the event
in 2014.

To further investigate the suitability of these three infiltration settings, the
temporal development of the water depths inside three of the major ponds that were
observed by the Landsat 8 image taken on 17 March are plotted in Fig. 6.10, and
the location of each pond is labeled in Fig. 6.9 with P1, P2, and P3. In addition to
the results of the three infiltration settings, the water depths that were simulated if
no infiltration was considered are shown in Fig. 6.10. It can be seen that at all three
locations, the water depth dropped to zero at first for the case of sand from Rawls
et al. (1983) with a crust, second for the case of sand from Innovyze (2019) with a
crust, and then for sandy clay loam from Rawls et al. (1983). As the crust effect
regarding decreased hydraulic conductivity decreases with ongoing time and
increasing wetted depth (see Eq. (6.4)), considering the case of sand from Rawls
et al. (1983) with a crust again resulted in overestimating infiltration after a certain
time. The same effect is valid for the case of sand from Innovyze (2019), but due to

Fig. 6.8 Water depths after 9 h of simulated time for the average Green-Ampt parameter values
for loamy sand from Rawls et al. (1983) (left) and for sand from Innovyze (2019) with the
minimum hydraulic conductivity value (right)
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Fig. 6.9 Spatial distributions of water depth after 9 h for the cases of sandy clay loam from Rawls
et al. (1983) (top), sand from Rawls et al. (1983) with a surface crust (middle), and sand from
Innovyze (2019) with a surface crust (bottom)
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the smaller hydraulic conductivity of the subcrust sand compared to the values from
Rawls et al. (1983) the overestimation of the infiltration is smaller, but the water
also completely disappeared after approximately 18 h (P1 and P3) and 28 h (P2).
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Fig. 6.10 Temporal development of water depths inside pond P1 (top), pond P2 (middle), and
pond P3 (bottom); the locations of the ponds are indicated in Fig. 6.9. The temporal resolution is
three hours
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The results of the case considering sandy clay loam from Rawls et al. (1983) seem
to be more reasonable than the two other cases, but in this case, the water still
disappeared at all three locations after approximately 21 h (P1), 41 h (P2), and 28 h
(P3). The flow velocities for these three infiltration settings were reduced in many
areas compared to those simulated in the case without infiltration but still lie
between 0.5 and 2.5 m/s in the main streams.

For the case without infiltration, there was still some water present at the
locations of the observed ponds P1 and P2, but only in the range of 0.02 m in depth
at P1 and 0.05 cm in depth at P2, while at P3, the water disappeared by the end of
the simulation time of 45 h. As the ponds were still quite large on March 17, 2014
(eight days after the event), it can be concluded that even the simulation without
infiltration seemed to underestimate the water depth at those locations. When
looking at the Landsat 8 images of later dates, it becomes obvious that P2 disap-
peared approximately one month, P1 between one and two months, and P3
approximately five months after the rainfall event. Therefore, in addition to the
overestimation of infiltration, an incorrect representation of the topography of the
area is most likely another reason for the underestimated water depth obtained in
the simulations, as there might be deeper depressions or blockages of the flow paths
causing higher water depths and larger flooding areas that are not well-captured in
the relatively coarse DSM. The next section further investigates the digital surface
model (DSM) and introduces modifications in certain areas based on observations
from satellite data as well as from pictures of the area.

6.4.3 Correction of DSM

As shown in the previous section, some characteristics are not well-captured in the
DSM, leading to underestimations of water depths; for example, the water depths
were underestimated at the locations of several ponds that were observed by Landsat
8 images. If a high-resolution and accurate DSM is not available for a certain study
area, the best option would be to carry out field surveys and create a high-resolution
DSM, e.g., one derived from laser-scanning data recorded with the help of an
unmanned aerial vehicle (UAV). As the necessary capacities for such investigations
are not available, the given DSM can also be modified based on observations in the
field, from satellite images, or from pictures of the area. Three major modifications
were carried out to the DSM of the model domain with regard to the three observed
ponds, P1, P2, and P3: (1) the elevation of the main road that crosses the model
domain from north-northwest to south-southeast was increased; (2) the wall around
Scarab Club El Gouna was incorporated; (3) the dam directly east of pond P1 was
incorporated, as observed from satellite images taken in February 2014. The loca-
tions of these modifications are presented in Fig. 6.11, and the reasons and expla-
nations for each of the three modifications are given in the following sentences. In
Fig. 6.12 (top), the water depths after 45 h are represented when taking into account
the original DSM (without infiltration), showing a large pond in the upper-left corner
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of the depicted section. In the simulation results, this pond is located east of the road,
while pond P3 is located directly on the other side of the road, as observed in the
Landsat 8 images. This leads to the conclusion that the road is probably blocking the
flow path, resulting in an accumulation of water west of the road instead of east of the
road. From pictures taken of the area, it can be seen that the road is slightly elevated
and has a high curbstone, while the original DSM shows a small lowering of the road
compared to the adjacent area. To better capture the blocking of the flow path
through the elevated road, the area of the road was elevated by 0.50 m in the DSM.
The second modification incorporated a wall around the Scarab Club El Gouna,
which is located north of P2. This wall was not included in the original DSM and
might lead to redirections of flows in the corresponding area. The elevation in the
area of the wall was increased by 10 m. The third modification was performed east of
pond P1, as seen in satellite images from the time before the event in March 2014,
when a sand dam was built to block the flow at that location. To include the dam in
the DSM, the elevation at the location of the dam was elevated by 1 m. Figure 6.12
(middle) shows the water depths after 45 h taking into account the modified DSM
without infiltration, and Fig. 6.12 (bottom) shows the water depths with infiltration
considering sandy clay loam from Rawls et al. (1983). For both cases, ponds P1 and
P3 are much better captured than in Fig. 6.12 (top), where the original DSM was
taken into account, while P2 is slightly better represented with the modified DSM
when no infiltration is considered but is not well-captured if infiltration with sandy
clay loam is taken into account.

Figure 6.13 shows the temporal development of the water depths at P1, P2, and
P3 considering the modified DSM without infiltration (top) and with infiltration
through sandy clay loam (bottom). While the water depth considerably increased at
P1 and P3 after the modification of the DSM, it remained almost the same at P2

P1

P3

Fig. 6.11 Locations of carried out modifications in the DSM
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Fig. 6.12 Spatial distributions of water depths after 45 h of simulated time considering the
original DSM without infiltration (top), the modified DSM without infiltration (middle), and the
modified DSM accounting for infiltration with the Green-Ampt parameters for sandy clay loam
from Rawls et al. (1983)
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compared to the water depth calculated with the original DSM, shown in Fig. 6.10.
Therefore, the wall around the Scarab Club El Gouna north of P2 had only a very
small influence on the water depth at P2. There might be additional features in the
area of P2 that are not represented appropriately in the DSM, leading to higher
observed water depths than the simulated ones.

Of course, all presented modifications in the DSM are based on strongly sim-
plified assumptions and rough estimations of the modified elevations. Furthermore,
there might be further features that are not captured appropriately in the DSM, such
as a fourth pond located west of P1 that is also not well-captured in the simulation
results as well as inundated areas indicated in statements A and B. In general, the
results underline the importance of accurate and high-resolution topographical data,
which is unfortunately often not available or not easily accessible. However, as the
results could be clearly improved with regard to the observed ponds P1 and P3, it
can also be concluded that a careful modification of the DSM to incorporate known
features can significantly improve the simulation results. Of course, only available
observations, e.g. from satellite images or photographs, can justify these modifi-
cations as long as there are no accurate data from topographical surveys available.
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Fig. 6.13 Temporal development of the water depths of ponds P1, P2, and P3 considering the
modified DSM without infiltration (top) and the modified DSM with infiltration through sandy
clay loam from Rawls et al. (1983); the locations of ponds are indicated in Fig. 6.12; the temporal
resolution is 30 min

6 Validation of Flash Flood Simulations Using Satellite Images … 203



6.5 Conclusions

In this study, the flash flood event that occurred on 9 March 2014 in the region of El
Gouna, Egypt, was simulated with a robust 2D shallow-water model using the
hydroinformatics modeling system (hms), and the results were validated with
observations from different sources. As direct measurements of water depths and
flow velocities are often not available for flash floods, especially in data-scarce
regions such as the region where the study area is located, alternative sources must
be taken into account. Here, multispectral images from the Landsat 8 satellite,
pictures of inundations taken from the community in El Gouna, and statements
from persons who observed the flooded areas during and after the event were
collected to compare the simulation results with these observations.

The results after nine hours of simulated time agreed relatively well with most of
the observed flooded areas and were plausible in terms of the ranges of water depths
and flood extents, while there were a few locations where the model underestimated
the observed flood extents and water depths. The simulated flow velocities seem to
be plausible compared to the velocities measured during a smaller flash flood event
in the same area. As the investigated area consists mostly of bare sand, infiltration
should not be neglected and was taken into account with the time-dependent
Green-Ampt model. When the Green-Ampt parameters were set to values indicated
in two different sources in the literature for the dominant soil types of sand and
loamy sand, infiltration was strongly overestimated by the model, while the con-
sideration of a surface crust with a thickness of 5 mm and the hydraulic conduc-
tivity of clay or the consideration of the literature-obtained values for sandy clay
loam instead of sand led to much better agreements of the simulation results with
the observations. For locations where inundations were observed even a few days
up to a few months after the rainfall event, most of the water had already drained
out of the area by the end of the simulation time of 45 h, even if no infiltration was
considered in the model. This led to the conclusion that in addition to the over-
estimation of infiltration, the DSM lacked accuracy and resolution, so some
important topographical features that had significant impacts on the flow paths and
the development of flooded areas were not well captured. Three modifications in the
DSM were introduced based on observations from satellite images and personal
photographs, and the simulation results of the modified DSM agreed much better
with the observed flood extents and water depths at the end of the simulation time
of 45 h. Nevertheless, the DSM most likely still lacked other important features, so
the flood extent and water depth were still underestimated at several locations.
Although the DSM needs further improvements, the model results, such as the
maps of flooded areas, support the risk assessment, and different structural miti-
gation measures can be incorporated in the model to investigate their effectiveness
for different rainfall events.

Overall, it could be shown that the considered data sources in terms of satellite
images and community-based pictures and statements can be used for a rough
validation of the model results if no direct measurements are available. A drawback
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of using Landsat-8 images is its relatively low temporal resolution, which makes it
difficult to examine the extent of floods immediately after rainfall events. Therefore,
only flooded areas that remained for a longer time can be observed from these
satellite images. Data from the Sentinel-2 satellites that were launched in June 2015
(2A) and March 2017 (2B) have higher temporal resolutions of approximately
5 days and spatial resolutions of 10 m, which makes these data even more suitable
for analyzing events that occurred more recently.

Due to the rather low temporal resolution of satellite images and because it
remains challenging to estimate water depths from satellite images,
community-based information in terms of statements and pictures is also very
important for assessing model results if no direct measurements are available.
Although the event occurred several years ago at the time the requests were sent to
the community, several useful statements were collected. Regarding the collected
pictures, the problem was not the number of photos but rather the localizations of
their recordings, as most of the photos were not geotagged. Currently, as the usage
of smartphones with very good cameras and often automatically activated geo-
tagging has considerably increased in recent years, it is probably much easier to find
pictures that include corresponding geospatial information. As the general activity
on different social media platforms is also continuously increasing, it is likely that
many more pictures and statements from social media communities could be found
for more recent flood events, especially with the help of machine learning
techniques.

The next steps are to conduct infiltration measurements with a rainfall simulator
to better represent the natural conditions during heavy rainfall events and to
investigate the effect of surface sealing. These steps will enable more appropriate
implementations of infiltration processes in the model. In general, a further
improvement of the DSM is needed to achieve more accurate results.
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Chapter 7
Advanced Tools for Flood Management:
An Early Warning System for Arid
and Semiarid Regions

Ekkehard Holzbecher, Ahmed Hadidi, Nicolette Volp, Jeroen de
Koning, Humaid Al Badi, Ayisha Al Khatri, and Ahmed Al Barwani

Abstract Technologies concerning integrated water resources management, in
general, and flood management, in particular, have recently undergone rapid
developments. New smart technologies have been implemented in every relevant
sector and include hydrological sensors, remote sensing, sensor networks, data
integration, hydrodynamic simulation and visualization, decision support and early
warning systems as well as the dissemination of information to decision-makers and
the public. After providing a rough review of current developments, we demon-
strate the operation of an advanced system with a special focus on an early warning
system. Two case studies are covered in this chapter: one specific urban case
located in the city of Parrametta in Australia in an area that shows similar flood
characteristics to those found in arid or semiarid regions and one case regarding the
countrywide Flash Flood Guidance System in Oman (OmanFFGS).

Keywords Flash management � IWRM � Flood early warning systems �
OmanFFGS
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7.1 Introduction

There has been a rapid development of a new generation of “smart” tools con-
cerning flood management. Such tools can assist in decision-making in various
phases of flood management, ranging from predictions to live monitoring. These
tools support and strengthen each other. Monitoring tools based on smart sensor
networks provide detailed information about the past and current state of a flood
event. Recorded observations enable modeling tools to identify the hot spots of high
vulnerability and to predict inundation scenarios (de Risi et al. 2018). These
high-risk locations need to be considered in early warning issuances (Wicht and
Osinska-Skotak 2016), rescue operations, intervention measures (Webber et al.
2018), and other management decisions. Flood early warning systems (FEWSs) are
an integral part of the range of advanced tools.

In arid and semiarid areas, water managers deal with periods of drought and
short periods of severe rainfall. Flood hazards can occur quickly and unexpectedly.
Therefore, it is important to be able to forecast these events as accurately as pos-
sible. Flash floods can endanger communities and vital infrastructures. Early
warnings with sufficient lead times would significantly benefit the ability of water
managers to warn communities to take the necessary safety precautions. In this
situation, the operation of FEWSs can be crucial.

Recent developments in flash flood early warning methods, described in the tool
set section below, imply significant improvements for early warning systems. As
examples, more detailed explanations and focus will be given in this chapter on two
systems: An early warning system set up in the Australian region of the city of
Parramatta and a countrywide flash flood guidance system in the Sultanate of
Oman. Both systems consist of a combination of tools, including hydrodynamic
modeling software and tools used to force models with up-to-date precipitation
forecasts, and the tools are connected to decision support systems (DSSs).

7.2 Tool Set for an Urban Area

A survey concerning new tools within the framework of integrated water resources
management (IWRM) was recently presented by Holzbecher et al. (2019). The
framework contains various aspects concerning water resources management, from
measurements and data availability to decision-making platforms. Advanced tools
are available and are in development in all areas of IWRM. For example, infor-
mation about the actual conditions of the real world is improving due to sensor
developments, remote sensing techniques, and satellite data. There are increased
amounts of easily accessible data thanks to improved storage and sharing options in
cloud solutions and better data transfer. Moreover, these data can also be used more
efficiently in modeling tools based on new techniques, and models now run with
increased computer power. Advances have been made in techniques to optimize
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calibration processes and sensitivity studies. New visualization techniques allow
much more intuitive images of outcomes, which can also serve as inputs to DSSs.
In urban planning, new tools are highly appreciated in discussing, designing, and
building means for hazard prevention and mitigation. Flood hazard maps and
vulnerability maps can be combined with flood risk maps that enable users and
urban planners to identify (new) risk areas (Tingsanchali 2012) and to plan mea-
sures for reducing vulnerability.

Early warning systems are integrated in this framework of IWRM tools. In short,
FEWSs detect impending disasters, give information to people at risk, and enable
those in danger to make decisions and take action (Mileti 1999). According to
Manual 21 (Attorney-General’s Department 2009) in Australia, effective flood
warning systems have six components.

1. Monitor changes in the environment that can lead to flooding.
2. Define the impacts of the detected floods on communities.
3. Construct warning messages containing information about predicted events.
4. Disseminate warnings to organizations and people at risk.
5. Generate appropriate actions of the communities and involved authorities.
6. Review the system after the event to improve the performance of the system.

Early warning systems are an integral part of flood management toolsets and
consist of monitoring, modeling, risk analysis, decision-making, and warning. Early
warning messages occur at the end of the complex system of components and are
related to dissemination and communication with the local community. It is crucial
for the acceptance and success of an early warning system that its predictions are as
exact as possible. Warnings should be given for at-risk locations in case of inun-
dation. There should be no warnings for locations that are not at risk. A crucial
factor for the correct operation of a FEWS is thus the hydrodynamic modeling
software that simulates and predicts the development of a flood. In the following
section, we briefly describe 3Di as an example of advanced hydrodynamic mod-
eling software belonging to the new generation of IWRM tools.

The 3Di software accepts input data from monitoring systems, performs flood
simulations, and delivers forecast results to a data analysis platform called Lizard
(Lizard 2020; 3Di 2020). The 3Di system is cloud-based, allows interactions during
its simulations, and provides intuitive visualizations. The input data necessary to
build a 3Di model consist of vector and raster data that describe the digital elevation
model (DEM) and the local structures, obstacles, etc.

The computational core of 3Di computes flow in 1D and 2D based on shallow
water equations. The 2D computations make use of the subgrid technique (Casulli
2009). The subgrid technique, illustrated in Fig. 7.1, allows coarse computational
cells with the incorporation of high-resolution information. For example, bathy-
metry (DEM), infiltration, and roughness information can be defined at high res-
olutions using the subgrid technique (Volp et al. 2013; 3Di 2020). Moreover, the
subgrid technique makes the computational core favorable for the computation of
flooding and drying cycles.
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In addition, 3Di supports full interaction with 1D components within the com-
putational domain (Casulli and Stelling 2013). Pipes and structures, such as weirs,
are often critical for determining the water distribution. The 3Di model allows these
components to be defined within the 2D domain and to be fully integrated in the
computations.

The simulations of the 3Di model can be forced in several ways through
boundary conditions, precipitation events, and wind. The precipitation information
used in the model consists of spatially and temporally varying forecasts and uses the
technology of Lizard (2020).

During the initiation phase of an early warning system, the model is calibrated
and validated against the model results and measurements. A QGIS environment
(QGIS 2020) offers the possibility to fully analyze all variables computed by 3Di,
but this analysis can also be done via other means. In addition, the modeled water
levels can be depicted live in an aerial view on maps (Fig. 7.2).

The flood forecast results are sent to the cloud-based analytic system. Here, the
flood forecast results can be analyzed on interactive flood maps, including the
resulting discharges, velocities, and water levels (Fig. 7.3).

In the initiation phase of setting up the early warning system, “observation”
locations can be defined, where the forecasted water level results will be analyzed
automatically. For these locations, trigger levels are defined. Depending on the level
of exceedance and the period of time before the actual event, different warning
levels are reached. Per the warning levels, different groups of stakeholders are
warned. The stakeholders can be local authorities or residents of certain areas. This
service is supported by Lizard Technology (Lizard 2020).

In this setup, various major challenges associated with the development of new
tools that were previously mentioned (ITU-T 2014) are addressed: (1) Real-time

Fig. 7.1 Illustration of a coarse computational cell with varying bathymetry (Volp et al. 2013)
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data and measurements are easily collected through sensor networks and low-cost
innovative communications and protocols; and (2) better-informed decisions are
made through the use of advanced analytics that translate raw data into actionable
intelligence.

Fig. 7.2 Results simulated by in the live site of 3Di. The yellow star denotes the upstream urban
area, and the red star denotes the outflow location. The depth values and discharges can be viewed
directly

Fig. 7.3 Inundation development at the locations indicated in Fig. 7.2 by the stars; scenario
simulated using 3Di
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7.3 Flood Early Warning System in Action

The flash flood forecasting service (FLASH®) that is installed in the Australian city
of Parramatta serves here as an example of an early warning system for flash floods
on the scale of an urban area (Flash 2020). The city of Parramatta is located near
Sydney, and the Parramatta River runs through the city. The region is known to
suffer from severe hydrological events. In a recent event, 194 mm of rain fell in
72 h. The majority of precipitation events in the upper watershed show high spatial
and temporal heterogeneity, as shown in a study using rainfall semi-variograms
(Umakhanthan and Ball 2002).

The flood characteristics in Parramatta are typical of flash flood catchments, such
as those seen in wadis in arid and semiarid climates. For the watershed in question,
Morrison and Molino (2016) stated that floods arrive quickly and without signifi-
cant warning time and then recede quickly. The flash flood risk is high, as a
relatively small riverbed crosses through a relatively large urbanized area (Fig. 7.4).
In a probable maximum flood event, the flooding would be extensive, deep, and
fast-flowing and could reach up to several meters deep across wide areas (Morrison
and Molino 2016). The DEM in Fig. 7.5 shows the gradual changes in height that
serve to focus water flows in a particular direction (Fig. 7.5). Figure 7.6 shows the
effect before and after the occurrence of a rainfall event and shows the river in a
base flow situation and during a flood event occurring due to a high rainfall event
upstream.

The Australian Bureau of Meteorology (BoM) offers new precipitation forecast
data every half an hour. Based on these forecasts, which include spatially and
temporally varying precipitation data, 3Di computes the resulting water levels and

Fig. 7.4 Flood map of the Parramatta region based on a 1-in-100-year precipitation event. The
water depth ranges from 0 to 2 m outside the riverbanks
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flows for the next 12 h. The 3Di model can produce accurate and reliable flood
forecast results within 15 min (Fig. 7.4).

When 3Di predicts water levels above the trigger levels, messages are sent. The
results of the modeling tool can be analyzed interactively by the authorities and
decision-makers (Fig. 7.7). The flood maps and warning levels are updated with
every new precipitation forecast to offer the best-known information for the
involved parties to support their decision-making processes.

This set of tools offers the communities and authorities of the city of Parramatta
the time necessary to make the correct decisions and take safety precautions. In the

Fig. 7.5 DEM of the Parramatta region with a cross section over the white line

Fig. 7.6 Parramatta River before and after an extreme rainfall event
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event described above, the authorities and residents had 11 h to respond suitably
and take necessary precautions for the coming rain.

The FEWS installed in Parramatta performs well for all six characteristic
components of a flood warning system mentioned above and defined by the
Australian authority (Attorney-General’s Department 2009). The predictive com-
ponent (1) is covered by the 3Di model, which is forced by forecasts from a local
meteorology bureau. The interpretation phase (2) is based on automatically gen-
erated flood maps with predefined trigger levels. Once these trigger levels are
reached, messages are sent with the information needed for the local authorities to
respond accordingly. If necessary, the residents are warned as well (3, 4, 5). The
results can be thoroughly analyzed afterward (6). It is a key that after a flood event
occurs, the system can be triggered again with the actual measured precipitation
levels, and the results can be compared with the observations. Additionally, pre-
cipitation forecasting is uncertain due to rapidly changing conditions and limited
resolutions. In particular, severe precipitation events can have strong local
variations.

Fig. 7.7 Early warning in three steps: (1) the local authorities receive a flood warning message,
(2) clicking on the message gives the user access to the flood management dashboard, and
(3) information about recorded and forecasted water levels, interactive flood maps, and rainfall
forecasts is given
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7.4 Wadi Flows and Hydrometric Network Development
in Oman

As is the characteristic of arid and semiarid climates, precipitation events in Oman
are highly variable both temporally and spatially. A wadi may flood several times in
one year and see no flow over the next several years. There is also high spatial
variability in precipitation intensity. One basin or subcatchment may produce major
flooding, while the adjacent catchments do not have noticeable runoff. The flooding
durations are short in general. An entire flood may occur within a few hours. Most
flood hydrographs, particularly those representing the upper hard rock reaches of
wadis, peak very quickly and dissipate rapidly. Heavy sediment loads, both bed
loads and suspended loads, characterize wadis in Oman, particularly when floods
are at such levels that they cut into higher terraces of the alluvium. However, the
infiltration rate, in general, is high in downstream alluvial reaches (Al Hinai and
Abdala 2020).

The annual average wadi flow is 330 Mm3. Eighty-five percent of wadis in
Oman flow from mountainous areas toward the plains and finally drain to the sea.
The rest drain to the interior (desert) or out of the country. The largest wadis
catchments are Andam Halfayen (34,220 km2) and Al Batha (5,740 km2).

FEWSs are set up based on hydrometric data networks. In Oman during the
1970s, some scattered water monitoring points started to be installed through dif-
ferent exploration and research projects. In the early 1980s, the expansion of the
complete hydrometric network started, and the system reached its maximum size in
the late 1990s. The Monitoring Network Department was formed by 1997 to
supervise, organize, and assess all monitoring activities in the country. Evaluations
and upgrades of the monitoring network took place in 1998, 2005, and 2016. Water
balance results for the sultanates were available by 2013. Figure 7.8 illustrates the
temporal development of the network. Table 7.1 provides an overview of its spatial
distribution.

7.5 The Oman Flash Flood Guidance System

Recently, the Directorate General of Meteorology and the Directorate General of
Water Resources Assessment in the Sultanate of Oman defined the cooperation
framework that is used to manage and run the Oman Flash Floods Guidance System
(OmanFFGS). Such collaborative efforts will allow the use of climate predictions in
water management, in addition to improving flood forecasting services.

The Oman Flash Flood Guidance System (OmanFFGS) is hosted by the Oman
Multi-Hazard Early Warning Center, Directorate General of Meteorology. It was
developed by the Hydrologic Research Center (HRC), a USA-registered non-profit
organization. The primary purpose of installing the system was to assist operational
forecasters in issuing reliable flash flood warnings. OmanFFGS offers baseline
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Fig. 7.8 Development of the hydrometric network in Oman between 1975 and 2017

Table 7.1 Recent number of monitoring points per region as of 2017

Hydrometric network by assessment areas

Rainfall stations Salinity

Assessment
areas

Wadi
flow

Dams Gage Inhacement Wells Aflaj Springs Well Falaj Total

Muscat 17 3 43 8 100 20 6 45 75 317

South Al
Batinah

21 10 36 29 112 79 1 22 72 382

North Al
Batinah

17 5 45 23 157 29 3 38 24 341

Musandam 7 6 23 0 60 0 0 0 1 97

Al Buraimi 6 6 21 17 169 20 0 9 18 266

Ad Dhahirah 12 1 39 41 238 70 0 25 70 496

Ad
Dakhliyah

18 9 57 48 287 117 6 71 119 732

North As
Sharqiya

16 4 51 35 164 41 1 15 116 443

South As
Sharqiya

11 1 27 0 117 186 0 32 40 414

Al Wusta 0 0 11 0 14 0 0 0 0 25

Dhofar 11 2 60 20 655 0 14 96 0 858

Total 132 47 413 221 2,073 562 31 353 535 4,367

634 888
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products that must be carefully evaluated by forecasters in real time before a flood
warning can be issued. The product console provides a collection of real-time data
products in text, image, and CSV file formats with updates every hour.

The Oman Flash Flood Guidance System uses a hydrological model with inputs
of rainfall observations, forecasts, and soil properties of each catchment to detect and
predict soil oversaturation. The system uses many sources of precipitation data,
which can be categorized into two types. The first type includes precipitation input
data from near-real-time observations, namely ground-based radars, microwave-
adjusted satellite-based precipitation estimates, satellite-based precipitation esti-
mates, and rain gage mean-areal precipitation (see Fig. 7.9). However, the input
precipitation data used in flood calculations vary according to the availability and
accuracy of the data sources. Currently, ground-based radar data are given the
highest priority for use in the calculations when they are available, while rain gage
mean-areal precipitation data are given the lowest priority due to the relatively
low-density rain gage network. Therefore, the output products should be evaluated
according to the assessed accuracy of the input data before they are used for the
creation of warnings.

The second type of precipitation input data is rainfall forecasts from atmospheric
models. The system is fed by the COSMO model, a nonhydrostatic limited area
atmospheric prediction model, which provides two different resolutions: horizontal
mesh sizes of 2.8 and 7 km (Fig. 7.10). Currently, this model is in the process of
being replaced by the ICON (Icosahedral Nonhydrostatic) limited area atmospheric
prediction model.

The OmanFFGS basically uses the same process to generate flood assessment
products for both aforementioned precipitation data types. However, the products

Fig. 7.9 Console of the OmanFFGS rainfall input data from near-real-time observations for
Cyclone Mekunu, which occurred in May 2018
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generated by using the second type should be treated with extra caution due to the
high uncertainty present in the data, which might result in a false warning.

Although the system is a large step forward and has been beneficial throughout
the last seven years of its operation, the users reported several limitations and
challenges. First, the system works best with radar data to indicate whether there
will be an imminent flood in the upcoming 1–6 h. However, difficulties have been
reported in keeping the radar network running, which eventually resulted in
depending on satellite data for the rainfall inputs throughout most of the operational
time of the system. Since satellite-based rainfall estimations are less accurate than
radar-based rainfall data, the system flood products became less accurate. A higher
density of rain gages might provide an alternative solution to this challenge. The
Directorate General of Water Resources Assessment has a higher-density rain gage
network. Recently, the Directorate General of Meteorology and the Directorate
General of Water Resources Assessment agreed on streaming real-time data from
the high-density rain gage network of the Directorate General of Water Resources
Assessment to be used as input data to run the Oman Flash Flood Guidance System.

From another perspective, many users have requested more than 6 h of flood
forecasts with higher confidences. This would require human intervention to modify
the precipitation forecast maps. There are currently efforts in this avenue. Other
users have requested an interactive background map with the names of dry rivers
(wadis), which are not available in the current operational version.

Finally, an essential aspect of any forecasting system is the verification of its
products for future improvements and more effective uses as well as verifications of
the reliability of the products. Product verification requires water stream and

Fig. 7.10 Console of the Oman flash flood guidance system representing rainfall input data from
atmospheric models
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inundation data, which are collected by the Directorate General of Water Resources
Assessment. This is another avenue of potential future collaboration between the
system developers, users, and data collectors.

7.6 Conclusions

Advanced technical tools for integrated water resources management are either
available or are still in development. A combination of tools can be used for smart
sensors with powerful networks. Satellite data are available, and some are available
at no charge. Processing, cloud storage and wireless communication advances have
enabled powerful tools for simulation, visualization, and modeling that can be
utilized by all involved parties. The results can be integrated for optimization and
decision-making. Finally, warnings can be issued, and measures can be dissemi-
nated to at-risk communities. Due to the ability of previous systems to quickly
generate reliable results, new modeling tools allow a much more flexible approach
to flood management as well as to natural disaster management and long-term
planning.

An application of a flood early warning system in an urban area was presented,
concerning an implementation that is installed in the region of the city of
Parramatta, Australia. This system fulfills the six components of FEWSs that are
described in Manual 21 (Attorney-General’s Department 2009). The case study
illustrates the advantages of having such a system installed. The system allows the
production of up-to-date flood maps based on actual precipitation events that occur,
including the spatial and temporal variations associated with such events. The
system allows more targeted actions to be taken in communication and safety
precautions. Moreover, it gives the local authorities and residents more time to take
action.

With the Flash Flood Guidance System of Oman, a countrywide installed net-
work was presented. The hydrometric network has proven to be an appropriate tool
for monitoring flash floods. With the existing network, it is possible to project flood
events. Thus, the described system may form a convenient foundation for the
development and use of an efficient FEWS.

A recent review of the United Nations University (Perera et al. 2019) names
technical, financial, institutional, and social challenges concerning the implemen-
tation of FEWSs in general. Flash flood management responses require a set of
multidisciplinary collaborative efforts in the fields of meteorology, hydrology, and
emergency management. In many countries, national meteorological services and
national hydrological services do not coordinate closely to improve flash flood
forecasting services (WMO 2007).

The case of the FEWS, installed in Parrametta, demonstrates how most technical
issues associated with flood warning systems can be addressed and resolved.
However, on the technical side, such an implementation also depends on a suffi-
ciently vast and reliable sensor network being installed and being in operation.
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Moreover, non-technical issues may be crucial, such as the availability of funds for
hardware and software, maintenance, communication, and cooperation between
various authorities, the availability of trained competent personnel, and the
proactive involvement of the public within the community.
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Chapter 8
Hydrologic Assessment
of the Uncertainty of Six Remote Sensing
Precipitation Estimates Driven
by a Distributed Hydrologic Model
in the Blue Nile Basin

Hadir Abdelmoneim, Mohamed R. Soliman,
and Hossam M. Moghazy

Abstract Because of the sparseness of the ground monitoring network, precipi-
tation estimations based on satellite products (PESPs) are currently requisite tools
for hydrological simulation research and applications. The evaluation of six global
high-resolution PESPs (TRMM 3B42V7, GPGP-1DD, TRMM 3B42RT,
CMORPH-V1.0, PERSIANN, and PERSIANN-CDR) is the ultimate purpose of
this research. Additionally, the distributed Hydrological River Basin Environmental
Assessment Model (Hydro-BEAM) is used to investigate their potential effects in
streamflow predictions over the Blue Nile basin (BNB) during the period 2001 to
2007. The correctness of the studied PESPs is assessed by applying categorical
criteria to appraise their performances in estimating and reproducing precipitation
amounts, while statistical indicators are utilized to determine their rain detection
capabilities. Our findings reveal that TRMM 3B42V7 outperforms the remaining
product in both the estimation of precipitation and the hydrological simulation, as
reflected in highest NSE and R2 values ranges from 0.85 to 0.94. Generally, the
TRMM 3B42V7 precipitation product exhibits tremendous potential as a substitute
for precipitation estimates in the BNB, which will provide powerful forcing input
data for distributed hydrological models. Overall, this study will hopefully provide
a better comprehension of the usefulness and uncertainties of various PESPs in
streamflow simulations, particularly in this region.
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8.1 Introduction

Precipitation inputs are a vital source for research and applications of hydrologic
simulations, specifically in data-scarce areas where the rareness of gauging net-
works curtails the accessibility of precise and credible rainfall data. However,
measured ground gauging data are either sparse in time and space in several areas,
or ungauged regions exist in several populous areas of the world, such as devel-
oping regions (Behrangi et al. 2011).

Many high-resolution precipitation estimations based on satellite products
(PESPs) have been operatively obtainable over a quasi-global scale in recent dec-
ades at high temporal (3 h) and spatial (almost 0.25°) resolutions. These products
are potential substitutes for rainfall datasets in global hydrometeorological studies
and applications. Commonly used satellite precipitation estimates include Tropical
Rainfall Measuring Mission (TRMM) data (Huffman et al. 2007), the National
Oceanic and Atmospheric Administration (NOAA)’s Climate Prediction Center
(CPC) MORPHing technique data (CMORPH) (Joyce et al. 2004), the Global
Satellite Mapping of Precipitation (GPM) data (Kubota et al. 2007) and the
Precipitation Estimation from Remotely Sensed Imagery using Artificial Neural
Networks (PERSIANN) data (Sorooshian et al. 2000). These PESPs are capable of
monitoring temporal precipitation variations and spatial patterns at diminutive
resolutions. Additionally, they provide useful tools to promote hydrological pur-
poses for fully distributed hydrological models, especially in data-sparse regions
and regions with nonexistent data (Sun et al. 2016).

Reviews of recent studies allow the studies to be classified into two categories: the
first focuses on evaluating and comparing PESPs against the estimates of local
gauging networks (Ali et al. 2017; Habib et al. 2012; Hirpa et al. 2010; Fenta et al.
2018; Gebere et al. 2015; Gebremicael et al. 2017; Jiang et al. 2018; Romilly and
Gebremichael 2011). Among these studies, Jiang et al. (2018) used continuous sta-
tistical indices (RMSE, CC, and RE) and categorical metrics (POD, FBI, FAR, and
ETS) to evaluate the accuracies of two high-resolution PESPs (TRMM 3B42V7 and
CMORPH) for the interval 2010 to 2011 in Shanghai. Additionally, Gebremicael
et al. (2017) evaluated eight PESPs against in situ rainfall data over the upper
Tekeze-Atbara basin, which characterizes by the composite topography of Ethiopia.

The second category involves the evaluation and investigation of the impacts of
PESPs through streamflow simulations driving hydrological models over various
regions (Alazzy et al. 2017; Bitew and Gebremichael 2011; Bitew et al. 2012; Jiang
et al. 2012; Lakew et al. 2017; Sun et al. 2016; Stisen and Sandholt 2010; Tong
et al. 2014; Xue et al. 2013; Wang et al. 2015). For instance, Sun et al. (2016)
statistically evaluated the four latest PESPs (CMORPH-CRT, CMORPH-CMA,
CMORPH-BLD, and TRMM 3B42V7) over the Huaihe River basin in eastern
China. Additionally, the authors employed the variable infiltration capacity
(VIC) distributed model to predict the river flow rate within the period 2003–2012.
The results revealed that CMORPH-CMA had a perfect capability for improving
the distribution of precipitation and hydrological applications. They also recom-
mend this CMORPH-CMA as an alternative rainfall input source for this region.
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Li et al. (2019) assessed three PESPs (TMPA 3B42V7, PERSIANN-CDR, and
GPM IMERG) at daily and monthly timesteps in the lower Mekong River basin,
which is located in Southeast Asia. They also investigated the potential of these
PESPs to predict streamflows driven by a distributed geomorphology-based
hydrological model (GBHM). Their findings revealed that the IMERG product can
be used to reproduce precipitation well and accurately, particularly in the detection
of heavy rainfall events. The hydrological simulations forced by the three datasets
revealed acceptable precisions at major stations. Moreover, simulated results forced
by IMERG outperformed the remaining products, as the smallest RRMSE values
and largest NSE values were calculated for the IMERG product.

The Blue Nile River is a vital tributary of the Nile River and provides the
greatest portion to the flow of the Nile River, approximately 60%. The area of the
Blue Nile River suffers from a sparse rain gauge network with an uneven distri-
bution. In addition, the region is characterized by complex topography, a variable
climate, and a large geographical area. Hence, the use of PESPs as driving forces
for hydrological models is necessary after the determination of the accurate product
for this basin. A few prior studies focused on the evaluation of PESPs over small
basins in the Ethiopian highland, such as the studies by Bitew and Gebremichael
(2011) and Bitew et al. (2012). Additionally, Gebremicael et al. (2017) explored the
relationships between PESPs and topography to understand the conceivable mis-
calculations generated by the rugged land in the area. To the best of our knowledge,
no study has evaluated PESPs and investigated their ability to predict streamflow
over the entire BNB. Therefore, the present research focuses on the comprehensive
hydrologic assessment of the uncertainty of six PESPs (TRMM 3B42V7, TRMM
3B42RT, PERSIANN, PERSIANN-CDR, CMORPH-V1.0, and GPGP-1DD) in the
Blue Nile Basin (BNB). This work aims to compare and evaluate the performance
of six high-resolution PESPs in capturing the magnitude of rainfall over the BNB
against data from land gauges within the period 2001 to 2007. Additionally, the
effects of the studied PESPs on hydrologic simulation procedures at the target basin
is investigated, driven by the distributed Hydrological River Basin Environmental
Assessment Model (Hydro-BEAM), which was established by Kojiri et al. (1998).
This attempt is valuable as it relates to the use of high-resolution PESPs for
monitoring and predicting streamflows in the BNB and in similar watersheds that
are characterized by common climate and topography.

8.2 Materials and Methods

8.2.1 Study Area

The Nile River is a transboundary river, and its tributaries travel through eleven
countries. The Nile River has two vital tributaries: the White Nile River and the
Blue Nile River. The Blue Nile River, chosen in this paper as the study area, is a
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crucial Nile River tributary originating from the Ethiopian Plateau, flowing into
Sudan, and meeting the White Nile River at Khartoum to form the main Nile River.
This river is considered the Nile River's critical tributary, as it provides a large
portion of the flow of the Nile River, approximately 60%. The BNB is located
between latitudes 16°2′N and 7°40′N and longitudes 32°30′E and 39°49′E in the
Ethiopian Highlands, as shown in Fig. 8.1. The river originates from the outlet of
Lake Tana, flowing south in the Ethiopian highlands and then northwest; its length
is approximately 900 km from Lake Tana to the Sudanese border, and the river
ends when it reaches the White Nile River in Khartoum, Sudan (Samy et al. 2015).
The drainage area of the BNB is estimated at approximately 325,000 km2 (Ragab
and Valeriano 2014). The catchment includes a range of topographic conditions,
sizes, climatic conditions, slopes, geological features, drainage patterns, vegetation
covers, soils, and anthropogenic activity.

The topography of the watershed is split into two distinct features: the first
comprises flat topography in the lowlands of Sudan, and the second includes
mountainous topography in the Ethiopian Plateau, where the regions containing
high, steep mountains, when combined, overlay approximately 65% of the drainage
area (Gebrehiwot et al. 2011). The Ethiopian Plateau is situated at altitudes of
2,000–3,000 m, with certain areas reaching heights up to or above 4,000 m, as

Fig. 8.1 a The BNB’s location in the Ethiopian Highlands and (right) a DEM map of the BNB;
b the average annual precipitation distribution over the BNB; c the average annual temperature
distribution over the BNB; d soil types in the BNB; and f the average annual evapotranspiration
distribution over the BNB (Abd-El Moneim et al. 2019)
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illustrated in Fig. 8.1a (Ragab and Valeriano 2014). Precipitation over the BNB
varies remarkedly with altitude from nearly below 200 mm/yr in the northeastern
part of the basin to 2,000 mm/yr in Ethiopia’s highlands, as displayed in Fig. 8.1b
(Awulachew et al. 2008). In the northeastern clay plains of Sudan, the greatest
mean annual temperatures occur. In Sudan, 24 and 44 °C are the daily minimum
and maximum temperatures in May, and 14 and 33 °C are the daily minimum and
maximum temperatures in January, respectively. The Ethiopian Plateau region is
characterized by lower monthly mean minimum temperatures, ranging from 3 to
21 °C, between December and February, as shown in Fig. 8.1c (Awulachew et al.
2008). The spatial distribution of evapotranspiration in the region is similar to those
of rainfall and temperature, with considerable variations across the basin and a
notable correlation with altitude, as illustrated in Fig. 8.1f (Awulachew et al. 2008).

8.2.2 In Situ Precipitation and Discharge Datasets

Measured datasets play pivotal roles in the quantitative evaluation of PESPs. Due to
the scarcity of data in developing regions, rainfall and Blue Nile flow rate data are
collected through a process that requires the study time interval to be set from 2001
to 2007, according to the availability of measured datasets. Additionally, these data
were collected on a monthly timestep from published reports by the Ministry of
Water Resources and Irrigation (MWRI) in Egypt (MWRI 1998a; b). Monthly
rainfall data from 15 ground rain gauges and the monthly discharge data from the
Khartoum station are used in the current study, as shown in Fig. 8.1a. Incorrect
values, such as negative and missed values, were rejected, which may make the
comparison unreliable.

8.2.3 Remote Sensing Precipitation Estimation Products

8.2.3.1 TRMM Products

The National Space Development Agency (NSDA) and the National Aeronautics
and Space Administration (NASA) jointly established the TRMM on 27 November
1997. This satellite is primarily intended for weather and climate science moni-
toring and for observations of tropical precipitation. The main pieces of rainfall
equipment on this satellite are the Visible and Infrared Radiometer Network
(VIRS), the TRMM Microwave Imager (TMI), and the Precipitation Radar
(PR) (Kummerow et al. 1998). The TRMM Multisatellite Precipitation Analysis
(TMPA) rainfall products were blended with other high-quality rainfall estimate
algorithms, such as infrared-based (IR) and merged active/passive microwave
(PMW) rainfall estimations, and these merged data were added to other numerous
source dataset rainfall product blends, according to Huffman et al. (2007). The three
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following steps are carried out for this product: first, the PMW rainfall estimates are
calibrated and combined to produce the utmost reliable PMW estimates; next, the
calibrated PMW estimates are utilized to produce IR rainfall estimations; and
finally, the PMW and IR rainfall estimations are combined to provide the best
TMPA rain estimations (Alazzy et al. 2017). Two versions of TMPA products are
accessible with coverage between the longitudinal range 180°W–180°E and the
latitudinal range 50°S–50°N as well as a fine spatial resolution (0.25° � 0.25°) and
a high temporal resolution (3 h): a post-real-time research version (3B42) and a
real-time version (3B42RT). The TRMM 3B42V7 product was adjusted via the
monthly deviation of the precipitation dataset from the Global Precipitation Climate
Center (GPCC) calibration meteorological stations compared to the TRMM
3B42RT product. Furthermore, this product has many computational enhancements
and good data precision (Huang et al. 2014). The principal distinction between the
two versions is that the post-real-time research product uses monthly ground rainfall
data for bias correction. In this study, the TRMM 3B42V7 and 3B42RT datasets
used were obtained from https://giovanni.sci.gsfc.nasa.gov/giovanni/.

8.2.3.2 CMORPH Product

The CMORPH tool of NOAA is a process of rainfall estimation based primarily on
passive microwave (PWM) satellite measurements collected from low Earth
orbiting (LEO) satellite radiometers; it incorporates a tracking technique using data
from infrared (IR) measurements solely to derive a field of cloud motion that is
thereafter used to propagate pixels of rainfall (Joyce et al. 2004). The latest satellite
rainfall datasets, named the CMORPH-Version 1.0 products, have recently been
developed by NOAA-CPC in three product forms: a pure satellite rainfall product
(CMORPH-RAW), a gauge-satellite blended product (CMORPH-BLD) and a
bias-corrected product (CMORPH-CRT). The CMORPH-RAW is an outcome of
satellite-only rainfall estimates created by merging passive microwave-based rain-
fall estimates the infrared data of various geostationary satellites as well as
numerous low orbit satellites. The following can be summarized as the key dis-
crepancies between the ancient version, 0.x, and the new version, 1.0: fixed ver-
sions of satellite rainfall datasets and a fixed algorithm were used during the whole
TRMM/GPM period (1998–present) in the latest version, 1.0, particularly to ensure
the best possible homogeneity, whereas the ancient version, 0.x, has been devel-
oped since 2002 using various enhanced algorithms and developing satellite-based
inputs of rainfall product versions (Joyce et al. 2010). In this work, the
CMORPH-V1.0 RAW datasets were used; these datasets are freely available at
ftp://ftp.cpc.ncep.noaa.gov/precip/CMORPHV1.0/.
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8.2.3.3 PERSIANN Products

The PERSIANN product (Hsu et al. 1997) is one of the accepted estimates of global
precipitation used to estimate historical precipitation from March 2000 until now.
For its global precipitation estimations, the product uses the neural network method
to derive relationships between IR and PMW estimates from Geostationary Earth
Orbiting (GEO) and LEO satellite imagery, respectively (Sorooshian et al. 2000).
First, the Grid Satellite (GridSat-B1) IR record archive (Knapp 2008) was used in
the latest version of the PERSIANN-Climate Data Record (PERSIANN-CDR)
product as an input to the eligible PERSIANN model; then, the Global Precipitation
Climatology Project (GPCP) version 2.2 updated the biases in the predicted
PERSIANN precipitation values on a monthly time scale (Ashouri et al. 2015). The
parameters of the PERSIANN model were pretrained using stage-IV hourly pre-
cipitation data from the National Centers for Environmental Prediction (NCEP);
later, the model was run using the full GridSat-B1 IR historical record with fixed
model parameters as indicated in the calibration scheme by Ashouri et al. (2015).
This product is available with a daily temporal resolution and a fine spatial reso-
lution (0.25° � 0.25°). Precipitation datasets are available from 1 January 1983 to
the present. In the current research, the two PERSIANN product (PERSIANN and
PERSIANN-CDR) datasets that were used were freely obtained from http://
chrsdata.eng.uci.edu/.

8.2.3.4 GPCP-1DD Product

The Global Precipitation Climatology Project One Degree Daily (GPCP-1DD)
product incorporates IR and PMW precipitation estimates with the GPCC gauging
dataset (Huffman et al. 1997). In the GPCP-1DD product, the PMW precipitation
estimates depend on the Special Sensor Microwave/Imager (SSM/I) data from the
Defense Meteorological Satellite Program (DMSP, US), while the IR data are
principally obtained from the precipitation index (PI) data of the Geostationary
Operational Satellite (GOES) (Xie and Arkin 1995). This product has the advantage
of integrating precipitation estimate information by incorporating the strengths of
different data types from multiple data sources. The GPCP-1DD product provides
daily data on global precipitation grid with a resolution of 1° � 1°. The
GPCP-1DD datasets are available to download from https://ftp://ftp.cgd.ucar.edu/
archive/PRECIP/.

Overall, Table 8.1 presents the six PESPs (TRMM 3B42V7, GPGP-1DD,
TRMM 3B42RT, CMORPH-V1.0, PERSIANN, and PERSIANN-CDR) used in
this work.
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8.2.4 Hydro-BEAM Model

Hydro-BEAM is a physically based distributed hydrological model established by
Kojiri et al. (1998). The model was confined to environments characterized by
moist circumstances until the model was adjusted for simulations of flash flood
events in arid wadis (Abdel-Fattah et al. 2015; Saber et al. 2013) and semiarid
basins (Abdel-Fattah 2017; Saber and Yilmaz 2016). The model has also been
successfully used in numerous hydrological studies under different climatic con-
ditions (e.g., Abd-El Moneim et al. 2017; Saber and Yilmaz 2018; Abdelmoneim
et al. 2020). In this study, Hydro-BEAM is used to evaluate the simulated
streamflow rates over the BNB based on six PESPs.

The ultimate benefit of the Hydro-BEAM model is the reflection of the spatial
variability in catchment features and hydrological processes, where it can reflect
hydrological surface and subsurface procedures, such as surface runoff, evapo-
transpiration, channel flow routing, groundwater flow, and the intake/release of
water on spatially distributed meshed cells. To understand differences in infiltration
due to changes in land cover, the model identifies three types of land cover (Sapkta
et al. 2010). The model consists of four layers, from A to D, which represent the
upper layer for the surface and the remaining layers for the subsurface, as shown in
Fig. 8.2a.

(a)

(b)

(c)

(d)

Fig. 8.2 Conceptual representation of Hydro-BEAM: a the basic structure of Hydro-BEAM; b the
kinematic wave model of the surface layer; c the subsurface storage tank layer representation; and
d the reservoir modeling approach (Kojiri et al. 1998; Abdelmoneim et al. 2020)
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Each mesh cell includes details such as surface runoff, land use, slope direction,
and a channel's absence/presence (Saber 2010). Layer A represents the surface
layer, while layers B to D represent the subsurface layers, as denoted in Fig. 8.2b.
In this study, Layer D is neglected as it contains deep groundwater, which has a
minor effect on the BNB flow rate. The subsurface layer structures (layers B and C)
are based on the linear storage model (see Fig. 8.2c). When the water content
storage in these layers reaches a saturated state, the water is discharged into the
river combined by layer A. The suggested method can be outlined by the following
key processes: (1) watershed modeling is carried out using the methodology of the
geographical information system (GIS), (2) the kinematic wave approach is used to
calculate the stream routing and surface runoff modeling, (3) transmission loss
modeling is calculated using the Walter equation (Walters 1990), and (4) canopy
interception losses and (5) the linear storage model are applied for the modeling of
groundwater. The spatial resolution implemented in the current research for the
BNB is 5 km (*0.05°), as indicated in (Abd-El Moneim et al. 2017).

The Blaney-Criddle method was used to determine potential evapotranspiration
(ET0) in the model as follows (Karamouz et al. 2013):

ET0 ¼ p 0:46T mean þ 8:13ð Þ ð8:1Þ

where ET0 is the potential evapotranspiration (mm/d), Tmean is the average tem-
perature (°C), and p is the daily average proportion of daytime hours per year. We
can determine the value of p depending on the estimated latitude of the study area
(the number of degrees north or south of the equator) (Karamouz et al. 2013). In
this study, daily temperature and daily radiation datasets were retrieved from the
Climate Forecast System Reanalysis (CFSR). The datasets are available to down-
load from https://globalweather.tamu.edu/#pubs.

Stream routing and surface runoff were calculated using integrated kinematic
wave runoff approximations assuming a triangular river cross-section, as shown in
Eqs. (8.2, 8.3, 8.4, 8.5):

@h
@t

þ @q
@x

¼ fr ð8:2Þ

q ¼ a h� dð Þ5=3 þ ah h[ dð Þ ð8:3Þ

q ¼ ah ð8:4Þ

When
h� d
h� d

� �
; d ¼ kD

a ¼
ffiffiffiffiffiffiffiffiffi
sin h

p

n
; a ¼ Ks

sin h
c

ð8:5Þ
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where q is the unit discharge (m3/s/m), h is the depth of the water (m), r is the
effective precipitation intensity input (m/s) corresponding to the total rainfall
infiltration into the soil after evapotranspiration losses are extracted, f is the ratio of
direct runoff, which is equal to the upper soil saturation ratio, layer A (0–1), k is the
porosity, a and m are friction constants, x is the gap to the edge upstream, d is the
saturation pondage (m), and D is the thickness of the layer (m).

A multilayer linear storage feature model is implemented on the Hydro-BEAM
layers B and C to realistically calculate the base flow procedure. The linear storage
function model's continuity equation and its dynamic equation are as follows:

dS
dt

¼ I � O ð8:6Þ

O ¼ kS ð8:7Þ

where I is the inflow (m/s), S is the storage of water (m), k is the coefficient of runoff
(l/s), and O is the outflow (m/s).

8.2.4.1 Parameters and Calibration

It is noteworthy that the calibration of the model consists of a method that adjusts
the parameters to achieve the optimum possible simulation of the realistic runoff
measured for some forced data (Jiang et al. 2012). The parameters of the model may
display several variations when utilized to simulate the flow rates (Stisen and
Sandholt 2010). In the current analysis, the model with individual PESPs as inputs
was calibrated with the observed streamflow data in the BNB.

The distributed hydrological model for the BNB was calibrated and validated
against the available measured streamflow data from 2001 to 2007. The entire study
period was classified into two periods: the calibration period, from 2001 to 2003,
and the validation period, from 2004 to 2007. Table 8.2 illustrates the respective
ranges of the model parameters used, which are dependent on variables such as land
use and soil. The calibration regime returns the best parameter values that maximize
the Nash–Sutcliffe efficiency (NSE) between the observed and simulated monthly
flow rates (Bitew et al. 2012). Such parameters authorize us to parse the influence of
the precipitation data source on the model calibration and validation.

8.2.5 Statistical Metrics for the Performance Evaluation

Several commonly utilized statistical indicators were employed to qualitatively
analyze the overall performance of the six studied PESPs versus the gauge-based
precipitation measurements. In the current analysis, three different statistical criteria
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were implemented to determine the correctness of the six PESPs, as explained in
detail below.

8.2.5.1 Continuous Statistical Metrics

Continuous verification metrics were used, including the Pearson correlation
coefficient (CC), relative error (RE), and root-mean-square error (RMSE). The CC
refers to the rainfall variation synchronicity between the in situ rainfall data and
PESPs, the RE describes the extent of the simulated error compared with that in the
rain gauges, and the RMSE was employed to assess the averaged error magnitude.
These metrics are calculated as follows:

CC ¼
Pn

i¼1 Gi � G
0
i

� �
Pi � P

0
i

� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

i¼1 Gi � G0
ið Þ2Pn

i¼1 Pi � P0
ið Þ2

q ð8:8Þ

RE ¼
Pn

i¼1 Pi � Gið ÞPn
i¼1 Gi

� 100% ð8:9Þ

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

i¼1 Pi � Gið Þ2
n

s
ð8:10Þ

where Pi and Gi are the ith pair of PESPs and the gauge-based rainfall data,
n reflects the cumulative number of timescales, and P

0
i and G

0
i are the corresponding

Table 8.2 Calibration parameters of the hydrological model for various PESPs

Parameters Symbol Value
range

Units

Horizontal coefficient of
permeability

B-layer
C-layer

0.2
0.025

Vertical coefficient of permeability B-layer 0.4

Layer thickness A-layer 0.4 m

Equivalent roughness coefficient Grass
Forest
Urban

0.3
0.7
0.03

m−1/

3 s

Direct runoff constant Grass
Forest
Urban

0.5–0.75
0.3–0.5
0.9

Porosity B-layer
C-layer

15.0
15.0

%

Finite difference interval Spatial finite difference
interval

2,500 m
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average values of the PESP data and the gauge-based data, respectively. The locally
measured data and PESP data are considered compatible, without PESP-associated
uncertainty, if the RMSE value and RE value are equal to zero and the CC value is
equal to 1; this corresponds to higher CCs and lower RMSEs representing higher
accuracy of PESP data.

8.2.5.2 Categorical Statistical Metrics

To test the detection capability analysis of PESPs against locally measured data at
various precipitation thresholds, four categorical statistics were utilized based on
the 2 � 2 contingency table. The following indices were used: the detection
probability (POD), the frequency bias index (FBI), the false alarm rate (FAR), and
the equitable threat score (ETS) POD, also called the hit rate. These indices were
used to calculate the occurrences of rainfall by satellites and determine whether
rainfall occurrences were detected correctly. FAR denotes that occurrences of
rainfall were detected incorrectly. Furthermore, ETS indicates how well PESPs
conformed to the measurements of the rain gauges. These indices were calculated as
follows:

POD ¼ H
HþM

ð8:11Þ

FAR ¼ F
HþF

ð8:12Þ

ETS ¼ H � hits
HþMþF � hits

ð8:13Þ

hits ¼ HþMð Þ HþFð Þ
HþMþFþ Z

FBI ¼ HþF
HþM

ð8:14Þ

where H is the correct detection of the measured precipitation number (hits), F is
the precipitation number detected but not measured, and M is the precipitation
number measured but not detected (misses). The ideal POD, FBI, FAR, and ETS
values are 1, 1, 0, and 1, respectively. More information and explanations are
described in Schaefer (1990), Wilks (2006) and Sun et al. (2016).

8.2.5.3 Statistical Evaluation of the Hydrological Model

In both the observed streamflows and the resultant streamflow simulations, statis-
tical evaluation indices were applied to assess the uncertainty and the performance
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of six PESPs. The criteria for model performance were tested using three widely
utilized statistical indicators for simulations of hydrological models. First, NSE was
used to match simulated flows with their statistical goodness values. NSE varies
from −1 to 1, with greater values signifying stronger correspondences (Legates
and McCabe 1999). If NSE � 0, then the model lacks skill concerning the
observed mean as a predictor (Lakew et al. 2017). Additionally, the percent bias
(Bias) and the determination coefficient (R2) were utilized to assess the agreement
between the simulated and measured discharges. These statistical indices were
calculated using Eqs. (8.15), (8.16), and (8.17), respectively, as follows:

NSE ¼ 1�
Pn

i¼1 Qobs � Qsimð Þ2Pn
i¼1 Qobs � Q0

obs

� �2 ð8:15Þ

R2 ¼
Pn

i¼1 Qobs � Q
0
obs

� �
Qsim � Q

0
sim

� �2
Pn

i¼1 Qobs � Q0
obs

� �2 Pn
i¼1 Qsim � Q0

sim

� �2 ð8:16Þ

Bias ¼
Pn

i¼1 Qsim � Qobsð ÞPn
i¼1 Qobs

� 100% ð8:17Þ

where Qsim and Q
0
sim are the simulated streamflow and the average simulated

streamflow, respectively, and Qobs and Q
0
obs are the measured streamflow and the

average measured streamflow, respectively. When the values of NSE = 1, R2 = 1,
and Bias = 0%, the optimum result occurs.

8.3 Results and Discussions

8.3.1 Comparison and Assessment of PESPs

The PESP precision against the in situ rain data was first tested over the BNB to
understand the adverse effects of these products on hydrologic models and their
correlated uncertainties. The comparative analysis was carried out using statistical
approaches to explore and distinguish precipitation patterns and quantify errors over
the BNB for six PESPs. The BNB climate is typified by a dry winter season, little
spring rain, and a wet summer season (Awulachew et al. 2008). In the summer
months between June and September, approximately 70% of the annual precipi-
tation falls (Awulachew et al. 2008). In this study, one year is split into three
periods: the dry season (known in Ethiopia as the Bega) (October–February), the
period of little rainfall (known in Ethiopia as the Belg) (March–May), and the wet
season (known in Ethiopia as the Kremt). Figure 8.3 displays the spatial distribu-
tion maps of the annual average rainfall (column (a)), the dry season (column (b)),
the season of little rain (column (c)), and the wet season (column (d)) obtained from
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Fig. 8.3 Distribution maps of annual average (column (a)), dry season (column (b)), small rainy
season (column (c)) and rainy season (column (d)) rainfall amounts obtained from PESPs over the
BNB during 2001–2007 (mm/month)
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PESPs over the BNB during the period from 2001–2007. Most PESPs (except
PERSIANN) typically displayed harmonious patterns of precipitation, with pre-
cipitation events decreasing from south to north. However, high precipitation
quantities are concentrated in the southern BNB zone in the elevated mountainous
areas, and precipitation obviously depends on the basin’s elevation. The precipi-
tation distribution maps also show increases in precipitation in summer (the wet
season), especially in August, but precipitation is seen to decrease in winter (the dry
season). In both the seasonal and annual spatial patterns, TRMM 3B42V7 repro-
duced the spatial distributions well against the gauge-based observations.
Conversely, the annual and seasonal precipitation patterns obtained with
PERSIANN were very distinct with different precipitation intensity distributions.

Figure 8.4 shows the relative volume contributions and the frequency distribu-
tions of monthly rainfall at point-based gauge locations in various rainfall event
ranges. The monthly precipitation was classified into four groups: 0, 0–100, 100–
200, and >200 mm/month. All six PESPs underestimated no rainfall events at the
occurrence frequency, while they overestimated small, heavy, and torrential pre-
cipitation occurrences (0–100 and >200 mm/month). In terms of moderate rainfall
events, all PESPs overestimated their frequencies. The TRMM 3B42V7 estimations
were close to the rainfall gauge data for the volume contribution distribution;
however, there were some differences compared with the observed gauge-based
data. The different performances of volume contributions among PESPs signifi-
cantly influenced the following hydrological simulations, as most hydrological
processes in distributed hydrological models are sensitive to the total precipitation
amount and to the distribution of rainfall intensity (Sun et al. 2016). Overall,
TRMM 3B42V7 had a greater agreement than the other products when comparing
both occurrence frequency and relative volume contribution rate data for moderate

Fig. 8.4 The occurrence frequencies (bars) of each monthly PESP estimate and their relative
volume contributions (lines) to the total rainfall for the 2001–2007 period
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and extreme rainfall events with rain gauge-based data. TRMM 3B42RT, however,
had better agreement with the gauge-based data for no rainfall events and small
rainfall events.

Figure 8.5 shows the average monthly precipitation scatterplots of six PESPs
against in situ rainfall observations and provides further insight into the charac-
teristics of the variations between the six studied PESPs (TRMM 3B42V7, TRMM
3B42RT, GPCP-1DD, CMORPH-V1.0, PERSIANN, and PERSIANN-CDR) and
the in situ rainfall observations during the period from 2001 to 2007 over the BNB.
In addition, the statistical indicators of the monthly scale estimations of six PESPs
are briefly described in Table 8.3. Good agreement can be observed for all PESPs
compared with the gauging measurements except PERSIANN. Among these
PESPs, TRMM 3B42V7 exhibited the best correspondence against the rain gauge
observation data, which is reflected in its CC value of 0.97, the highest among all
products, and its RMSE of 14.25 mm/month and RE of 10.14%, the smallest
among all products (Fig. 8.5a). Additionally, TRMM 3B42RT and GPCP-1DD
showed good performance against the rain gauge observations, with CC values of
0.96 and 0.93 and RMSE values of 28.98 mm/month and 28.46 mm/month,
respectively (Fig. 8.5b, e). In contrast, PERSIANN missed the monthly variance for
the target basin and presented the poorest values: an RMSE of 82.17 mm/month
and an RE of 124.13% (Fig. 8.5c).

TRMM3B42V7 vs. Gauge

Fig. 8.5 Scatterplots showing monthly precipitation between in situ rainfall observations and
PESPs in the BNB during 2001–2007

Table 8.3 Statistics of in situ rainfall measurements and PESPs at the monthly timestep

TRMM
3B42V7

TRMM
3B42RT

CMORPH-
V1.0

GPCP-1DD PERSIANN PERSIANN-CDR

CC 0.97 0.96 0.94 0.93 0.95 0.69

RMSE 14.25 28.98 41.49 28.46 82.17 80.95

RE
(%)

10.14 32.26 63.70 34.21 124.13 18.93
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For the categorical statistics, the overall accuracy of the precipitation products
(based on POD, FBI, FAR, and ETS) decreased as the rainfall threshold rose,
indicating that the studied PESPs are less skilled at estimating the exact magnitudes
of intense precipitation events. Figure 8.6 illustrates the precipitation detection
analysis events over the BNB at several precipitation thresholds, 30 mm/month,
60 mm/month, 90 mm/month, 120 mm/month, and 150 mm/month, using cate-
gorical statistics (POD, FBI, FAR, and ETS). All PESPs showed POD scores
greater than 0.9 (except GPCP-1DD) (Fig. 8.6a). However, for FAR, TRMM
3B42V7 showed the lowest value across all precipitation ranges; meanwhile, the
best score was observed for TRMM 3B42RT for the threshold of 90 mm/month
(Fig. 8.6b). In general, TRMM 3B42V7 had the best FAR, ETS and FBI values,
indicating that it exhibited the best performance across all precipitation ranges. At
the same time, PERSIANN demonstrated the weakest performance for the cate-
gorical statistics.

Fig. 8.6 a POD, b FAR, c FBI, and d ETS values of the six monthly PESPs against rain gauge
observations at 30 mm/month, 60 mm/month, 90 mm/month, 120 mm/month and 150 mm/month
threshold values over the BNB during 2001–2007
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8.3.2 Comparison and Hydrologic Evaluations
of Streamflow

According to Bitew and Gebremichael (2011), there are two advantages to evalu-
ating PESPs based on their predictive flow rate performances in a hydrologic
modeling framework. One of them is that PESPs are evaluated as a driving input
variable in a hydrological model concerning a specific application. In the prior
section, all PESPs were compared against the gauge-based observations; the sub-
sequent phase was designed to evaluate how these PESPs influenced streamflow
simulations by driving the Hydro-BEAM model over the BNB. The streamflow
simulation using the Hydro-BEAM Model was calibrated by comparing the mea-
sured discharge to examine the efficacy of the six studied PESPs over BNB during
the calibration period. The Hydro-BEAM model was then forced by
CMORPH-V1.0-RAW, TRMM 3B42V7, TRMM 3B42RT, PERSIANN,
PERSIANN-CDR, and GPCP-1DD as inputs for seven years (2001–2007) by
maximizing the NSE value and the previous model parameter values. Figure 8.7
shows the monthly measured discharge hydrograph compared with the simulated
hydrographs in the calibration (from 2001 to 2003) and validation (2004–2007)
periods at Khartoum Station. Overall, the simulated hydrographs are noted to be in
good agreement with the observed hydrograph, but in some cases, the simulated
flows are either underestimated or overestimated compared to the high peaks
observed. However, the simulated streamflows presented the relatively low per-
formances of some PESPs in the validation period.

The exceedance probability between the monthly measured and simulated dis-
charges is dependent on the rain gauge observations, and the six studied PESPs,
used as rainfall drivers in the BNB for the interval 2001–2007, are shown in
Fig. 8.8. In the calibration period, the exceedance probability plots indicated
underestimations of high streamflows for all PESPs and overestimations of low
streamflows for all PESPs (Fig. 8.8a). On the other hand, in the validation period,
all PESPs showed underestimations of high streamflows and overestimations of low
streamflows (except PERSIANN and CMORPH-V1.0) (Fig. 8.8b). As the statisti-
cal measures briefly described in Table 8.4, the three statistical indices used to
measure the efficiency of the model showed perfect agreement between the
observed and simulated hydrographs during the calibration period and reasonable
simulations conducted during the validation period. According to the statistical
metrics that reflect the model performances, the Hydro-BEAM model can capture
the timing, occurrence, and magnitude of the rainfall events shown in the monthly
observed hydrograph quite well. Although these metric indices were reasonable for
the validation period, they were not as good as those obtained during the calibration
period, which indicates better agreement during this period.

The simulation forced by the TRMM 3B42V7 product had the best NSE (0.88
and 0.85), Bias (10.35% and − 2.87%), and R2 (0.94 and 0.92) values during the
calibration and validation periods, respectively. The predicted streamflow results
were in good correspondence with the observed streamflow data (see Fig. 8.7a,
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Table 8.4). The GPCP-1DD- and TRMM 3B42RT-forced simulations also showed
good agreements with the observed streamflow throughout the calibration period,
with NSE values of 0.87 and 0.87, Bias values of 12.23 and 17.31%, and R2 values
of 0.94 and 0.95, respectively. These products exhibit slightly less performances in
the validation period, with NSE values of 0.85 and 0.84, R2 values of 0.92 and 0.92,
and Bias values of 1.15% and 2.95%, respectively (Fig. 8.7b, c; Table 8.4).
Conversely, the PERSIANN and CMORPH-V1.0 simulations showed fair perfor-
mances, with NSE values of 0.59 and 0.42, Bias values of −38.01% and −31.86%,

Calibra on Valida on Calibra on Valida on

Fig. 8.7 Hydrographs of Hydro-BEAM-simulated and measured monthly discharges for the
calibration (2001–2003) and validation (2004–2007) periods (separated by the vertical line)

Calibration Validation

Fig. 8.8 Exceedance probabilities of monthly discharge in the a calibration period and
b validation period
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and R2 values of 0.84 and 0.68 in the validation period, respectively (Fig. 8.7e, f;
Table 8.4). Generally, the TRMM 3B42V7 simulations gave the best performance
with the Hydro-BEAM model among all PESPs over the BNB during the simu-
lation period (2001–2007). The PERSIANN and CMORPH-V1.0 are not recom-
mended for direct use, as they showed lower abilities to simulate streamflow over
the target basin. Therefore, bias removal in PESPs is key to enhancing the truth-
fulness of hydrologic simulations (Bitew and Gebremichael 2011).

8.4 Conclusions

PESPs are recognized as viable sources of precipitation data for use in various
hydrologic models for water resource management worldwide and for regional and
global hydrologic applications, particularly in data-sparse regions with poor or
nonexistent rain gauge measurements. In the current study, a comprehensive
analysis was performed to better understand the reliability, precision, and appli-
cability of six PESPs (TRMM 3B42V7, TRMM 3B42RT, PERSIANN,
PERSIANN-CDR, CMORPH-V1.0, and GPGP-1DD) against rain gauge mea-
surements over the BNB during 2001–2007. Precipitation distribution maps over
the BNB were presented based on the six PESPs, which are obviously dependent on
the basin’s elevation. It can also be noticed that the precipitation variation increased
in summer (the wet season), especially in August, but decreased in winter (the dry
season). Statistical analysis indicated that most PESPs could capture the occurrence,
timing, and magnitude of precipitation events. In particular, TRMM 3B42V7
typically presented a stronger ability to detect precipitation events than did the other
products and correlated well with rain gauge measurements. Moreover, the best
FAR, ETS, and FBI were obtained for TRMM 3B42V7 across all precipitation
thresholds. Conversely, PERSIANN mostly displayed the lowest estimations of the
entire precipitation (Bias), with a high RMSE. Additionally, PERSIANN showed
the worst results for the categorical statistics, although it had a better POD score
than did the other products.

Table 8.4 Statistical monthly summary measures of PESP inputs and corresponding streamflows
during the calibration and validation periods

Datasets Calibration Validation

NSE R2 Bias (%) NSE R2 Bias (%)

TRMM 3B42V7 0.88 0.94 10.35 0.85 0.92 − 2.87

GPCP-1DD 0.87 0.94 12.23 0.85 0.92 1.15

TRMM 3B42RT 0.87 0.95 17.31 0.84 0.92 2.95

PERSIANN-CDR 0.86 0.94 11.30 0.83 0.93 − 17.28

PERSIANN 0.79 0.94 25.79 0.59 0.84 − 38.01

CMORPH-V1.0 0.78 0.94 27.67 0.42 0.68 − 31.86
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For streamflow modeling, the predictive capacity of each PESP was examined
using the Hydro-BEAM model after a calibration with the observed measurements
was conducted. In general, all products achieved reasonable NSE and R2 values for
their estimations of streamflow series at the monthly timestep during the calibration
and validation periods (except CMORPH-V1.0 in the validation period). The
streamflow simulation results based on TRMM 3B42V7 provided the best corre-
spondence with the measured discharge series compared with the other PESPs.
Moreover, the results revealed that TRMM 3B42V7 may be another potential
source of data for the area characterized by sparse rainfall gauges in the BNB. In
contrast, the PERSIANN and CMORPH-V1.0 products demonstrated lower
potentials for utility in hydrologic applications over the BNB.

In summary, the six studied PESPs showed considerable potential for hydro-
logical applications and research. Among the six PESPs, TRMM 3B42V7 exhibited
the best performance when compared with observed, gauge-based data in terms of
all analyzed criteria over the BNB region, followed by GPCP-1DD and TRMM
3B42RT. By contrast, CMORPH-V1.0 showed fair agreement compared to the
other products. The evaluation of the six PESP-based simulations performed for the
BNB may not be valid for other areas characterized by different hydroclimatic
regimes. In general, this research hopefully offers a good understanding of the
utility and uncertainties of various PESPs in streamflow simulations and forecasts
and water resource planning and management with satellite-based rainfall data,
particularly in data-scarce catchments. Future studies are required to disclose PESP
applications under the conditions of climate change, different initial conditions, and
among various basins, especially those in data-sparse and ungauged regions.
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Chapter 9
Innovative Monitoring Techniques
for Wadi Flash Flood by Using
Image-Based Analysis

Mahmood M. Al-Mamari, Sameh A. Kantoush, and Tetsuya Sumi

Abstract Flash floods in wadi systems are a very important environmental issue,
and their monitoring is necessary for many applications, including water resource
management, irrigation and flood control. However, monitoring networks are very
rare and lack spatial distribution features. In this study, image-based techniques
were used to quantify and monitor flash floods in wadi channels by using two
different methods. In the first section, we employed photogrammetry processing
technique to quantify post-peak flood discharges by using a drone survey to build a
digital elevation model (DEM) with a high resolution and calibrated and validated
the model with a field survey (levelling measurements). This technique used
drone-collected images to construct a DEM for extracting a cross-sectional profile
and elevation points to calculate the peak discharge using the slope-area method
with the Manning equation. In the second section, we combined the previous
technique with the large-scale particle image velocimetry (LSPIV) technique to
measure flash flood discharge by installing a fixed camera on a road bridge crossing
a wadi channel and using a digitally extracted cross section from the DEM in the
analysis. The results of those techniques show a high efficiency that is equivalent to
that of conventional methods.
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LSPIV
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9.1 Introduction

Precipitation is the main source of water in semiarid and arid regions. The variables
of rainfall patterns are intricate with irregular frequencies. However, the intensity
and duration of rainfall play the main roles in hydraulic processes in dry envi-
ronments. Arid regions have many challenges associated with water stress and
desertification due to high temperatures and water demands (Sen 2008). Effective
water resource management is very important for human and environmental sus-
tainability. In recent years, extreme rainfall events have increased; consequently,
flash floods occur more frequently with high discharges. Additionally, massive
destruction to infrastructure and properties and human losses have occurred in the
last decade in arid regions due to hazardous disasters such as flash floods. However,
many countries in dry environments face water resource shortages and drought
because of improper management and monitoring. In Middle East countries and
North Africa, the term ‘wadi’ is used to refer to an ephemeral channel or valley.
Wadi systems are different from river systems due to their scientific and flow
dynamics. Run-off in wadi is mainly dependent on the availability of rainfall events,
with rapid peaks of water occurring in streams for short periods. The critical issue
concerning wadi flash floods is the availability of hydrological data, and observa-
tional data is lacking in this area. There are several challenges involved in wadi
monitoring; for instance, access to gauges during flash floods can be impossible,
and technical problems with inapplicable instruments measuring flow dynamics
(discontinued flow) and sediment load (instrument protection housing clogged up
with sediment) can occur, as well as the destruction of hydrometric stations.

Recently, many studies have been conducted to simulate flash floods in wadi
basins; however, the efficiency of these models is limited by the observed data
(Abdel-Fattah and Kantoush 2016). Many arid countries have requested inexpen-
sive and adaptable techniques for qualitative and quantitative hydrology and water
resources due to the ephemeral conditions of wadi basins. To manage and monitor
wadi flash floods in arid regions, this chapter presents new methods and approaches
by using image-based techniques. Therefore, the monitoring and measurement of
wadis are tools used to improve and achieve better management systems. The use of
image-based techniques to monitor and quantify flash floods will assist in
upgrading hydrological databases with higher accuracies, faster analyses and early
warning systems. Therefore, we can integrate our water resource management by
mitigation structures, water resource policies/strategies and aquifer management
recharge. Additionally, these techniques will provide real-time visual warning
systems for flash floods in basins, which will help to prevent and warn downstream
communities about strengthening flash floods, and can be used to manage dam
operations for the release and storage of water in dam reservoirs during severe
conditions.

First, we will discuss image analysis for monitoring wadi flash floods in arid
regions. Wadi flash floods are rapid run-off events of peak discharges over dry
channel beds. Typically, these events are under-monitored and under-investigated
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and are forecasted based on rainfall magnitudes (Smith et al. 2014). In general, the
impacts of climate change are expected to include the potential for more changes in
rainfall intensities and temperature levels. Accurate field observations of wadi flash
floods will provide a scientific understanding of flood characterizations that can
help improve future flood forecasting and management. The use of direct and
indirect measurements of discharge was possible with image-based techniques. The
aim of this section is to provide alternative techniques to estimate peak post-flood
discharge in wadi systems.

In the second section, we will discuss the large-scale particle image velocimetry
(LSPIV) technique to monitor and measure flash flood discharge as a new method
for wadi systems. LSPIV is a method used to measure surface flow velocity by
using pairs of images extracted from recorded videos of flash floods. The first
systematic study using LSPIV was carried out in 1998 by Fujita et al. (1998) for
river systems. This technique is a noncontact measurement that can monitor flash
floods from safe places and can provide a real-time monitoring system. The main
advantages of this technique are the inexpensiveness, adequate accuracy and
geographic extent of the measured surface water. This technology has been widely
investigated in river basins (Harpold et al. 2006; Sun et al. 2010; Coz et al. 2010).
This paper reports and investigates the performance of using image-based tech-
niques in wadi systems to quantify post-peak discharges and real-time flow rates.
The accuracy of LSPIV was evaluated in wadi flash floods, and the outputs seem
to be very plausible (Al-Mamari et al. 2019). LSPIV can measure flash flood
discharge with an accuracy comparable to that of local point measurements
(current meter, transducer sensor and radar water level), which are the most
common monitoring methods employed to measure water levels and compute
discharges by using a rating curve. In addition, the conventional method of
monitoring wadi flash floods is always influenced by technical issues due to dry
seasons and the lack of recorded data as well as changing sediment loads and bed
channels. Therefore, this work shows that innovative monitoring techniques can be
used to obtain noncontact measurements and extract powerful information and data
from wadi channels. The case study was from Wadi Aluqq in Oman, where a flood
event occurred in October 2018 with a medium flow. We successfully estimated
the flow rate at three phases (rising, peak and recession) and compared the results
with those obtained from the conventional method (slope-area method). The
resultant flood discharge from the rating curve was 6.3 m3/s, and the
LSPIV-estimated discharge showed very good agreement, with a value of
approximately 6.4 m3/s. The proposed monitoring techniques could provide
high-quality measurements of wadi flow discharges without the need to visit the
field during flash flood events, which is challenging work.
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9.1.1 Conventional Monitoring Techniques and Methods
in Wadi Systems

Water resource management requires highly precise observation data collected
using different equipment and methods for monitoring and early warning systems to
prevent threats to humans and infrastructure. Many techniques have been utilized to
monitor wadi flash floods, such as crest stage indicators (gauges), water level
transducers and radar water levels (Fig. 9.1) (Public Authority for Water Resource
1983). However, these techniques represent local point observations, which deliver
some uncertainty when used to calculate discharge. The slope area method is an
indirect measurement used to estimate peak discharge after a flood occurs by using
a channel geometry technique that was developed in the Western USA (Johnson
1977). We define the relationship between the channel geometry and flood level,
which is utilized to develop a rating curve based on the accumulation of slope-area
measurements. This method is applied by using the Manning equation and the
principle of conveyance. For this method, three or more cross sections of the wadi
channel are required with estimated roughness coefficients. The accuracy of this
method is dependent on the visibility and availability of flood markers, which
present water level markers in the channel embankment (Dalyrmple and Benson
1967). Therefore, the combination of observed data obtained by monitoring tech-
niques (transducer water levels and radar water levels) and rating curves can be
used to analyse daily or hourly discharge in wadi channels. Figure 9.2 shows the
equipment used to conduct the slope-area method in a wadi channel. Recently,
survey instruments have been improved with higher accuracies and easier-to-obtain
surface levelling. However, the main disadvantage of these devices is that they are
very expensive and highly sensitive to weather conditions.

(a) (c)(b) 

Fig. 9.1 a Crest stage indicator; b transducer inside a protection screening filter; c radar water
level
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Current meter measurements were used to measure the flow rates of low dis-
charges (base flows) in wadis (Fig. 9.3). To measure the average discharge, we
divide the width of the surface flow in the wadi channel into several sections and
measure the velocity of each section; then, we multiply the average velocity by the
cross-sectional area to give the total discharge. Wadi systems in arid regions are
characterized by high drainage densities with complex topographic features.
Therefore, these systems require widespread hydrologic monitoring networks to
achieve integral water resource balance in wadi basins.

Fig. 9.2 Slope-area method using levelling instruments

Fig. 9.3 Current meter measurement method
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9.2 Image-Based Techniques

Currently, image processing analysis is a widespread technique used to extract large
amounts of data and information. In the literature, there are several examples of
using image-based techniques for monitoring water surfaces (Muto et al. 2002;
Fujita et al. 2019; Detert and Weitbrecht 2015). Huang et al. (2018) developed an
automated discharge imaging system to estimate floods during typhoon events by
using LSPIV in river systems. Objective detection methods have been created based
on improvements in image analysis and enhancement over water surfaces; these
methods are used to study water and environmental pollution (Zhang et al. 2019).
Image-based techniques have been used to investigate and quantify many natural
phenomena. Additionally, this new method can show one- and two-dimensional
visualizations of different applications. There are many factors that must be con-
sidered in image processing, such as the image resolution, image acquisition tools
and image analysis software. In addition, image analysis goes through three general
stages for image treatment: preprocessing, enhancement and information extraction
(Anbarjafari 2014).

9.2.1 Estimation of Peak Discharge Using the Slope-Area
Method and Image Processing

It is quite a challenge to manage and develop flash flood monitoring systems in arid
regions due to the large-scale catchments and the lack of financial investments in
the water sector. The slope-area method is a conventional technique used to
quantify peak post-flood discharges in wadi systems; this method requires time and
equipment for surveying. However, this method is an indirect measurement that has
been used to study low-flow and ephemeral rivers and is currently less frequently
used due to the large amount of required statistical analysis (Griffiths and
McKerchar 2015). In this section, we used observed and field-measured data to
calculate peak discharge in a wadi system and compared the data with the new
method involving image processing. This approach was approved by Castillo et al.
(2018) to be more suitable to provide sufficient cross-sectional measurements with
less time and lower costs than the conventional method. With the high growth of
unmanned aerial vehicle (UAV) technology, also called drones, UAVs have been
utilized as instruments to extract information such as channel morphology and flood
markers. In this research, we presented a novel technique for quantifying the
post-flood peak discharge in a wadi system using imagery acquired by UAVs with
photogrammetry analysis.
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9.3 Methodology

9.3.1 Study Area and Data Collection

The study area is Wadi Aluqq, a part of the Wadi Samail catchment in northern
Oman with a drainage area of 136 km2 (Fig. 9.4). The main types of channel bed
material in this basin include gravel and sand. This research was applied on a
small-scale reach of a wadi channel that was surveyed by drone and satellite lev-
elling instruments. Thirty-five images were acquired for the study reach by using a
drone camera. The zenith of the camera was perpendicular to the channel bed with
approximately 50% overlap between images. The camera resolution was 20 MP, or
5472 � 3648 pixels, which had a high efficiency in detecting high details of the
wadi channel bed. Four ground control points (GCPs) were located over the reach
and were marked with visible spray marks. These GCPs were distributed over the
reach to calibrate the photogrammetry analysis and georeferenced into real-world
units. Agisoft Metashape is a commercially available software that is used to
generate dense cloud points to formulate a digital elevation model (DEM). A DEM
was constructed based on the formulation of textural features and the detection of
structural properties with a differentiation of features with similar spectra in the
same region. Spray marks were placed on all elevation points obtained by the
levelling instrument. We used the DEM to extract the same cross-sectional location
for the levelling survey. Figure 9.5 shows the methodology approach used to
estimate peak discharge with different techniques.

The peak discharge was calculated from the cross sections using the slope area
method equations. A satellite levelling instrument was used to obtain three cross
sections and flood markers. Additionally, 51 channel bed elevation points for the
three cross sections with 22 flood marker elevation points were used to compute the
peak discharge by using the slope-area method and Manning equation. The water
slope surface was calculated from the flood marker elevation points. Wadi channel
flow is a part of the hydrological process for which measurements represent the
flood catchment scale. Water level gauging stations were used to detect high water
marks with which to extract cross sections from DEMs (drone surveys) and mea-
sure the water depth of flows in wadi channels.

The cross section was divided into small areas to estimate the discharge and
reduce the uncertainty in the vertical velocity profile. In the first step involving the
camera installation and set-up, the camera was mounted on a road bridge across the
wadi channel. The camera view covered the channel width with a visible selected
GCP. The installed camera was operated by a power supply from batteries and used
a memory card to record the flood events. On 28 October 2018, we recorded a flash
flood event with approximately five hours of continuously recorded discharge. The
discharge was estimated to be 6.3 m3/s from a rating curve that was constructed
based on different slope area measurements.
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Fig. 9.4 a Drone survey of wadi channel bed; b location of Wadi Aluqq showing topographic
elevation

Fig. 9.5 Methodology for generating a digital elevation model (DEM)
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9.3.2 Image Preprocessing

The recorded video of the flash flood was converted into frames. The specification
of the video was 30 frames per second (fps) with an image resolution of
1280 � 720 pixels. We enhanced the images by changing the contrast setting to
improve the sediment tracers and natural floating debris to be clearer and more
visible, which helped drive the flow patterns and directions when computing the
surface velocity (Kantoush 2009). We selected six natural GCP features (stable
rocks within the channel). The images were orthorectified to a plan-to-plan view by
using the GCPs, and each pixel was projected and georeferenced based on the
correction from the GCPs.

9.3.3 Computation of Surface Flow Velocities by LSPIV

The commercial software used to analyse surface flow velocity in this paper was
Dantec Dynamics A/S, Denmark. In addition, there are other options of
open-source software that can be used for such analyses, such as Fudda-LSPIV and
PIV ImageJ. Series of images were uploaded into the software with a time interval
of 0.03 s between frames. We analysed the images with the cross-correlation
function for the LSPIV technique, dynamic filtration and statistical analysis of the
images to obtain the computed flow velocity and flow pattern (Fujita et al. 1998).
Natural tracers provided detection marks with which to involve the movements in
an interrogation area (IA) by following the detection pixel with marker movements
from the first frame to the second frame. In addition, the IA was surrounded by the
search area (SA) to identify the vector pattern that moved out of this area (Coz et al.
2010). The outline of the IA was delimited by 64 � 64 pixels with 50% overlap to
formulate correlation coefficients. The resulting surface flow velocities were aver-
aged for all frames to obtain a statistical analysis that included the mean velocity,
correlation coefficient, standard deviation and variance over all pixels to avoid
uncertainty from invisible tracers in the water surface.

9.3.4 Calculation of Discharge

Figure 9.6a shows the visibility of the displacement of foam on the water surface.
The white line shows the location of the cross section, which was used to calculate
the discharge and analyse the surface flow velocities. We validated our results using
three approaches (slope-area method, velocity–area method and average cross
section). The Manning equation was utilized to estimate the flow velocity between
three cross sections from field survey data (slope-area method). The velocity–area
method was applied to calculate the discharge. We used 42 segments to measure the
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surface velocity, vi, with width, Dyi, along the surveyed cross section. We summed
the discharges as Q ¼ Pn

i¼1 avihiDyi, where hi was the water depth, defined based
on the availability at each time step of the measured velocity to calculate discharge;
vi is a function of the surface velocity; and a is the correction factor of 0.8 (Hauet
et al. 2008). Figure 9.6b shows the bathymetry of the wadi cross section extracted
from the digital elevation model (DEM). In addition, we obtained the levels of
water markers from the field survey and validated them with the measured water
levels.

9.4 Results

The accuracy of the photogrammetry analysis is shown in Fig. 9.7; the accuracy
was determined by checking the correlation between the measured and computed
elevation (DEM) of the cross section. With 15 elevation points, the results had a
good fit, with R2 = 0.99. However, we determined the mean square error (MSR) for
those points, which was equal to less than one centimetre (MSE = 0.027).
Figure 9.7 shows that the obtained cross section (CS) from the field survey and
extracted CS from the DEM matched well, but the CS from the DEM had high and

Fig. 9.6 a Original image showing the location of the cross-sectional velocity vectors; b the
cross-sectional profile extracted from the DEM
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precise elevation details over the whole cross section. We assume the peak dis-
charge had uniform flow. Three cross sections were used to calculate the peak flood
discharge, as presented in Fig. 9.8. The calculated peak discharge from the image
processing technique was compared with the calculated peak discharge from the
satellite levelling survey (Fig. 9.9). The DEM cross section included more details
regarding the channel bed that could give reasonable estimations of peak discharge.
Moreover, using drones for field surveys can clarify flood marks more easily than
using conventional methods.

Fig. 9.7 Comparison between the generated DEM and measured cross section

Fig. 9.8 Three cross sections used to estimate the peak discharge
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Additionally, the cross sections obtained through the levelling survey produced
an underestimated peak discharge due to the unclear topography of the channel bed.
The channel bed roughness was estimated based on soil materials in the wadi reach.
To calculate cross-sectional areas, we used ArcGIS software and drew the x-, y- and
z-axes as polygons. The peak discharge estimated from the DEM was higher in all
three cross sections than those obtained in the levelling survey. However, the
satellite levelling survey simplified the cross sections of the wadi channel by
obtaining elevation points for general topographical shapes with limited data points.
The peak discharge obtained by this survey had similar results to that obtained by
the drone survey.

9.4.1 LSPIV Velocity Result

Figure 9.10 shows the average velocity pattern in the surface velocities measured
by LSPIV. The computational analysis provided LSPIV velocities over all flood
surface extents. The averaged cross-sectional velocity obtained using LSPIV
(0.83 m/s) was compared with the velocity obtained with the slope-area method,
which was computed based on the slopes between the cross sections and water
marker elevations (Manning equation) and was equal to 0.7 m/s. Overall, there is
reasonable agreement between both techniques, and the relation between the sur-
face flow velocity and cross-sectional profile is shown in Fig. 9.11. We can see that
there was a decrease in the velocity on the right bank during the peak and recession
phases due to the effects of the channel bank (rock).

Fig. 9.9 Comparison between estimated discharges from the generated DEM and the measured
elevation values
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9.4.2 LSPIV Discharge Result

The LSPIV analysis of discharge was divided into three phases (rising, peak and
recession). Figure 9.12 shows the LSPIV-estimated discharge compared with the
computed discharge measured by the rating curve using field measurements.
The LSPIV computation was used to calculate the discharges with the mean surface
flow velocity and cross-sectional surface velocity distributions in different time
intervals. The mean velocity of the LSPIV-estimated discharge showed underesti-
mated values compared to those obtained from the conventional method; on the
other hand, the cross-sectional surface velocity of the LSPIV-estimated discharge
(approximately 6.48 m3/s) showed very good agreement with the computed dis-
charge from the rating curve and field measurements, which equalled 6.34 m3/s.

Fig. 9.10 Average flow patterns with velocity colour maps and orthorectified images using
LSPIV for a the rising phase, b the peak phase and c the recession limbs of the flood event on 28
October 2018, where LB is the left bank and RB is the right bank (Al-Mamari et al. 2019 MDPI—
hydrology)
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9.5 Conclusions

Hydrological data is an important component in evaluating and managing water
resources. In this paper, the investigation of post-peak flood discharge and a
real-time discharge measurement method for wadi flash floods in arid regions using
photogrammetry and LSPIV techniques was presented. Image-based techniques
have been used to quantify post-peak flood discharge for wadi systems by gener-
ating DEMs from drone images with fully automated processing workflows.
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Fig. 9.11 Relation between the surface flow velocity and cross-sectional profile (Al-Mamari et al.
2019 MDPI—hydrology)
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To generate a DEM, several images with approximately 50% overlap between them
and ground control points are required to improve the processing performance. We
calibrated and validated the new approach by using a levelling field survey. Based
on the analysis, the mean square error between the extracted cross sections from the
field survey and the DEM was very small and was equal to 0.027. The new method
is easy and has acceptable accuracy compared with other, conventional methods.
The combination of techniques proved that image processing can provide sufficient
data and information. Photogrammetry analysis is very sensitive to shadows created
by vegetation or any objects. The LSPIV technique was utilized to measure the
surface flow velocity with a cross-sectional profile from the DEM. The results show
good agreement between the surface flow velocity and slope-area method; the
estimated peak discharge in the LSPIV method was 6.4 m3/s, and that from the
slope-area method was 6.3 m3/s. However, the investigation of estimated discharge
was very efficient and can be improved with a high-resolution camera and optimal
camera angle. This technique will provide an opportunity to measure post-peak
flood discharges in any topographic conditions and represents a cost-effective
technique to monitor flash floods. However, these techniques require a visible tracer
and floating objects in the water surface to detect discharge velocities. Future
research will be concerned with developing a real-time monitoring system in wadi
basins for multitask purposes, such as early warning systems and online real-time
measurements.
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Chapter 10
A Temporally Varied Rainfall Simulator
for Flash Flood Studies

Mohammad Ebrahim Banihabib and Bahman Vaziri

Abstract Experimental studies of flash floods require rainfall simulations. For this
reason, various rainfall simulators have been designed, built, and employed in
previous studies. These previous rainfall simulators have provided good simulations
of constant rainfall intensities; however, these simulators cannot generate tempo-
rally varied rainstorms. Thus, the effect of the temporal distribution of a rainstorm
on flash flooding cannot be studied using current rainfall simulators. To achieve
accurate and reliable results in flash flood studies, simulating rainstorms that are
similar to natural precipitation events is essential, and natural rainfall varies tem-
porally. Thus, a rainstorm simulator was designed and built using cascading tanks
to generate rainstorm hyetographs that cannot be obtained using traditional rainfall
simulators. The result of the rainstorm generated by the proposed instrument and its
numerical model showed that the instrument can simulate the temporal distributions
of rainstorms with an accuracy of 95 percent. Consequently, the proposed instru-
ment and its numerical model can be applied for generating artificial rainstorm
hyetographs in experimental and field studies of flash floods.

Keywords Rainfall simulator � Rainfall hyetograph � Cascade reservoir routing �
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10.1 Introduction

Flash floods are frequently reported in arid and semiarid regions in Iran, Iraq,
Egypt, and Oman (Al-Rawas and Valeo 2009; Banihabib and Tanhapour 2020; de
Vries et al. 2013; Mustafa et al. 2019). For example, debris floods are flash floods
that occur in the mountainous areas of Mazandaran and Golestan Provinces, Iran
(Banihabib and Tanhapour 2020). Flash floods were also reported in various pro-
vinces in Iran during the period from 1962 to 2002 (Tabari and Willems 2016). In
this period, the total flood damage was appraised to be US$138 million. Roughani
et al. (2007) reported that heavy rainfall was a key factor in the flash floods that
occurred in this period. Recently, in March–April 2019, widespread flash floods
damaged most provinces of Iran, causing over $3.5 billion U.S. dollars in
destruction (Aminyavari et al. 2019).

Flash floods are triggered by highly intense rainstorms in arid and semiarid
areas, and flood hyetographs typically display fast growth, even for large catch-
ments. Thus, the temporal characteristics of rainstorms are the main characteristics
used to study the temporal distributions of flash floods (Mays 2001). For example,
even though major dissimilarities between the rainstorm depths of the coastal and
mountainous zones were reported, a strong consistency in only the temporal dis-
tributions of rainstorms that caused flash floods in Oman was observed (Al-Rawas
and Valeo 2009). In another study, Mustafa et al. (2019) showed that the intensity
rates and temporal distributions of rainstorms are among the key features of flash
floods in Iraq’s north region.

Rainfall simulators are useful devices for generating artificial rain, and they are
used in various rainfall-runoff and soil erosion studies. In addition, data obtained
from studies that use these devices can be employed for the verification, calibration,
and evaluation of soil erosion and flash flood prediction models (Sangüesa et al.
2010). Therefore, rainfall simulators are widely used as a useful instrument in flash
flood field experiments. To date, these devices have been widely employed in
various studies to determine soil erosion, runoff, and rainfall percolation in soil
(Esteves et al. 2000; Fernández-Gálvez et al. 2008; Foster et al. 2000; Grierson and
Oades 1977; Moore et al. 1983).

Aoki and Sereno (2006) employed a small rainfall simulator to study the infil-
tration of water into the earth in a 0.0625 m2 square plot. The height of this
rainstorm simulator was 1.5 m, and the required pressure to form raindrops was
provided by a water tank. Cornelis et al. (2004) used a wind tunnel and a rainstorm
simulator to study the effects of wind and rainstorm characteristics on the amount of
soil erosion. In their research, the employed rainstorm simulator had sprinklers that
were able to simulate precipitation with different constant intensities using a
pressurized water system. Simulations of rainfall by these devices are often per-
formed using one of two different methods: nozzle rainfall simulations and
drop-forming simulations (Corona et al. 2013). In the first method, the simulation of
rainstorms is performed by the use of water distribution nozzles. In this method,
pressurized nozzles are embedded in the device, allowing the adjustment of the
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simulated rainstorm intensity based on the water pressure in the system. A device of
this type is shown in Fig. 10.1.

In the second type, artificial raindrops fall using gravity from holes installed in
the device. Generally, the simulated precipitation intensity of these instruments is
adjusted by a device known as a Mariotte bottle. A device of this type is shown in
Fig. 10.2. This kind of simulator consists of two main parts, a Mariotte bottle for
adjusting the amount of water that is let out and the water drainage holes (Huang
et al. 2013). The Mariotte bottle is a device used for adjusting a constant rate of flow
from a cylindrical or cubic tank and a pipe through which air enters the tank with
vertical movement inside the bottle. The amount of air entering the bottle can be
adjusted, which leads to the adjustment of the rainfall rate out of the bottle.

Although these simulation technologies can satisfactorily simulate rainfall of a
certain intensity, they are not capable of making rainfall hyetographs (temporal
variations in rainfall). Under natural conditions, the intensity of rainfall during a
storm period is not constant, and rainstorms always start with low intensity. After a
while the precipitation reaches its peak; then, the intensity decreases, and finally,
the rainstorm stops. Ensuring the accuracy and similarity of simulated rainfall
events to the temporal distributions of actual rainfall events is crucial for obtaining
precise and reliable results in flash flood and soil erosion studies. Therefore, the
invention of new methods for simulating the temporal distributions of rainstorms is
necessary. Accordingly, the main purpose of this research is to design and examine
a rainfall generator to produce various rainfall hyetographs for a more accurate
examination of the different temporal distributions of rainstorms in flash flood
studies.

Fig. 10.1 A nozzle rainstorm simulator
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10.2 Material and Methods

The main disadvantage of existing rainfall simulators is that they can only generate
a constant rainfall intensity. By designing and constructing hyetograph-generating
devices, as shown in Fig. 10.3, the proposed rainfall simulator can simulate tem-
porally varied precipitation using drop-forming simulator technology and a cas-
cading tank model. The cascading tank model has previously been used by some
researchers for flood simulations [8], and in this research, the model was developed
for temporally varied rainstorm simulations. The hyetograph-generating device is
made up of two main parts, including two tanks: one for water retention and another
tank for rainfall generation. The outflow can be adjusted by a valve in the first tank
outlet which controls the rising limb of the generated rainfall hyetograph, and the
drop holes in the second tank produce and control the receding limb of the gen-
erated rainfall hyetograph. At the end of the valve, a shower head is installed to
prevent turbulence in the water surface of the second tank. At the bottom of the
second tank, there are 50 holes, each with a diameter of 1 mm. The simulated
rainfall intensity is a function of the area of these holes and the water head in the
tank. The discharge of water from these holes can be adjusted by changing the area
of the outlet holes to simulate precipitation with varying intensities. Additionally, to
adjust the precipitation intensity, the diameter of the outlet holes can be adjusted by
inserting plastic threads of different thicknesses in these holes.

To simulate specific precipitation with the device, reservoir flood routing is
required in the tanks. The output discharge from the tanks can be obtained from
Eq. (10.1) (Almutairi and Zribi 2006):

Qt ¼ CA
ffiffiffiffiffiffiffiffiffi
2ght

p
ð10:1Þ

Fig. 10.2 A constant
rainstorm simulator
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where Qt is the flow discharge from the tank at time t, C is the orifice coefficient,
A is the orifice area, g is the gravitational acceleration and ht is the water head in the
tank at time t. Further, according to the definition of discharge, the outflow from the
tank is equivalent to the water storage variation in the tank in a given time incre-
ment and can thus be expressed in terms of the water depth variation, as presented
in Eq. (10.2):

Qt ¼ dV
dt

¼ pr2
dh
dt

ð10:2Þ

where V is the water volume in the tank, r is the tank radius, h is the height of the
water in the tank and t is time.

Since the walls of the tank used in the device have a small slope, the radius value
in Eq. (10.2) at moment t is a function of the value of h and can be calculated
according to Eq. (10.3):

r ¼ R1þ R2� R1
H

ht ð10:3Þ

Fig. 10.3 The rainstorm hyetograph-generating device
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where r is the tank radius at time t, R1 is the radius of the tank bottom, R2 is the
radius of the tank surface at the highest point and H is the height of the tank. By
replacing Eqs. (10.1) and (10.3) in Eq. (10.2), we obtain Eq. (10.4) as follows:

CA
ffiffiffiffiffiffiffiffiffi
2ght

p
¼ p R1þ R2� R1

H
ht

� �2Dh
Dt

ð10:4Þ

By measuring the variations in the water head in the tank at specified intervals, it
is possible to determine the value of C by calibration in Eq. (10.4). Additionally, to
measure the error indexes of the model calibration and validation, the mean
absolute relative error (MARE) was used, as shown in Eq. (10.5):

MARE ¼
Pn

i¼1 Xo � Xcj j=Xo

n
ð10:5Þ

where XO is the value of the observed water depth, XC is the value of the calculated
water depth and n is the number of measured water depths. Thus, by determining
the water head value in the tank, it is possible to calculate the amount of water
outflow from the tanks using Eq. (10.1) and thus calculate the rainstorm intensity
and eventually define a simulated rainfall hyetograph. Therefore, the device can be
adjusted to generate various rainfall hyetographs.

10.3 Results and Discussion

In this study, the calibration of the device was carried out only with a fully open valve
in the first tank and with a hole diameter of 1 mm. The generated hyetograph was
obtained under these circumstances. However, depending on the needs of the
researcher, it is possible to similarly calibrate and produce different hyetographs. For
this purpose, the values of the water heads were recorded in both tanks at a time
interval of 30 s. Since the value of parameter C is not constant and is a function of the
water head in the tank, the best equation was obtained for estimating the value of
parameter C for each tank using regression analysis. Equations (10.6) and (10.7) were
derived for the first and second tanks using regression analysis, respectively. As shown
in Eqs. (10.6) and (10.7), the value of C is a function of the ratio of the water head to
the diameter of the hole. Equations (10.6) and (10.7) are expressed as follows:

C1 ¼ 1:3
h1
D1

� ��0:275

ð10:6Þ

C2 ¼ 2:3
h2
D2

� ��0:25

ð10:7Þ
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where C1 and C2 are the orifice coefficients in the first and second tanks, respec-
tively; h1 and h2 are the water heads in the first and second tanks, respectively; D1 is
the diameter of the water outlet orifice in the first tank; and D2 is the equivalent
diameter of the holes in the second tank.

In the next step, based on the values obtained for the parameters C1 and C2 from
Eqs. (10.6) and (10.7), the values of the parameter h were calculated using
Eq. (10.4) for each tank and compared with the observed values of h. The results
are shown in Figs. 10.4, 10.5, 10.6 and 10.7.

In Fig. 10.4, the values of the observation water heads and those calculated
Eq. (10.4) are displayed over time for the first tank. The value of C1 is calculated
using Eq. (10.6). As shown, the calculated water head values for the first tank at the
beginning of the graph have acceptable agreement with the observed data, and this
trend continues up to 250 s. After this time, there is a difference between the
observed and calculated values in the middle of the chart; however, these values
approach each other again, and the calculated water head values agree with the
observed values. Additionally, in Fig. 10.5, the calculated water head values versus
the observed values are displayed on the vertical and horizontal axes, respectively.
As shown in Fig. 10.5, the data are generally close to a perfect line, and there are
only some differences between the observed and calculated data in the middle and
the end of the graph. This indicates that the high water head values calculated using
Eq. (10.4) are a good estimation relative to the observed water head values. The
differences between the calculated and observed values in the middle and the end
regions of both plots can be attributed to errors in measuring the water levels in the
tanks. The exact magnitudes of these errors were calculated using Eq. (10.5), and
according to the observed data, the average error was 4.5% for the first tank.
Therefore, the simulated water head values can be used to estimate the actual water
head values in the first tank of the device with acceptable accuracy.

Figures 10.6 and 10.7 are the same as Figs. 10.4 and 10.5 but display values for
the second tank; the observed water head values and the values calculated using
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Eq. (10.4) based on the values of the C2 parameters for the second tank are dis-
played over time. As shown in Fig. 10.6, the calculated water head values agreed
well with the observed values, except for those in the middle and the end of the
diagram. In addition, in Fig. 10.7, the calculated versus observed water head values
are similar to a perfect line except for at the beginning and the end of the chart. As
previously stated, the differences between the calculated and observed values in the
divergent parts of both charts can be attributed to errors in measuring the water
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levels in the tank. The error calculated from Eq. (10.5) is equal to 4.9% for the
second tank. Therefore, as shown in Figs. 10.6 and 10.7 as well as the calculated
error rate, the calculated water head values represent acceptable estimations with
good accuracy for the simulation of the water heads in the second tank.

By calculating C1 and C2 using Eqs. (10.6) and (10.7) for each tank and
replacing these values in Eq. (10.4), it is possible to estimate the water head value
in each tank, and accordingly, the different rainstorm hyetographs can be estimated
for various initial water heads in the first tank. To show the rainstorm hyetograph of
the device, a water level of 9 cm in the first tank was considered as the initial head
value. Using this head, the water levels in the tanks were calculated from Eq. (10.4)
within a 30-s time interval, and finally, the rainstorm hyetograph was simulated.
Figures 10.8, 10.9 and 10.10 show the trends of the water head changes in the first
and second tanks and the rainstorm hyetographs, respectively.

Figure 10.8 shows the water head variation in the first tank over time. As shown
in this chart, the water head in the first tank begins to drop from the initial head
(9 cm) and continues to drop with a constant gradient. Finally, the water volume of
the first tank is totally discharged into the second tank after nearly 700 s. This flow
time, as shown in Figs. 10.9 and 10.10, directly affects the time it takes to reach the
peak in the output hyetograph and the peak flow time of the flash floods in the
experiments. When water is discharged from the first tank, the water head in the
second tank gradually rises. Finally, as the first tank completely empties, the water
head reaches its maximum in the second tank. Since the discharge from the holes is
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a function of this second-tank water head according to Eq. (10.1), by reaching the
maximum water head value in the second tank, the water outflow from the second
tank of the device (rainstorm intensity) reaches its maximum. Therefore, the highest
rainstorm intensity is observed at this point. Moreover, it can be concluded that the
duration of water discharging from the first tank directly affects the shape of the
rainstorm hyetograph, and thus, with the adjustment of the valve installed on the
outlet of the first tank, it is possible to create different rainstorm hyetographs with
different times to the peaks.
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In Fig. 10.9, the water level variation in the second tank of the device is shown.
After the discharge duration of the first tank (700 s), as shown in Fig. 10.5, the
water head in the second tank reaches a peak, and after 8000 s, the second tank is
completely discharged. This discharge duration is a function of the diameter of the
outlet holes of the second tank. By changing this diameter, the intensity and
duration of a rainstorm can be determined.

The reviewed reports and studies show an increasing number of flash floods,
especially in arid and semiarid zones. A sensitivity analysis of the influencing
factors of flash floods shows that the temporal distribution of rainstorms are one of
the key factors affecting the occurrence of flash floods. The temporal distributions
of rainstorms is the second key factor in characterizing flash floods after antecedent
moisture conditions (Lázaro et al. 2014). Zhai et al. (2018) reported that the
influences of both soil moisture and the temporal patterns of rainfall on flash floods
have not been adequately studied thus far (Zhai et al. 2018). Figure 10.10 shows the
temporal patterns of the rainstorm intensity simulated by the device. In this figure,
the rainstorm intensities in millimeters per hour and the time in seconds are shown
in the vertical axis and the horizontal axis, respectively. As shown in Fig. 10.10, the
simulated rainstorm intensity reached its peak as the water head in the second tank
reached its peak, and finally, the rainfall intensity reached zero as the second tank
fully emptied. By adjusting the valve of the device, various temporal rainstorm
patterns can be produced by the device, and the numerical model obtained in this
research can be used to find the proper adjustment of the valve for producing
rainstorms with a certain temporal pattern for flash flood studies.
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10.4 Conclusions

Flash flood studies require a new device to expand previous experimental and field
studies on the impacts of the various temporal patterns of rainstorms on flash flood
characteristics. Current simulation devices can simulate constant-intensity precipi-
tation well; nonetheless, reported studies show the need for more studies on the
effects of temporal variations in rainstorms in producing flash floods. In this
research, a rainfall hyetograph-generating device is designed and examined based
on drop-generating and cascading tanks to produce various rainfall hyetographs for
more accurate simulations of rainstorms with different temporal variations.
Accordingly, by placing two cascading reservoirs and using reservoir routing in the
cascading tanks, a simulator was designed and constructed that could generate
hyetographs. Then, the device was calibrated based on observed data. The results of
the precipitation values generated with this device showed that it is possible to
simulate rainstorms with varied intensities over time as well as produce different
hyetographs in terms of the duration to the peak and the rainstorm duration with an
accuracy of 95%. Consequently, this device can simulate rainstorms more accu-
rately and can be used to obtain more accurate tests in flash flood studies.
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Part IV
Disaster Risk Reduction and Mitigation



Chapter 11
The Role of Urban Planning
and Landscape Tools Concerning Flash
Flood Risk Reduction Within Arid
and Semiarid Regions

Karim I. Abdrabo, Sameh A. Kantosh, Mohamed Saber,
Tetsuya Sumi, Dina Elleithy, Omar M. Habiba, and Bahaa Alboshy

Abstract This chapter highlights some substantial questions inquired by
researchers to comprehend the flood risks (FRs) that occur in their cities as follows:
(1) What is the impact of flooding on urban areas? (2) what effect does urbanization
have on FR? (3) What are the existing nonstructural and structural mitigation
measures for urban flooding? and (4) What is the role of urban planning and
landscape tools in flood risk reduction (FRR) for cities as well as their inhabitants?
The main messages in this chapter could be summarized as follows:
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(1) Comprehension of both the sources and types of flooding is vital if proper FRR
measures are to be determined, (2) Unplanned urban growth could seriously put
lives and properties at high risk (3) Land use planning and regulation, and
Sustainable infrastructure for stormwater management through landscape archi-
tecture are fundamental measures for future FRR (4) The application of the urban
planning approach for FRR in arid and semiarid regions has not yet received
adequate attention and facing many challenges for its implementation, and finally
(5) the combination of structural and nonstructural mitigation measures in spatial
planning could be much more effective than using one type of measure alone.

Keywords Flash flood � Urban flood � Urban planning � Landscape � Flood risk
reduction � Arid and semiarid regions � Urbanization � Mitigation measures

11.1 Introduction

The United Nations (UN) indicated that 43% of natural disasters worldwide, from
1995 to 2015, were caused by floods, which impacted approximately 56% of all
people affected by natural disasters and caused casualties for approximately 26% of
them (Bertilsson et al. 2019). High losses in both lives and the economy will
decrease the capability of communities’ sustainability.

Rapid urban expansion, economic development and population growth signifi-
cantly contribute to increasing the area exposed to natural hazards, especially
floods (Kaspersen et al. 2017; Mojaddadi et al. 2017). Consequently, in the future,
the environment, people, and property will experience persistent risks. Exposure is
one of the three main components of FR and has been defined as the assets that
could be affected due to their locations in flood-prone areas (UNISDR 2017). The
other two components of FR are hazard and vulnerability (Len et al. 2018). If one
of these elements is missing, the flood risk is not defined. The flood hazard is
related to the potential danger that the natural phenomenon presents, which is
inherent to the event itself; in this study, the hazards are characterized by inundation
scenarios (Schanze 2006). Vulnerability is defined as a propensity or disposition to
being adversely affected by an event. This definition includes the characteristics of a
person or a group, and the characteristics of their situations, that influence their
capacity to anticipate, cope with, resist, and recover from the adverse effects of
physical events (Cardona et al. 2012). Decision makers need to be supported to take
appropriate measures aimed at reducing flood risk in an effective and sustainable
manner (Fernandez et al. 2016).

However, the main problem facing FRR mitigation measure processes involves
the limitations of structural “hard” measures (i.e., storm surge barriers and flood-
walls) against unexpected flooding events, despite the modernization of flood
prevention measures (Kang et al. 2009). Moreover, “soft” strategies (i.e., building
codes, land use and nature-based measures) can play critical roles in reducing FR
(Du et al. 2020). Additionally, these “soft” measures do not require extensive
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investment in hard-engineered infrastructures, as structural measures typically do,
but instead rely instead on a good understanding of flood hazards and adequate
forecasting systems.

Spatial planning is increasingly considered an important tool for FRR. Its main
advantage is its capability of regulating the use of space for the long term.
Appropriate land use allocation can minimize or even prevent exposure to natural
hazards in current and future situations. Coordinated regulations are needed to
incorporate disaster risk reduction strategies in spatial planning (Sutanta et al.
2010). Flood risk management and river ecosystem conservation have not been
traditionally considered components of the urban planning process. This fact is due
in large part to the division of academic fields. Those who deal with flooding and
water quality are trained in river engineering, hydrology, geology, chemistry, or
geophysics, whereas urban planners are most likely trained in architecture, tradi-
tional landscape, road engineering or social sciences. This missing or insufficient
link to water management can be considered a fundamental flaw in the urban
planning system to date (Huang and Shen 2019).

Accordingly, this chapter aims to shed light on the most common spatial
planning tools for FRR, which have become important tools used by city planners
and decision makers to manage FR. The chapter begins with an understanding of
the types and sources of flooding, followed by descriptions of the flooding impacts,
especially in urbanized areas. Then, descriptions and comparisons of different types
of mitigation measures are provided. The next section describes the significant role
of spatial planning tools in FRR. The final section provides conclusions.

11.1.1 Flood Causes, Classifications, and Types

Urban floods are a consequence of compounding hydrological and meteorological
extremes in addition to human activities (Jha et al. 2012), as shown in Fig. 11.1.
For example, extreme precipitation and flows and informal urban sprawl in
floodplains increase urban flood risk. Usually, people moving from rural to urban
areas or within urban areas settle in areas prone to floods. The absence of flood
countermeasures may cause an increase in inhabitants’ vulnerability in these areas.
Land use changes can reduce the permeability of soils, which increases surface
runoff and overloads drainage systems; consequently, the flood risk may increase
(Jha et al. 2012). Additionally, flood triggers accumulate, which accelerates their
impacts. This evolving challenge requires a better understanding of FR and more
effective management by policy makers.

Floods are usually classified according to the duration of the flood event and its
appearance as follows (Şen 2018):

(1) Long-standing floods: May extend to a week or longer
(2) Short-standing floods or “flash floods”: Usually extend to approximately 6 h or

less
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In contrast, floods are also classified by their appearances into four types as
follows (Şen 2018):

(1) River or stream floods
(2) Urban floods that occur in creeks or streets in urban areas
(3) Dry water-collector floods such as mountain sides and slopes
(4) Coastal floods caused by low atmospheric pressure on the sea surface

Below, Fig. 11.2 and Table 11.1 show the different types of floods. The causes
and durations of each flood type are presented.

Fig. 11.1 Flood causes (man-made and natural causes) (Modified from: Flood infographic: types,
causes and cost of flooding 2016)
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11.1.2 Urbanization and Flood Risk (FR) Impact

Floods are one of the most frequent and devastating natural disasters worldwide,
causing significant economic damage and loss of life. Accordingly, urban flooding
has become very costly and difficult to manage, especially in developing countries
that suffer from high concentrations of people and property. In addition to the direct
impact of floods, floods have long-term indirect consequences, such as loss of
educational opportunities, disease, and reduced nutrition, which may impede the
achievement of developmental goals.

Several types of floods can occur in urban areas, such as river, coastal, pluvial
and groundwater floods. In urban areas, there is a shortage of available areas that
can be used for excessive water storage. High rainfall intensities and lack of ade-
quate capacities for drainage systems can cause flooding in urban areas. Continuous
and extended urban expansion reduces the permeability of land soil, increasing the
runoff and flooding risk. Deficient or inappropriate land use planning is mainly
responsible for increasing the urban FR, while many urban areas are facing the
challenges of rising populations and high demands for newly developed areas
(Abdrabo et al. 2020; Saber et al. 2020). However, while existing laws and regu-
lations control the construction of new infrastructure and different building types,
there is often no enforcement in place to ensure proper application because of
different factors, such as economic factors, political factors, capacity constraints or
resource constraints. Consequently, water flow paths in urban areas can be
obstructed, causing floods (Jha et al. 2012).

Urbanization is accompanied by changes in natural landscapes and changes in
land use and land cover (LULC), which increase impermeable areas and runoff,
reduce infiltration, and change the frequency of flood incidences, as shown in
Fig. 11.3. Hollis, in 1975, anticipated that the incidence of floods might increase up
to ten times due to extensive urbanization, while for floods of 100-year return

Fig. 11.2 The different types of floods (Modified from: Types of Flooding in the UK 2018)
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periods or greater, the severity could be doubled if 30% of roads were paved
(Wheater and Evans 2009).

Floods pose a range of threats to human life, health, and well-being. In 2010,
reported floods directly caused over 8000 lost lives. While direct deaths from
flooding have declined over time as measures to prevent flooding have been
employed, the economic loss is growing, particularly in developed countries, as
shown in Fig. 11.4.

Unplanned urban growth creates indigent areas that lack suitable residences,
services, and infrastructure, making these areas, and especially the children, elderly

Table 11.1 The different types of floods and their causes and duration

Flooding type Causes Period

Natural Anthropogenic

Urban flood Fluvial
Coastal
Flash
Pluvial
Groundwater

- Inappropriate
drainage and
sewage capacity
for the rainfall
amount

- Lack of land cover
permeability due to
increased
urbanization

- Drainage system
failure and lack of
appropriate
interventions

Various timescales
starting from hours and
extending to days

Pluvial flood Convective, thunderstorms
severe rainfall, breakage of
ice jam glacial lake burst
earthquakes resulting in
landslides

- Land use changes
- Urbanization
- Increase in surface
runoff

Varied periods
depending on existing
conditions

Coastal flood
(tsunami,
storm surge)

Earthquakes Submarine
volcaniceruptions
subsidence coastal erosion

- Urban sprawl in
coastal zones

- Damaging of
coastal natural
flora (e.g.,
mangroves)

Events usually occur in
short time periods and
may take a long time to
recede

Groundwater
flood

High water table level
combined with heavy
rainfall embedded effect

- Development in
low-lying areas

- Interference with
natural aquifers

Long durations

Flash flood Can be caused by river
pluvial or coastal systems;
convective thunderstorms;
glacial lake outburst floods
(GLOFs)

- Sudden failure of
water-retaining
structures

- Inadequate
drainage
infrastructure

Typically, last a few
hours

Source Data source: Jha et al. 2012
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Fig. 11.3 Urbanization impact on water cycle changes (Modified from: NEMO 2018)

Fig. 11.4 Reported economic losses and deaths resulting from flood events. Source based on
EM-DAT/CRED (Different natural disasters on a global scale 2016)
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people, and women who live in them, more vulnerable to floods. The most
operative way to manage FR is to embrace an integrated approach that combines
structural and nonstructural mitigation measures (Jha et al. 2012). Flooding is
the phenomenon with the greatest impact on the human population worldwide, with
more than 2.8 billion people affected by floods since 1990 (EM-DAT 2016).
However, the effect of flooding is mainly concentrated in the economic sector rather
than in losses of lives when compared to other natural disasters, such as earth-
quakes. A comparison between floods and other types of natural disasters is shown
in Fig. 11.5.

Egypt, for instance, is an arid and semiarid Arabian country that suffers from
devastating flooding events, with an estimated total economic loss of approximately
1.2 billion USD/year in both the coastal and Nile wadi systems in the period from
1975 to 2014 (Abdel-Fattah et al. 2015). Flash floods in Egypt, although
short-lasting, can be enormously harmful and represent a threat to property as well
as lives. Most of the viable highways and other significant infrastructures are
constructed across wadis. Many factors have pushed people to live in flood-prone
areas. Recently, floods have become more frequent, causing fatalities and sub-
stantial damage in Egypt (Abdel-Fattah et al. 2015; Mohamed 2019). For example,
urban floods in Alexandria have caused severe damage and losses, and the city has
shown a lack of resilience in facing several events (Fig. 11.6).

Alexandria faced its worst flooding events on 25 October and 4 November 2015;
nearly 60% of the city was flooded, the flood inundation ranged from 0.5 to 1.0 m,
and lowland areas remained affected for up to 15 days. These flooding events
occurred due to heavy rainfall of nearly 32 mm; these rainfall events were con-
sidered rare and historically significant (Zevenbergen et al. 2017). A recent study
published in 2019 investigated extreme rainfall events that caused urban flooding in
Alexandria, and the losses caused by these events are shown in Table 11.2 (Elboshy
et al. 2019).

Fig. 11.5 Comparison of the damage caused by different natural disasters on a global scale (Data
source: EM-DAT—2016) (Different natural disasters on a global scale 2016)
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11.1.3 Flood Risk Management (FRM)

The FRM cycle consists of five main steps as follows: risk assessment, risk treat-
ment (strategy), strategy implementation, strategy monitoring and evaluation, and
risk goals and policy development and adjustments. In addition to these, risk
communication participation is conducted in all steps, as shown in Fig. 11.7.
Among these 5 steps, there are two main steps facing many challenges: flood risk
assessment (FRA) and risk treatment (strategy).

FRAs are expected to enhance the effectiveness of disaster management, reduce
the destructive socioeconomic impacts of floods and direct urban growth to safe
areas (Cools et al. 2012). Therefore, FRAs are essential for identifying flood
risk-prone areas in arid urban environments to mitigate flood risks and
support-related decision making (Amundrud and Aven 2015; Psomiadis et al.
2016). An FRA defines the risk associated with floods for any city as a creation of
both the city’s exposure to the flood hazard and the vulnerability of society to the
hazard. FRAs propose that the three main factors participating in a region’s flood
risk are hazard, exposure, and vulnerability (Center Asian Disaster Preparedness

Fig. 11.6 Devasting urban flash floods in Alexandria, Egypt during the 2015 event (Reprinted
from: Ashraf Abdalhameed 2015)

Table 11.2 Recorded hazardous flood events in Alexandria

Date Rainfall
rate

Rainfall
duration

Economic loss Human loss

31 December
1991

74 mm N/A N/A 80 died

26 January 2004 N/A N/A N/A

12 December
2010

N/A N/A N/A 15 died 11
injured

14 November
2011

N/A N/A N/A

29 September
2015

5 mm 2 h N/A

25 October 2015 53 mm 18 h 9.7 million
dollars

13 died 16
injured

4 November
2015

227 mm 12 h N/A N/A

Source Data source: Elboshy et al. 2019
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2005; Zhang et al. 2003). However, one of the main problems facing FRA is the
inadequate level of vulnerability analysis and mapping, especially in arid regions
(de Brito et al. 2017). Although there are many studies in this regard, most of the
previous studies have focused on only FRA at regional scales. There is a notable
limitation in FRA studies at the local scale.

Regarding risk treatment, which mostly concerns reducing current and future
flood damage and the costs inherent in doing so, actions need to be taken. The main
challenge in this step is that most governments depend mainly on structural flood
mitigation measures. However, in some applications, it was found that nonstructural
measures can facilitate the implementation of structural measures and ensure the
achievement of structural objectives. Additionally, despite several decades of
experience in urban planning tools and stormwater management strategy imple-
mentation for FRR in many developed countries, the application of such approaches
in arid and semiarid regions has not yet received adequate attention.

Fig. 11.7 Unified urban flood management (The Authors)
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11.2 Mitigation Measures for Flood Risk Reduction

It is well known that FRR measures can be divided into structural and non-
structural measures. Structural measures are generally major public projects that
require formal approval from one or more government units, moderate-to-major
planning and design efforts, and moderate-to-large capital investments, operation,
and maintenance commitments. Examples of structural measures used primarily to
control the quantity of urban surface water are the construction of detention/
retention facilities, building banks or dams, upstream storage and diversion works,
channel modifications or enclosures, dikes and floodwalls, bridges, channel
improvement, and culvert alteration or replacement. Structural measures used
mainly for controlling the quality of urban surface water are sedimentation basins,
artificial or restored wetlands, and infiltration systems (Faisal et al. 1999). On the
other hand, nonstructural measures usually include little or no construction and
can often be implemented quickly by individuals, business, or other private entities.
Typically, nonstructural measures require small-to-moderate capital investments.
Nonstructural measures can be subdivided into land use regulation, institutional
control, elevation of buildings, land acquisition and relocation, flood proofing, flood
prediction and warning systems and emergency action plans, and flood insurance
programs (Andjelkovic 2001; Faisal et al. 1999). Nonstructural measures aim to
keep people safe from flooding by improving urban development planning and
management. Structural measures are typically protective measures, while non-
structural measures are reduction measures. Experiences show that FRR must avoid
single sectorial solutions. A comprehensive integrated strategy combining both
structural and nonstructural mitigation measures should be linked to existing urban
planning and management policies.

11.2.1 Shortcomings of Structural and Nonstructural
Mitigation Measures

Structural measures can directly decrease the magnitude of flooding. However,
there are many shortcomings of structural measures, as follows:

– Structural measures can be overtopped by events outside their design capacity.
– Many structural measures also transfer flood risk from one location to another.
– The redirection of water flows also frequently has environmental impacts. In

some circumstances, this is acceptable and appropriate, while in others, it may
not be. In all cases, a residual flood risk remains.

– Structural solutions can also have a high upfront cost, can sometimes induce
complacency by their presence, and can result in increased impacts if they fail or
are overtopped, as was tragically illustrated in the tsunami in Japan in 2011.
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Nonstructural measures do not usually require large investments upfront, but
they often rely on a good understanding of flood hazards and adequate forecasting
systems. However, there are many shortcomings of nonstructural measures, as
follows:

– Many nonstructural measures lie in the need to engage the involvement and
agreement of stakeholders and their institutions.

– Most nonstructural measures are designed to minimize but not prevent damage;
therefore, most people would instinctively prefer a structural measure.

11.2.2 Nonstructural Mitigation Measures

The nonstructural measures shown in Fig. 11.8 and Table 11.3 can be categorized
by their purposes into three main categories, as follows:

– Emergency planning and management including warning, evacuation, pre-
paredness, and flood insurance.

– Flood avoidance and reduction via (1) land use planning such as (a) land use
plans, (b) park and forestation plans, (c) land acquisition, and (d) relocation
plans; (2) architectural planning measures such as (a) elevating buildings,
(b) dry and wet flood proofing techniques, (c) facility maintenance and repair,
(d) structural retrofitting or reinforcement, (e) building greening and (f) place-
ment of pavements with water permeability.

– Speeding up recovery to increase resilience by enhancing building design and
construction–“building back better”.

11.2.3 Urban Planning and Landscape Tools for Flood Risk
Reduction

Urban planning tools have recently played a central role in FRR scientific research.
These tools can radically reduce the impact of extreme rainfall on public safety. In
this part of the book, we will present some interventions that mainly lie under flood
avoidance and reduction categories, such as (A) land use control, (B) building
codes, (C) flood proofing and building elevation, and (D) sustainable infrastructure
for stormwater management.
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11.2.3.1 Land Use Control and Flood Zoning

One of the most operative methods of decreasing FR damage is to control devel-
opment on a floodplain through land use planning, which requires the involvement
of all levels of stakeholders (Şen 2018). According to the UN International Strategy
for Disaster Reduction (ISDR) (2004) insufficient or nonexistent land use planning
increases the vulnerability of communities exposed to natural hazards. Urban land
tends to be the most vulnerable land to catastrophes wrought by floods, yet there are
inadequate measures in place to reduce the impacts of floods on local populations.
Although spatial planning is responsible for decisions regarding the long-term

Fig. 11.8 Multiscale nonstructural mitigation measures (Modifed from: Shaw et al. 2007)
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Table 11.3 Categories of nonstructural mitigation measures for FRR

Category Subcategory Contents and characters

Flood
avoidance
and
reduction

Land use
plans

District plan - Development control in
high-flood-risk areas

Land use control - Control the area outside
of the administrative
authority boundary
- Guide layouts of streets,
infrastructures, lot sizes
and shapes, and drainage
installations

Water circulation plan - Plan urban rain
circulation system

Park and
forestation
plans

Open and green areas
development

- Apply eco-friendly
standards and design
techniques for natural
drainage

Waterfront park development - Develop waterfront
parks and restrict
residential or commercial
developments

Land
acquisition
and
relocation
plans

Land
acquisition
and
development

Public
development

- Central and local
governments acquire land
and plan development

Public/
private
development
Sale of
development
rights

Land
rehabilitation
and
relocation

Successive
residence

- Rehabilitate the flooded
districts to maintain
existing buildings

Individual
relocation

- Partial relocation after
the rehabilitation of
high-flood-risk districts

Complete
relocation

- Land acquisition of
high-flood risk areas to
complete relocation

Building code - Develop manuals or
guidelines for flood
prevention standards for
each district or building

Elevating buildings - Elevate the ground
floors above the
inundation line
- Install pilots or piers and
elevate the inner floors of
buildings by filling land.

(continued)
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Table 11.3 (continued)

Category Subcategory Contents and characters

Dry and wet flood proofing techniques Dry flood proofing
- sealing the exterior
walls to prevent the entry
of floodwater
- sealing all openings
below the flood line
- For wet flood proofing,
allow the entry of
floodwater but keep the
same level of pressures
between the inside and
outside building to
mitigate damages on the
structure including the
foundation

Facility maintenance, repair, and structural
retrofitting or reinforcement

- Repair, maintain or
protect facilities from
floods
- Structural retrofitting to
prevent buildings being
washed away
- Build waterproof walls
or fences

Sustainable infrastructure for stormwater
management, building greening, and pavements

- Install roof gardens,
vertical garden walls, etc.,
directly or indirectly to
mitigate flood damage
- Pave façade, part, or
whole of buildings with
water-permeable
materials

Speeding up
recovery

Flood prevention standards - Increase resistance by
enhancing building
design and construction
after disasters occur

Restoration policy and risk finance

Emergency
planning
and
management

Statutes and ordinances

Public information and education - Emergency action plans
- Disaster prevention
education

Flood prediction, warning, and evacuation
systems

- Including evacuation
facilities and flood maps

Flood insurance - Evaluation system of
flood risk, flood mapping,
and coordination with
urban architectural plans

Source Data source: Kang et al. 2009
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utilization of land and has not been directly responsible for disaster risk reduction, it
has a fundamental role in disaster risk reduction. Four likely roles of spatial
planning in FRR, as identified by Fleischhauer (2008), are as follows:

– Eliminate future urban expansion in flood-prone zones by determining the
locations in which building is or is not allowed according to the flood risk
degree of each location, especially concerning the history of flood incidences, as
shown in Fig. 11.9.

– Classify different land use settings for flood-prone areas by identifying
sensitive or important societal or environmental features since each disaster has
its own acceptable risk to different land use classes.

– Regulate land use or zoning plans by identifying appropriate area(s)/location
(s) for specific land uses with legally necessary statuses. In areas vulnerable to
floods, the regulation of building density is essential to decrease the impact of
building collapse. Simply, land regulation determines where urban development
should go (Pyke and Andelman 2007).

– Achieve flood hazard alteration by promoting a soft engineering method to
decrease FR.

Spatial planning processes need to integrate several factors and datasets.
Topographical and natural feature maps are considered base maps that enable a
spatial understanding of all other features, such as buildings, infrastructure, open
spaces, green belts, nature reserves and watercourses. The division of maps into
layers helps policy makers interpret community needs and address potential hazards
and risks. Using geographical information systems (GISs) has become essential for

Fig. 11.9 Land use planning controls according to flood risk degree (Modifed from: How can
flooding be stopped? 2020)
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different governmental entities to capture relevant urban data spatially and address
growing issues.

Environmental economists have emphasized the importance of spatial measures
as part of a more “risk-based” approach in flood management, wherein spatial
measures can be integrated with structural flood measures to reduce flood risk.
However, the cost and expected benefits are the main determinants of differentiation
between different structural and spatial measures (Liao 2012).

11.2.3.2 Flood Proofing and Elevating Buildings

The damage to infrastructure elements and houses in flood events can be caused by
direct water forces, erosion, or a combination of both (Santato et al. 2013). There
are many techniques for the flood proofing of properties. (1) Elevation: lifting the
buildings or infrastructure elements higher than expected flood level, which pre-
vents them from intersecting with the path of water movement. Also, building
elevated walkways improves accessibility to important buildings such as flood
shelters. (2) Flood walls: built to keep floodwaters from reaching buildings. (3) Dry
flood proofing: making the walls of buildings and the openings resistance to water.
(4) Wet flood proofing: minimizing the damage that occurs when water enters the
building, as shown in Fig. 11.10.

Fig. 11.10 Techniques to fight floods in cities. (Modifed from: UNESCO. Fighting floods in
cities; Project training material for disaster reduction; Report, Delft, Holland 1995)
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11.2.3.3 Creation of Regulations and Enforcement Procedures

Integrating land use planning with flood risk management by identifying flood
zones and determining the developmental frameworks achieves appropriate land
use planning and patterns of development. However, the effectiveness of these
plans requires appropriate regulations to control or restrict development. Such
regulations will need to interact with existing land use control, planning and
building control legislation and will be naturally limited by the strength of current
land use planning procedures. For example, in Germany, flood legislation was built
upon an already stringent planning control system with good compliance and is
expected to have a long-term impact on flood risk. The regulations usually cover the
following aspects (Andjelkovic 2001):

– Selecting the appropriate uses for new development areas and associated per-
mitted zones

– Flood risk assessment requirements for any new developments
– Design and building standards for flood zones such as materials, access points,

and minimum floor level
– Mandatory drainage and surface water management plans
– Mandatory retrofitting of flood protection measures

11.2.3.4 Sustainable Infrastructure for Stormwater Management

Sustainable drainage is a strategy usually applied to urban areas that are prone to
different flooding types due to heavy rain. In urban areas, built-up areas and paved
roads are impermeable to water, and rain is channeled straight into drainage net-
works that can quickly become submerged. The main concept of sustainable
infrastructure is to utilize landscape elements and make the water from roofs and
roads drain underground rather than occupy the water system (Jia et al. 2015), as
shown in Fig. 11.11.

The complexity of urban stormwater management has been increasing over
recent decades, and many concepts, tools and techniques have been utilized to
reduce flood risk. These concepts, tools and techniques have been used by experts
of different disciplines in different regions of the world. Additionally, different
disciplines are integrated into this issue, such as the urban drainage discipline,
architecture, landscape architecture, urban design and planning, sociology, ecology,
and economics. This section will discuss some of the urban planning tools,
strategies and techniques for FRR in urban areas as follows: best management
practices (BMPs) and low impact development (LID) between 1949 and 1990 in the
USA; water-sensitive urban design (WSUD) in the 1990s in Australia; sustainable
urban drainage systems (SUDS) in the 2000s in the UK; green infrastructure
(GI) and green-gray infrastructure; integrated urban water management (IUWM)
and sponge cities in 2014–2015 in China. The main common goals for all these
tools, strategies and techniques are as follows:
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• Reduce runoff volumes and flow rates from impermeable surfaces
• Control the impact of urbanization on flooding
• Provide opportunities for using runoff water at the point of fall
• Improve water quality and reduce pollution from runoff water
• Protect natural flow system in watercourses
• Provide an attractive habitat for wildlife in urban watercourses
• Provide opportunities for evapotranspiration from vegetation and surface water
• Support natural groundwater/aquifer recharge.

Best Management Practices (BMPs) and Low Impact Development (LID)

By the early 1990s, the term BMP had been adopted in almost every jurisdiction’s
stormwater design manual, and consequently, BMPs were implemented across
North America. LID is considered as a sub-strategy of BMPs. The main goal of LID
was to achieve a natural hydrology system by integrating control measures. Natural
hydrology refers to the predevelopment runoff, infiltration, and evapotranspiration
volumes that achieve the site’s balance through a functionally equivalent landscape.
The LID layout applies a cascading flow system to minimize the direct connectivity
between adjacent impervious areas. LID mainly concerns the spread of runoff flows
produced from upper impermeable surfaces onto lower permeable areas, such as
absorbent landscaping areas, for additional infiltration benefits and water quality
enhancement. LID depends on small-scale stormwater treatment devices such as
bioretention systems, green roofs, and swales located at or near the source of runoff
(Fletcher et al. 2015).

Fig. 11.11 Main concept of sustainable infrastructure for stormwater management (Modifed
from: How can flooding be stopped? 2020)
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The LID–BMP implementation should be fully coordinated with the local
construction plan and integrated, if possible, into the site landscaping scheme. The
LID–BMP planning strategy includes the following: (1) preserving the original
terrain, (2) limiting the ratio of impervious surface areas, (3) avoiding the direct
connection of impervious areas, (4) selecting the most suitable BMP types
according to local conditions in terms of both technical and social/economic factors,
and (5) setting an appropriate goal for LID–BMP implementation (Fletcher et al.
2015).

Water-Sensitive Urban Design (WSUD)

The objectives of the WSUD strategy are to manage the water balance of an urban
area, maintain and improve water quality, support water conservation, and maintain
water-related environmental and recreational issues. The WSUD approach aims to
minimize the hydrological impacts of urban development. Stormwater management
as a main target of WSUD includes different objectives, such as providing flood
control, flow management, water quality improvements and opportunities to harvest
stormwater (Fletcher et al. 2015).

Sustainable Urban Drainage System (SUDS)

SUDS contains various techniques to drain rainfall water in a sustainable manner.
The techniques used depend on replicating as closely as possible the natural, pre-
development drainage conditions of a site, consistent with the previously described
principles behind LID. Typically, SUDS are designed as a sequence of practices
and technologies that work together to form stormwater management (Fletcher et al.
2015).

Integrated Urban Water Management (IUWM)

The concept of integrated urban water management (IUWM) integrates the man-
agement of water supply systems, groundwater, wastewater networks, and
stormwater drainage, considering the roles and cooperation between the different
institutions involved in urban water management. The IUWM is based on con-
sidering all parts of the water cycle regardless of whether that water cycle is natural
or constructed and surface or subsurface, recognizing these factors as an integrated
system, considering all requirements for water, both anthropogenic and ecological,
and considering the local context. Additionally, the IUWM concept accounts for
environmental, social, cultural and economic perspectives and needs and strives for
sustainability by achieving a balance among these perspectives (Jia et al. 2012).
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11.2.3.5 Sustainable Infrastructure Tools for Stormwater
Management

To apply the different sustainable infrastructure strategies discussed in the previous
section, different tools have been used and integrated to achieve the desired
objective (Hamburg: Hamburg University of Technology (TUHH) n.d.). In the
following section, these different tools are divided into three categories: recharge
(infiltration) tools, detention tools, and retention tools, as shown in Fig. 11.12.

Recharge Infiltration Tools

Infiltration tools involve stormwater runoff soaking into the ground to reduce the
volume of rainfall water runoff on the surface.

Fig. 11.12 Sustainable
infrastructure for stormwater
management tools (Modifed
from: Hamburg: Hamburg
University of Technology
(TUHH) n.d.)
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A. Bioswales

Bioswales are vegetated channels with permeable soils that infiltrate runoff water
from upgradient impermeable areas (Blanco et al. 2011), as shown in Fig. 11.13.

B. Stormwater Planters

Stormwater planters have an essential role in the sustainability of urban areas by
reducing stormwater runoff and water pollution. In addition, stormwater planters
play an important role in creating a greener and healthier built environment by
providing space for plants and trees near buildings and along streets (Rehan 2013).

Stormwater planters are similar to rain gardens: They are designed to capture
runoff and filter out sediment and pollutants, as shown in Fig. 11.14.

C. Permeable Pavements

Permeable pavements refer to the use of a special technique to pave urban paths
that permits stormwater runoff to infiltrate through the surface into the sublayers
and/or underlying strata, as shown in Fig. 11.15.

Different alternatives can be used as permeable pavements, such as permeable
concrete block pavers, brick pavers, stone chips, gravel, porous concrete, and
porous asphalt. Additionally, grass can be used with or without reinforcement in
areas with suitable climates and low traffic loading. Permeable paving is generally
constructed on a coarse gravel subbase that creates temporary storage facilities and
allows stormwater runoff to infiltrate into the underlying stratum, promoting the
recharge of the groundwater table. Stored rainwater can be reused for several
domestic purposes.

Fig. 11.13 Bioswales design (Modified from: Brankovic and Protic)
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Detention Tools

Detention tools are used to slow down stormwater runoff before subsequent transfer
downstream. The following section discusses different detention tools.

A. Detention Ponds

Detention ponds are large depressions that work as temporary storage for
stormwater runoff and reduce flood peaks. Detention ponds are known as dry ponds
and provide only flood control measures. The estimation of detention pond volume

Fig. 11.14 Infiltration stormwater planter design (Modified from: Cahill et al. 2011)

Fig. 11.15 Permeable
concrete block pavers with
open joints and slotted ends
filled with pea-sized gravel
(Modified from: Armitage
et al. 2013)
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depends on comparing the runoff volumes before and after development in urban
areas. The ponds are intended to drain stormwater within a given period to make
their volumes available for the next storm event. As shown in the diagram below,
outlet pipes are placed at the bottom elevation of detention ponds to allow the ponds
to drain dry.

B. Subsurface Storage

The subsurface storage of stormwater involves underground structures that are
used to temporarily detain and release stormwater. These structures can include
vaults, stone storage, pipe storage, and plastic grid storage. Successful stormwater
management plans will combine materials and designs that are specifically appro-
priate to each site, as shown in Fig. 11.16.

Retention Tools

Retention tools are used for the retention of rainfall water to protect receiving
watercourses during floods if long-term storage and additional infiltration are not
feasible on site. The following section discusses different retention tools.

A. Retention Ponds (retention basins)

Retention ponds are formed by excavating below the natural groundwater level
and/or lining the bases of ponds to retain stormwater. In contrast to dry detention
ponds, retention ponds hold permanent pools of water and are referred to as wet
ponds. Usually, the main reason to construct retention ponds involves high

Fig. 11.16 Subsurface storage stormwater components (Modified from: Underground Storage)
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groundwater tables. The bottom of the ponds is excavated below the water table
elevation to establish a permanent pool. The outlet of the pond is placed above the
desired pool elevation. The volume of the permanent pool is estimated by a desired
residence time to allow microbes and vegetation in the water to consume nutrients
and to allow suspended pollutants to settle.

B. Constructed Wetland

Constructed wetland technology is considered to be a comprehensive approach
integrating wastewater treatment, flood protection and stormwater management.
Gray water is collected from households and subjected to a primary treatment
system (usually a septic tank) and is then transported to the constructed wetland via
an inlet to pass through the filter media, allowing the settlement of solids and
trapping bacterial populations on the surface of the media and plant stems.
Wastewater then reaches the outlet with higher quality and can be reused, as shown
in Fig. 11.17.

C. Green Roofs

Green roofs are a technique involving covering rooftops with lightweight plants
that enable rainfall infiltration and recover evapotranspiration. As shown in
Fig. 11.18, green roofs basically consist of a vegetation layer, a substrate layer that
is important to retain water and in which the vegetation is anchored and a drainage
layer to drain the excess water. Grasses, perennial herbs and shrubs make up the
main constituents of vegetation (Mentens et al. 2006).

Green roofs reduce stormwater through three processes: delaying the initial time
of runoff by absorbing water in the green roof system; reducing the total runoff by
retaining a portion of the rainfall water; and distributing the runoff over a long time
period through a relatively slow release of the excess water that is temporarily
stored in the pores of the substrate.

Fig. 11.17 Horizontal subsurface flow in a constructed wetland (Modified from: Tilley 2014)
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D. Rainwater Harvesting

Rainwater harvesting involves the collection and use of rainfall water from any
catchment area, such as roofs, to reduce site runoff and the need for runoff-control
devices and to minimize the need for utility-provided water. Rainwater collection
has been widely used in arid regions. Particularly in areas where populations are
dispersed, rainwater collection constitutes a low-cost alternative to provide needed
water. In moist climate zones, rainwater collection is an efficient supplemental
water source, as shown in Fig. 11.19 (Annie Kane and The Fifth Estate 2015).

11.3 Implementation of Specific Urban Water
Management in Arid and Semiarid Regions

The application of such approaches in arid and semiarid regions has not yet
received adequate attention. Therefore, due to the limitations of existing case
studies, this section will briefly present 3 case studies involving the implementation
of urban water management strategies and techniques in the semiarid region of
China and the USA in addition to Egypt.

11.3.1 Sponge City—China

The Sponge City Program (SCP) was embraced by the Chinese government in
2014. This program aims mainly to provide nature-based solutions for urban
water-related issues. The main goals were to absorb and reuse 70% of stormwater in
urban areas by improving and enhancing the infiltration rate and storing and

Fig. 11.18 Green roof structure (Modified from: InsulationCorp 2018)
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purifying rainwater for reuse. The main techniques adopted in this program are the
replacement of impervious infrastructure systems, green roofs, parks, and water-
front areas following a sustainable or greener approach, as shown in Figs. 11.20
and 11.21 (DSD). The harvested rainwater, after suitable treatment, can be used as
far as possible as a water resource. Approximately 50–100 million US$ for each
pilot city has been invested in the SCP by the Chinese central government, which
allows more cities to join the program (Nguyen et al. 2019).

LID—USA

By the early 1990s, LID was implemented across North America. The main aims of
LID are slowing the flow of stormwater and reducing erosion and flood-related
dangers. This aim can be achieved by spreading stormwater out, which reduces the
flow speed. Thus, the stormwater is absorbed into the ground as recharge. Green
roofs (Fig. 11.22), rain gardens, porous pavements, planter boxes (Fig. 11.23),
bioswales, and detention/retention ponds (Fig. 11.24) have been adopted in Denver,
CO and other cities by the United States Environmental Protection Agency (EPA).
Rain gardens are placed near paved surfaces, such as parking lots, to catch runoff.
Additionally, rainwater is stored in planter boxes and then channeled into rain
gardens. Bioswales/bioretention cells are used to purify contaminants and pollutants
from stormwater runoff (Agency 2017).

Fig. 11.19 Rainwater harvesting example (Modified from: Annie Kane and The Fifth Estate
2015)
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Detention/retention ponds are used due to an increase in flash flood events in
Denver. Detention and retention ponds provide locations for the collection and
infiltration of rainwater into aquifers. The main difference between detention and
retention ponds is that during scarce rainfall, detention ponds stay dry, while
retention ponds include constant amounts of water, as shown in Fig. 11.24.
(Agency 2017)

Fig. 11.20 Schematic diagram of the sponge city main concept (Modified from: DSD)

Fig. 11.21 Green roof at Shatin Sewage Treatment Works (Modified from: DSD)
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Fig. 11.22 Green roof technique in Denver, CO, USA, for stormwater management (Modified
from: Agency 2017)

Fig. 11.23 Rain gardens, porous pavements, and planter box techniques in Denver, CO, USA, for
stormwater management (Modified from: Agency 2017)
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11.3.2 Recharge Infiltration—Egypt

For the first time in Egypt, in 2020, officials began to pay attention to nonstructural
mitigation measures for FRR in urban areas, especially new cities. Bioswales, storm
planters, and infiltration tools were used in New Cairo city to decrease the volume
of stormwater runoff on the surface since the city has recently suffered repeatedly
from urban flooding, as shown in Fig. 11.25.

11.4 Conclusion

Solutions for flood management in urban areas are regularly complex because the
urbanization process does not result from the optimal use of space or integrated
planning. Structural mitigation measures are still common, especially in developing
urban environments where flooding disasters and water-related issues must be
addressed. Despite several decades of experience in the use of urban planning tools
and stormwater management strategy implementation for FRR in many developed

Fig. 11.24 Bioswale and detention/retention pond techniques in Denver, CO, USA, for
stormwater management (Modified from: Agency 2017)

Fig. 11.25 Bioswales, storm planters, and infiltration tools in New Cairo city
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countries around the world, such as the USA, UK, Australia, China, and
Netherlands, the application of such approaches in arid and semiarid regions has not
yet received adequate attention yet.

The effectiveness of stormwater strategies is flow-path dependent. It is necessary
to develop cascading flows to drain storm runoff from impervious surfaces upstream
onto pervious areas downstream for more infiltration. When LID, SUDS, Sponge
Cities and GI are implemented in arid and semiarid climates, native plants that can
cope with drought and are low-maintenance must be chosen due to the dry climate
and large temperature differences between summer and winter.

Many challenges are faced when implementing the urban planning approach in
flood risk reduction. These challenges include political interventions, unsatisfactory
resources, and state inaction to involve civil society in planning and environmental
processes. Land use planning and regulation are fundamental measures for future
FRR to mitigate the devastating impacts of flooding, particularly in rapidly
urbanizing areas.

Accordingly, the integration of a disaster risk reduction strategy combining both
structural and nonstructural mitigation measures into spatial planning is vital. This
integrated strategy could be much more effective than using one type of measure
alone. Therefore, it is essential to simulate the future impacts of flood disasters.
Spatial plans should be assessed alongside integrated risk maps to understand the
possible consequences of disasters on land use allocation. Planning exercises must
be conducted with the contribution of all relevant agencies to develop a framework
for holistic flood management within the country. The new city plans must include
such urban and landscape tools for FRR in the current and future situations while
considering the uniqueness of the local context.
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Chapter 12
Measuring Vulnerability to Flash Flood
of Urban Dwellers

Md. Enamul Huq, Zhenfeng Shao, Ahmed Abdullah Al Dughairi,
Md. Nazirul Islam Sarker, Cai Bowen, Abdullah Al Mamun,
Nayyer Saleem, Akib Javed, and Md. Mahabubur Rahman

Abstract Flash floods are unexpected, localized flood events that occur when an
exceptional amount of rain falls happens over a short period of time. In South Asia,
it is mostly disastrous, for example, in 2017 flash floods killed approximately 1200
people from India, Nepal, and Bangladesh. However, it is also common in Dhaka
megacity, Bangladesh due to its geographic location, monsoon climatic condition
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and surrounding rivers. Though it is impossible to avoid them, the losses and
damages of hazards can be reduced effectively by using appropriate techniques.
This study aims to determine the responsible factors and measure the household
vulnerability to flash flood as a tool of mitigation. The study has been conducted
based on primary data. Therefore, data were collected from both slum and non-slum
population to cover the entire urban habitats. Data were collected with a structured
questionnaire based on five factors (social, economic, institutional, structural, and
environmental) of vulnerability to flash flood. The key feature of this paper is to
provide an insight into real picture of vulnerability to flash flood for urban habi-
tants. Moreover, this practical approach is useful to quantify hazard-induced vul-
nerabilities not only for Dhaka megacity but also for other cities of the globe.

Keywords Flash flood � Factors of vulnerability � Urban � Slum � Non-slum �
Dhaka megacity

12.1 Introduction

Bangladesh is known as a disaster-oriented country. Various kinds of natural
hazards, such as floods, droughts, riverbank erosion, cyclones, and storm surges,
occur in Bangladesh almost every year. Geographically, Bangladesh is a low,
riparian country characterized by floodplains. For this reason, Bangladesh is
exposed to floods as well as flash floods. As a result, the rural and urban areas of
Bangladesh are vulnerable to flash flood disasters. Dhaka is the capital of
Bangladesh. It is the largest and only megacity in the country. Due to rapid
urbanization, the city has evolved into a megacity containing over 10 million
people and accounting for 33% of the national urban population (Fakhruddin et al.
2019). Flooding is perhaps the best-known hazard for this megacity (Barua et al.
2016; Braun and Aßheuer 2011). Among other factors, the excessive population
and a high number of residents living in slum areas (approximately 43% of the total
city population) (Ahmed 2016) have made city dwellers more vulnerable to flash
floods. Low socioeconomic status and dilapidated housing conditions are consid-
ered the main determinants of vulnerability to flash floods or other hazards.
Vulnerability is differentiated socially and geographically. It is recognized that
identifying and understanding the factors of vulnerability are imperative for
assessing vulnerability (Chen et al. 2019; Huq et al. 2020b; Shao et al. 2020;
Zakour and Swager 2018). The vulnerability of a population to large-scale hazards
can be reduced by applying disaster management efforts. The measurement of
local-level vulnerability is an important tool for identifying households’ and local
communities’ capacities for managing disastrous situations (Adger 2006; Berrouet
et al. 2018; Nayyer et al. 2019). Moreover, poor people who have no adequate
protective power and insufficient abilities to cope with damage to their belongings
and income are the most vulnerable to flash flood disasters (Aroca-Jiménez et al.
2018).
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Very few previous documents have measured vulnerability linked to flash
floods, and generally pursued fragmented methods in which all the components of
vulnerability were not thoroughly measured. Normally, vulnerability analysis
exclusively covers the physical (Shah et al. 2018), social extent (Ogie and Pradhan
2019), physical infrastructure, and socioecological dimensions together (Hayes
et al. 2019; Pandey et al. 2015). Some studies (Ahsan and Warner 2014;
Aroca-Jiménez et al. 2018; Okayo et al. 2015) have included economic factor but
within a limited number of indicators compared to the social factor. Subsequently, it
is cumbersome to properly present the exact socio-financial framework and spatial
differences of vulnerability. Indicators used in vulnerability assessments should
comprise various factors that influence people’s lives or society’s social and
financial dimensions. However, the indicator selection of existing studies still lacks
these aspects, which leads to errors in vulnerability assessment. Since vulnerability
assessment and adaptation are context-specific, they must focus on local socioe-
conomic and socioecological conditions to explore society’s real pictures
(Aroca-Jiménez et al. 2020; Kamruzzaman et al. 2020). Ruin et al. (2008) inves-
tigated flood exposure in France by connecting key parameters of floods and the
vulnerability of victimized society. The authors incorporated several indicators into
their vulnerability assessment of flood risk by highlighting dimensions of social life
and geophysics. Shrestha et al. (2008) assessed flood vulnerability and pointed out
two main dimensions: physical vulnerability and social vulnerability. Recently,
Aroca-Jiménez et al. (2020) assessed urban flash floods by developing the inte-
grated socioeconomic vulnerability index (ISEV), which comprises the main key
components of vulnerability, including exposure, sensitivity, and resilience.
The ISEV index also focuses on the socioeconomic dimension of the urban envi-
ronment. In another study, de Andrade and Szlafsztein (2018) notably assessed
vulnerability to seasonal and flash floods using perceptible and imperceptible ele-
ments of the index. Similarly, Pham et al. (2020) assessed vulnerability to flash
floods and landslides at the household level in Vietnam. They mainly evaluated the
extent of the vulnerability of marginal farmers living in remote areas to the harmful
effects of natural hazards. Aroca-Jiménez et al. (2018) proposed a quantitative
approach for exploring specific economic factors of flood vulnerability in Castilla y
León, Spain.

It is evident from various studies that flash floods cause damage to physical
infrastructures such as roads, communication infrastructure, local water supply
systems, and housing. Therefore, the inhabitants of urban areas are not free from
flash flood risks. However, only a few studies have focused on household vul-
nerability in urban areas that frequently face flash flooding or on the components
and key factors of vulnerability in urban settings. Moreover, household vulnera-
bility indices are not usually focused on or available for flash flood events in urban
areas. Therefore, this study aims to identify the factors responsible for creating
household vulnerability to flash floods and to reduce the existing or potential
vulnerabilities of the slum and non-slum areas in Dhaka megacity.
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12.2 Flash Floods in Bangladesh

Flash flood is a common natural hazard worldwide that causes huge damage to
assets and life. Flash floods are considered to be among the most serious natural
hazards that cause high mortality (>5000 people/year) (Wmo and Gwp 2016). The
recent 2019 floods in Bangladesh affected 2.1 million people and killed 104 people
across 24 districts (Uddin et al. 2019). Every year, flash floods cover approximately
20.5% of Bangladesh and cause notable damage to livelihoods, assets, property,
and lives (Ahmed et al. 2017). In 2014, people gained similar flash flood experi-
ences when floods caused substantial damage to thousands of acres of cropland and
forced the migration of 0.5 million people. A flood in 2015 killed 22 people and
affected 1.8 million people (Gain et al. 2017). Similarly, floods in 2014 also caused
huge damage to the assets and property of 4.6 million people, along with causing a
large amount of riverbank erosion (Alam et al. 2020). Generally, heavy rainfall
causes flash floods in Bangladesh; flash floods result from heavy rainfall in the hilly
areas of Bangladesh and in neighboring countries. Forecasting flash flood events is
challenging due to the spatial patterns, areal coverages, and genesis patterns of the
events.

Flash floods inundate crops and other possessions. People have very little
capacity to protect their crops and other resources. Additionally, affected people
have very little knowledge about the adverse health consequences of flash floods.
A pilot project was conducted in 2013 in Korchar Haor, Bangladesh, to develop an
effective early warning system for flash floods by using a wireless sensor network
(WSN) to provide residents of the area with a two-and-a-half to three-hour warning
of the imminent arrival of a flash flood (Chowdhury and Hassan 2017).

Due to the topographical position of Bangladesh, conventional flood mitigation
measures are not suitable in the country. Flood management practitioners have
adopted a few structural approaches, such as establishing embankment and drainage
systems, using low-level submersible embankments, evacuating unwanted rain-
water, and providing drainage by pumping out accumulated water, to mitigate
floods in Bangladesh (Sarker and Rashid 2013). Other strategies, for example, river
dredging, reducing sand bars, and repairing river basins and embankments, have
also been applied as structural flood management measures. Similarly, urban areas
are protected by conventional practices such as constructed embankments and
drainage systems, and pump-based drainage facilities (Haque 2016). Households
usually build ponds and construct plinths around the banks of these pond as pre-
ventive measures against floodwater intrusion. In rural and coastal areas, school
buildings and various community buildings are used as flood and cyclone shelters
during natural hazards. People can use these shelters to save their lives and property
(Chowdhury and Hassan 2017; Rahman and Salehin 2013).

320 Md. E. Huq et al.



12.3 Methods and Materials

12.3.1 Study Area

Dhaka is purposively selected as an area of study because it is the largest admin-
istrative, commercial, and industrial center and the capital of Bangladesh
(Bahauddin et al. 2014). A few rivers are located in Dhaka, such as the Buriganga,
Turag, Tongi Khal, and Balu Rivers in its southwest, north, and east. Urban floods
are a key challenge for urban areas in Asia (Gain et al. 2015). Like other cities, the
megacity Dhaka also faces the problem of flash floods. The city is located between
the latitudes 23°39’ and 23° 54′N and the longitudes 90°20' and 90° 28′E
(Fig. 12.1a). The specific study area is located in the northern part of Khilgoan
Thana, between latitudes of 23°44' and 23°47′N and between longitudes of 90°24'
and 90°27′E. Ward number 03 was selected as the specific study area. The specific
studied area is shown in Fig. 12.1b. This part of the city was selected because it is a
flash flood-prone area that is not protected by an embankment or dam, and, almost
every year, this area faces flash floods.

12.3.2 Climatic Conditions

Dhaka megacity lies in a subtropical monsoon climate zone. The region experiences
six different seasons. From May to October, almost every year, Dhaka suffers from
heavy rainfall due to a few key reasons, such as winter monsoon weather, early
thunderstorms, and the summer season. Dhaka experiences an average of 2000 mm

Fig. 12.1 a Map of the location of Dhaka megacity and b map of the specific study area
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of rainfall per year, and 90% of the rainfall occurs from May to October. Heavy
downpours are common during the monsoon season. The highest temperatures rise
to 42 °C in March and April, and the lowest temperatures reach 5 °C in December
and January every year. The monthly precipitation of the area fluctuates from 80 to
130 mm (Rahman and Islam 2019). Table 12.1 shows the detailed climatic con-
ditions of Dhaka megacity.

12.3.3 Frequency of Devastating Floods

Dhaka city dwellers are facing flash floods since long ago, and it is not a new threat
for the residents. The city has been facing floods since its early stages. Historical
data show that Dhaka city faced heavy floods in 1787 and 1788. During those
floods, the streets were so inundated that the city’s inhabitants continued their
communications by boats within the city (Dewan et al. 2005). Again, in 1833–34,
1870, the 1950s, and the 1960s, Dhaka and its adjacent areas were severely affected
by floods. Similar situations occurred in 1954, 1955, 1970, 1974, 1980, 1987, 1988,
1998, 2004, and 2007 due to overflows of the rivers surrounding the city. Dhaka
faced catastrophic floods in 1988 and 1998. The flood in 1988 was very remarkable
among the floods in recent history due to its devastation; almost 60% of city
dwellers were affected in 85% of the area of Dhaka city (Gain et al. 2015; Huq and
Alam 2003; Masuya et al. 2015; Rahman and Islam 2019). The main flood-prone
areas of Dhaka city are the low-lying areas of Motijheel, Badda, Jatrabari,
Khilgaon, Baridhara, Shipahibag, and Sabujbag, where some commercial areas are
also regularly inundated. Dhaka is recognized as a moderate- to very high-level
flood-prone area. Only a small part (8.04%) of the city is categorized as least
vulnerable to flood hazards. On the other hand, 28.70% of greater Dhaka is highly
vulnerable to flood hazards (Ahmed 2016). Among that 28.70%, slum dwellers are
most vulnerable because they often have low levels of education, economically
poor, and living in marginal areas.

12.3.4 Topography and Geological Conditions

Dhaka lies at a low altitude in the Ganges Delta. The ground, which is flat and close
to sea level, is characterized by tropical vegetation and moist soils. Dhaka is
exposed to floods during the monsoon seasons due to heavy rainfall and cyclones
and its position at the southern tip of the Madhapur tract. The city’s core geo-
morphic units are the high terrain of Dhaka, the lowlands or floodplains, and newly
built canals (Masood and Takeuchi 2012; Taylor 1849). The town and its sur-
roundings are protected by two unique geological units, namely, Madhupur clays
and alluvial accretion from the recent era. The Madhapur clays, which are ancient
sediments, exposed due to standard topography and erosion around the city center.
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Other major topographic features of the city include the low-lying swamplands and
marshlands situated within and around the city (Taylor 1840). Three individual
bodies are seen at the subsurface level of the sedimentary chain and at a depth of
300 m. The Domitila foundation of the Plio-Pleistocene period, consisting of
medium to heavy sands and occasional gravels, is trickily shrouded by Madhupur
clays. No surface folding is seen in the structures and lines of the city center.
Additionally, N–S, E–W, NE–SW, and NW–SE patterns have been characterized
by a significant number of faults and lineaments (Shams 1999; Sufia et al. 2009),
which compose the major faults bordering the city.

12.3.5 Data Collection and Analysis

Data were gathered to fulfill the research objectives. Based on the surveyed litera-
ture, a questionnaire was created in this research to collect primary data. Before
starting the questionnaire survey, a reconnaissance survey was carried out to
understand the physical environment, human characteristics, settlement patterns,
socioeconomic structures, and disaster history of the study area. During the survey,
the real scenarios of the flood-prone lowlands (Fig. 12.2a) housing types
(Fig. 12.2b), poor environmental conditions (Fig. 12.2c) and sanitation systems in
the slum area (Fig. 12.2d) were captured. A questionnaire was developed for the
collection of data after enough theoretical knowledge was obtained about the vul-
nerability to floods and the factors responsible for flood vulnerability. Then, the
questionnaire was modified for the final survey. The factors responsible for flash
floods include social factors, economic factors, structural factors, institutional fac-
tors, and environmental factors. Data were collected from a total of 300 households
through the questionnaire survey. For the survey, the study area was selected pur-
posively, and the surveyed households were selected by simple random sampling.

12.3.6 Sampling Design

Dhaka city and its eastern region were selected purposively. Ward number 3, part of
Khilgoan Thana, was also selected purposively. This ward consists of 12,490
households (UNICEF 2009). It was impossible to survey all households in the
ward. Therefore, with the ward map (Fig. 12.1b), 145 buildings were selected
among the 311 buildings and 30 slum clusters were selected among the total 88
slum clusters by applying simple random sampling methods. The selected 145
buildings and 30 slum clusters contained 960 and 830 households, respectively.
Among the total households, the sample size in this study was determined with the
Kothari (2004) formula. Then, the households to be surveyed were selected by
simple random sampling. The following table (Table 12.2) shows the sampling
methods followed in the research.
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12.3.7 Determination of Sample Size

There are multiple ways to determine the sample size. Time and money are matters
of consideration in this regard. This study’s sample size was determined based on
Eq. 12.1 (Kothari 2004):

n ¼ z2 � p� q� N
e2 N � 1ð Þþ z2 � p� q

ð12:1Þ

Fig. 12.2 Pictures of the study area captured during the survey: a flood-prone lowlands;
b housing types; c, poor environmental conditions and d a sanitation system in a slum area

Table 12.2 Sampling statistics for the study area

Surveyed
part

Location Total number of
households

Sample
size

% of total
households

30 clusters Slum 830 150 18.07%

145
buildings

Non-slum 960 150 15.62%

Total 2 1790 300 16.85%
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where n = the sample size; N = the size of the population; e = the acceptable
error; p = the sample proportion; q = 1 − p; and z = the value of the standard
variant at a given confidence level.

In the slum area, total population (N) = 830; the acceptable error e = 0.02; the
sample proportion p = 0.02; q = 1 − p; the value of a typical variant for the
specified confidence level (95%) was z = 1.96; and the sample size, n, was cal-
culated as follows.

n ¼ 1:962 � 0:02� 1� 0:02ð Þ � 830
0:022 830� 1ð Þþ 1:962 � 0:02� 1� 0:02ð Þ

n ¼ 62:495
0:331þ 0:075

n ¼ 153:928

In the non-slum area, the total population (N) = 960; the acceptable error e = 0.02;
the sample proportion p = 0.02; q = 1 − p; and the value of a typical variant for the
specified confidence level (95%) was z = 1.96; sample size, n, was calculated as
follows.

n ¼ 1:962 � 0:02� 1� 0:02ð Þ � 960
0:022 960� 1ð Þþ 1:962 � 0:02� 1� 0:02ð Þ

n ¼ 72:283
0:383þ 0:075

n ¼ 157:832

Finally, sample sizes of 150 for both the slum and non-slum areas were deter-
mined for the questionnaire survey. The total percentages of the sample sizes
relative to the total number of slum and non-slum households were 16.85% and
18.07%, respectively (Table 12.2).

After editing and coding, collected data were given as input to a computer.
Then, all the data were analyzed distinctly. The spatial data were investigated with
Arc/GIS 9.3, and the temporal data were analyzed using statistical computer soft-
ware with Statistical Software for Social Sciences (SPSS). Finally, both types of
analyzed data were presented as maps, tables, and graphs. Figure 12.3 reveals the
main steps of the research methodology.
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12.3.8 Methods for Vulnerability Mapping

In this study, the five considered factors were assigned weights from 1 to 9 by
Saaty’s (2008) rating scale (Table 12.3). There is no specific rule for the compar-
ison of factors; therefore, it was considered that the social factor is more important
due to its significant consequences for flash floods. Hence, social vulnerability was
given a weight of 9. There were five identified factors that affect the vulnerability of
a household to flash floods. Economic vulnerability is considered a very much more

Fig. 12.3 Flow chart of the research methodology of this study
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important factor for flash floods than structural vulnerability. Therefore, a weight of
7 was allocated for the economic factor, and a weight of 5 was assigned for the
structural factor. The environmental factor has less influence on flash flood vul-
nerability; thus, its weight was defined as 2. Likewise, it was quantified that
institutional vulnerability is more important than the environmental factor in
influencing household vulnerability to flash floods. A value of 3 was assigned for
institutional vulnerability. Table 12.3 exhibits the assigned weights of all factors.

A normalization function (Eq. 12.2) was used to rearrange the factors’ vulner-
ability scores as follows:

Normalized output ¼ input�minimal value
maximal value�minimal value

; ð12:2Þ

First, this normalization function was applied to all five factors. The individual
factors’ median values were used to shift the output away from 0 (Eq. 12.3).

Updated variable ¼ normalized variableþmedian of variable: ð12:3Þ

Therefore, all factors had a central tendency near 1. The index was again nor-
malized and multiplied by 100 to obtain an output between 0 and 100.

12.4 Results

12.4.1 Measuring Social Vulnerability

Measuring social vulnerability to flash floods is a vital step for measuring the
overall vulnerability of the community. Social vulnerability to flash floods is mostly
evident after a hazard event has occurred (de Moor et al. 2018; Dintwa et al. 2019;
Emrich and Cutter 2011; Huq et al. 2020a). The aims of measuring social vul-
nerability are to recognize and understand the populations that are very vulnerable
and susceptible to the influences of flash floods.

12.4.1.1 Education and Occupation

Flash floods turn into flood disasters not only due to inundation of the land but also
due to the vulnerability of a population based on certain socioeconomic circum-
stances. Poor education is one of these circumstances that is partly responsible for
the flood vulnerability of urban inhabitants. Households with higher-educated
members are less vulnerable to flash floods than households including members
with lower education levels (Huang et al. 2012; Mavhura et al. 2017). Flash floods
are serious natural hazards in Dhaka, Bangladesh. People living in slums in this area
also have lower levels of education (Huq et al. 2020b). These low-educated people
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migrate from villages to the city to seek jobs and better lives. They also mainly rely
on informal jobs for their daily foods. As a result, they are extremely vulnerable to
the flash floods that commonly occur in the area. Most of the survey respondents in
the slum area (approximately 46.7%) had no formal academic education, while 36%
of the respondents had primary-level educations, and only 6% of respondents’
educational levels were Secondary School Certificate (SSC) or Higher Secondary
Certificate (HSC). The remaining 11.3% of respondents’ educational qualifications
ranged from class five to class ten (Table 12.4). In the surveyed slum clusters, no
residents were found to have a bachelor’s or master’s degree. Table 12.4 also shows
that in the non-slum area, approximately half (nearly 48.7%) of the respondents had
bachelor’s or master’s degrees, and 42.7% of the respondents’ educational levels
were SSC or HSC. Only 2% of these respondents were illiterate, 4% had primary
educations, and 2.7% had class-ten educations.

Occupations can be directly related to hazards. For example, some workers
become jobless during floods (Huq and Hossain 2012). Paavola (2008) demon-
strated that job diversity and different income sources allow people to build stable
livelihoods and cope with various risk issues; therefore, with diversified income
sources, risks (e.g., those created by flash floods or climate change) could be
controlled and recovered easily and quickly. Among the poorest day laborers,
construction workers and rickshaw pullers are most vulnerable to flash floods. In
slum areas, most people are normally engaged with informal activities such as
rickshaw pulling, day labor, petty businesses, and small job services. From the
empirical data (Table 12.4), it can be observed that the most common occupation
for household heads in the slum area was day labor (approximately 46.0%). These
day laborers worked in restaurants, factories, hawking rings, bus drivers, and so on.
However, in the studied slum clusters, the occupation of many household heads was
rickshaw pulling (approximately 28.7%). Nearly 8.7% of the surveyed household
heads had no job, and 10.0% of the household heads were engaged with petty
business. The remaining approximately 3% of household heads were homemakers.
In the non-slum area, about 50.7% of household heads were engaged with the
service sector (government, private, etc.). Of the household heads in the non-slum

Table 12.3 Assigned
weights of the influencing
factors (Saaty 2008)

No Theme Assigned weight

1 Social 9

2 Economic 7

4 Structural 5

5 Institutional 3

6 Environmental 8

1, 3, 5, 7, and 9 indicate equal, more, much more, very
much more, and absolutely more important,
respectively, while 2, 4, 6, 8 indicate intermediate
values. Saaty’s pairwise rating scale was followed for
this assessment
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area, 30% were businesspeople, more than 9% were homemakers, and 7.3% were
unemployed (Table 12.4). From the above data, an evident discrepancy between the
levels of education of people living in the slum area and people living in the
non-slum area can be observed. Most of the non-slum habitants were engaged with
formal professions. In contrast, few dwellers of the slum area were involved with
the formal sector. These low-paying jobs cause residents of the slum area to be
more vulnerable to flash flood hazards, and any kind of hazard or disaster, than
non-slum people.

12.4.1.2 Gender

Gender inequality was also widespread in the study area, as women normally
cannot go outside for earnings. Moreover, women feel unsafe when men tem-
porarily travel to other places, leaving them at home (Kamal et al. 2018). For this
reason, women tend to be socially vulnerable due to their social environment. The
experimental field observation data showed that the male–female ratio was almost
the same irrespective of area. Out of the surveyed people living in the slum area,
about 51.9% (based on the questionnaire survey) were male, and 48.1% were
female. In the non-slum area, approximately 50.7% (based on the results of the
questionnaire survey) were male, and the remaining 49.3% were female
(Table 12.5). The vulnerability levels of the residents of studied slum and non-slum
areas were almost the same in consideration of gender.

12.4.1.3 Age Structure

Elderly individuals and children are generally considered as vulnerable groups
(Cutter et al. 2003). Additionally, some studies have directly used elderly indi-
viduals to assess vulnerability because they live alone (Huq and Hossain 2015). The

Table 12.4 Distribution of respondents’ educational qualifications and occupations

Education Occupation

Educational
qualification

Slum Non-slum Type of
occupation

Slum Non-slum

Percent Percent

Percent Percent Service 00 50.7

Business 10.0 32.7

Illiterate 46.7 2.0 Homemaker 2.7 9.3

>1 <5 36.0 4.0 Unemployment 8.7 7.3

>5 <10 11.3 2.7 Rickshaw-puller 28.7 00

SSC and HSC 6.0 42.7 Day-labor 46.0 00

Bachelor and Masters 00 48.7 Housemaid 4.0 00

Total 100.0 100.0 Total 100.0 100.0
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present study followed the method of Sebald (2010) to show vulnerability due to
age. In the Bangladesh context, this study categorized the age groups as 0–18 years,
18–55 years, and above 55 years for both the slum and non-slum areas. From
Fig. 12.4, it seems that in the slum area, the active age covered 53.9% of all
surveyed household members in slum clusters (based on a questionnaire survey). Of
the remaining surveyed individuals, 41.8% were inactive groups (i.e., children) and
4.3% were elderly individuals. Figure 12.4 also shows that in the non-slum area,
the dominant age group was the active group, encompassing nearly 58.0% of the
total household members; 36.2% were in the inactive group, and the remaining
5.8% were elderly individuals. These age groups are more vulnerable to flood
disasters because they are dependent on others. The age group comprising indi-
viduals above 55 years is more vulnerable than all other age groups because these
individuals are physically unable to move into safe areas during floods and to
collect relief from relief distributors. The number of elderly persons was greater in
the non-slum area than in the slum area, but the number of inactive people was
greater in the slum area (41.8%) than in the non-slum area (36.2%). From this
viewpoint, it can be said that people living in slums are less vulnerable than those
living in non-slums.

12.4.1.4 Existence of Disable Persons

The presence of a disabled person makes a family vulnerable to hazards. This
variable is significantly responsible for creating flood vulnerability because during a
flash flood event, sensible and physically fit people cannot move easily. Thus,
people with disabilities cannot move to safe places without the help of others.
Therefore, disability is a vital cause that can increase the vulnerability of a family.
The study found that in the slum area, approximately 20% of households had
disabled persons, whereas more than 80% of households did not. In contrast, in the
non-slum areas, more than 10% of households contained disable persons, while
around 90% of households had no disabled persons (Fig. 12.5).

Table 12.5 Gender distribution of residents of the slum and non-slum areas

Type of household head Slum Non-slum

Frequency Percent Frequency Percent

Male 387 51.9 322 50.7

Female 359 48.1 313 49.3

Total 746 100.0 635 100.0
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12.4.1.5 Preparation

Low awareness of and preparedness for natural disasters cause vulnerability
(Bouzelha et al. 2018). Many criteria can be included to identify the preparedness
level of a household or community for facing future flood hazards or any kind of
hazard. The present study selected reserves of dry food at the household level to
evaluate the preparedness level of the households. Food scarcity is common for slum
dwellers because their livelihood resources are very limited (Pham et al. 2019). In
Dhaka city, residents of the slum area who have no good jobs and poor access to
other resources are faced food scarcities. Table 12.6 shows that in the slum area,
most households (80.7%) had no food reserves to consume during a flash flood, and
only 19.3% of households kept dry food. In contrast, all inhabitants of the non-slum
area (of the surveyed households) kept dry food to consume on disaster days. Most
of the slum dwellers were not aware of or prepared for tackling any type of mis-
fortune. Therefore, residents of the slum area are more vulnerable than residents of
the non-slum area to the destructive hazards of flash floods or cyclones.

Fig. 12.4 Age structure of the urban inhabitants a the studied slum area and b the studied
non-slum area

Fig. 12.5 Existence of disable persons in a the slum area and b the non-slum area
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12.4.1.6 Social Network

The ability of a household to recover from a disaster can reduce the vulnerability of
the household. Social networks are the main influencing factor that strengthens the
adaptive ability of a household (Few and Tran 2010). The power of resilience
depends on social or neighborhood networks (Huq 2017). Several organizations
help people lead their livelihoods smoothly, such as laborer’s unions and women’s
unions. The members of these organizations can receive useful information asso-
ciated with current news, such as information on natural disasters (flash floods).
Simultaneously, the involvement of residents with these groups also helps them to
create closer social bonds with other societies and people, thus, facilitating residents
to seek support or help during a crisis. In Dhaka megacity, people mostly receive
this kind of assistance from local governmental organizations. This service is not
enough, but it has contributed slightly in lessening the impacts of natural hazards on
households.

Furthermore, in Bangladesh, particularly Dhaka city, the social network may be
an operative channel used to obtain new information and pursue common support,
for instance, work sharing. Similarly, people can look for support (getting loans or
labor) from their families or neighbors within their communities (Huq and Hossain
2015); this factor was chosen in this study as a criterion used to evaluate the social
network of an area. That is, in times of financial emergency, where do residents go
for rescue? Social capital refers to mutual support among neighbors, family
members’ assistance, and widespread social networks. It is a vital safety net that
vulnerable households can use to cope with flash floods (Gain et al. 2015).
Table 12.7 shows that in the slum area, nearly 40.7% of household heads go to their
relatives living in Dhaka to remedy their financial problems. Approximately,
one-fourth of household heads (roughly 24.0%) go to their neighbors to solve their
financial problems. The remaining 12.7, 4.0, and 11.3% of household heads go to
their relatives living beyond Dhaka, to the bank, and to NGOs, respectively. Among
the total non-slum households, nearly one-fourth of household heads (around
26.7%) go to their relatives living in Dhaka to meet their financial problems, and
more than one-third of household heads (approximately 36.7%) go to their relatives
living beyond Dhaka to solve their financial problems. The remaining 3.3, 20.0, and
13.3% of household heads go to their neighbors, banks, and NGOs, respectively,
for financial help (Table 12.7). These results demonstrate an interesting matter: very
few non-slum dwellers go to their neighbors to solve their financial problems.

Table 12.6 Reserves of dry food

Reserve status of dry food Slum Non-slum

Frequency Percent Frequency Percent

Yes 29 19.3 150 100

No 121 80.7 00 00

Total 150 100.0 150 100.0

12 Measuring Vulnerability to Flash Flood of Urban Dwellers 333



The condition of the social network of slum dwellers was found to be much better
than that of non-slum dwellers.

12.4.2 Measuring Economic Vulnerability

12.4.2.1 Income

People of different income groups are affected by flash floods (Huq 2013).
Additionally, a resident who makes money from different sources holds more
adaptive capability than a resident who earns money from limited income sources
(Abdul-Razak and Kruse 2017). The incomes of urban dwellers mainly rely on
business or formal jobs, not on agricultural farming. Thus, during unexpected flash
floods, people can become extremely vulnerable to losses of income and livelihood
assets (Kamal et al. 2018). Therefore, to show the vulnerability of slum and
non-slum dwellers, this study categorized the income levels of slum and non-slum
dwellers differently; to quantify the vulnerability level of each group, the number of
classes was uniform. In the surveyed slum areas, the highest monthly household
income was 52,000 BDT, and the lowest was 3500 BDT. In the slum area sur-
veyed, nearly 9% of the total samples belonged to the lowest income group, with
monthly income values between 3500 and 5500 BDT. The largest number of
households’ (almost 23.3% of all surveyed households) monthly income values
were between 7501 and 9500 BDT, while 16.0 and 14.7% of households’ monthly
total income values were between 5501–7500 BDT and 11,501–13,500 BDT,
respectively. Approximately, 15.3% of households earned more than 15,500 BDT
per month. The remaining 14.0 and 8.0% of households had monthly income levels
between 9501–11,500 BDT and 13,501–15,500 BDT, respectively (Fig. 12.6). In
the non-slum area, the highest monthly household income was 125,000 BDT, and
the lowest was 12,000 BDT. The surveyed field data of the non-slum area portrayed
that more than one-fourth (approximately 26.7%) of the households had monthly
income levels above 42,000 BDT. Around 16.0% of the households’ monthly

Table 12.7 Sources of financial help

Sources of help Slum Non-slum

Frequency Percent Frequency Percent

Relatives (Dhaka) 61 40.7 40 26.7

Relatives (beyond Dhaka) 19 12.7 55 36.7

Neighbors 36 24.0 5 3.3

Bank 6 4.0 30 20.0

NGO 17 11.3 20 13.3

Local loan agency 11 7.3 00 00

Total 150 100.0 150 100.0
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income values were between 27,001 and 32,000 BDT, while 15.3 and 13.3% of the
households’ monthly income levels were between 22,001–27,000 BDT and
32,001–37,000 BDT, respectively. Approximately, 8.0 and 12.0% of households
earned 12,000–17,000 BDT and 17,001–22,000 BDT monthly (Fig. 12.6). It seems
that slum dwellers are much more vulnerable to any crisis than non-slum dwellers
are in terms of income.

12.4.2.2 Housing Land Ownership and Savings

Land ownership, or the lack thereof, is another factor responsible for creating
vulnerability. It is the key aspect affecting the vulnerability levels of different social
groups. Land ownership for housing is vital for people to confirm their livelihoods
since it is considered one of the basic needs for humans and increases landowners’
incentives for investment in long-term development (Amoako and Inkoom 2018).
Additionally, owning land is a significant asset that can aid in obtaining a loan from
microfinance organizations. Land ownership assists households in ensuring food
safety as landowners have wealth to invest. Incidentally, the surveyed households in
the slum area had no percentage of land ownership, which is a leading cause
affecting their vulnerability levels. Poor urban households often have no land
ownership for housing. Thus, these households are highly vulnerable. The surveyed
data showed that members of each household in the slum area were living as
tenants.

In the non-slum area, only 29.3% of those interviewed, owned their land for
housing, while most (approximately 70.7%) did not own land for housing. The
majority of those interviewed lived as tenants or in relatives’ houses (Table 12.8).
Moreover, the savings of a household can be used to determine the power of
resilience of the household (Sarker et al. 2020). Usually, slum dwellers cannot
afford to keep any savings with which to face future calamity because of their
poverty levels. Table 12.8 reveals that in the slum area, only 24.7% of households
had savings to face disaster days, whereas most (above 75%) of the households had

Fig. 12.6 Monthly household income levels
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no savings to face calamity. Most (approximately 92%) of the non-slum households
saved money for the future and kept their savings in various places, such as banks,
post offices, NGOs, and with relatives. Only 8% of households in the non-slum area
had no savings (Table 12.8). In terms of land ownership, people living in slum areas
are more vulnerable than people living in non-slum areas. Inhabitants of slum areas
cannot save money due to their economic crises, lack of income sources, and high
expenditures.

12.4.2.3 Insurance

Having health, house, flood, or vehicle insurance can reduce the vulnerability of a
household to hazards (Dintwa et al. 2019). The serious sickness of a family member
is a key concern for the other members of a household because it influences their
morale and spirits. Sicknesses also affect a family’s economic standing, as sick-
nesses are unwanted and extensively influence consumption and wages. It has two
important financial/economic impacts: extra expenditures for treatment and medical
services and income drops owing to labor deficiencies. Sicknesses increase the
poverty levels of low-income households and push the household members to poor
health due to unforeseen costs.

These consequences cause the exposure of households to natural hazards in
developing countries due to these households having almost no health insurance.
Those seeking care from the Health Ministry of Bangladesh without health insur-
ance might face significant difficulties and high-cost medical services and health
care (Andaleeb et al. 2007). The data obtained from the survey regarding insurance
express that the insurance scenarios in the slum area are reversed from those in the
non-slum area. In the slum area, only 19.3% of households had insurance, while
80.67% had no insurance. Here, insurance means any type of insurance in any
format, including health insurance, vehicle insurance, fire insurance, etc. In the
non-slum area, a greater number (almost 72.7%) of households had insurance, and
the remaining 27.3% had no insurance (Fig. 12.7). It can be concluded that slum
dwellers have poor savings and insurance levels due to their poverty levels. Many
members of the population living without health insurance or any other type of
insurance causes the community to be highly vulnerable to flash floods.

Table 12.8 Land ownership (housing)

Status Slum Non-slum

Land ownership
(%)

Savings status
(%)

Land ownership
(%)

Savings status
(%)

Yes 00 24.7 29.3 92.0

No 100.0 75.3 70.7 8.0

Total 100.0 100.0 100.0 100.0
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12.4.2.4 Vehicle Ownership

In hazardous and disastrous situations, cars or other vehicles are very useful for
relocating from a dangerous place to a safe place. Those who own a vehicle that can
be used for moving makes them less vulnerable than those who have no personal
vehicle. Therefore, the present study selected ownership of vehicle as a variable of
vulnerability. The surveyed empirical data show that in the slum area, most (almost
88%) of the surveyed household heads did not own vehicles, and only 12% of
households had bicycles or rickshaws. In the non-slum area, most (about 57.3%) of
the households had no vehicle, while approximately 32% had motorcycles. The
remaining 7.3 and 3.3% of households had private cars and bicycles, respectively
(Table 12.9). Due to the unavailability of vehicles, both slum and non-slum habitats
are vulnerable to flash floods.

12.4.3 Measuring Structural Vulnerability

Structural factor also affects the vulnerability of people to flash floods. The types of
housing, shelter availability, road networks, transportation systems, existing evac-
uation roads, embankments to protect from floods, drainage density, and

Fig. 12.7 Insurance statuses for a individuals living in the studied slum area and b those living in
the studied non-slum area

Table 12.9 Ownership of
vehicles

Types of
vehicle

Slum Non-slum

Frequency Percent Frequency Percent

Motorcycle 00 00 48 32.0

Private car 00 00 11 7.3

Bicycle 18 12.0 5 3.3

Nothing 132 88.0 86 57.3

Total 150 100.0 150 100.0
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geographical positions in an area are typically considered to be variables/indicators
of structural vulnerability. Four key variables: housing types, shelter availability,
road networks, and transportation systems were selected in this study to assess the
structural vulnerability of households to flash floods in Dhaka megacity.

12.4.3.1 Housing Quality

Housing quality is one of the most important variables of structural factors. It can
increase or decrease the level of flash flood vulnerability of a household. The
structure of a house and its physical location significantly influence to spread of the
hazard impacts. For example, households located along rivers are susceptible to
flash floods (Adelekan 2011). A building can be situated in a flash flood hazard
zone, but developing its structure can reduce its vulnerability (Zakour and Swager
2018). The surveyed data show that approximately 75.3% of slum households lived
in kutcha1 houses, while only 24.7% lived in semi-pucca2 houses. Figure 12.8a, b
shows the housing types in the study area. Table 12.10 reveals that no surveyed
residents in the non-slum area lived in semi-pucca or kutcha houses. All the sur-
veyed residents of the non-slum area were living in pucca3 houses. It is obvious that
fragile housing types make slum dwellers more vulnerable to flash floods. The
findings of Braun and Aßheuer (2011) revealed that approximately 50% of
respondents narrated a flash flood that hit them severely and reached above 2.5 feet
inside their living rooms. Their residences remained inundated with floodwaters for
half a month. Moreover, the floodwaters remained adjacent to their homes for
nearly a month.

12.4.3.2 Sheltering During Flash Flood Events

The sheltering system is another variable responsible for influencing vulnerability.
People who go to shelters during flash floods are less vulnerable than those that do
not. The government and NGOs provide sheltering facilities. Therefore, the people
who go to these shelters are much more secure than those who do not. The field data
disclose that more than 55% of slum households have gone to shelters during
floods, while 44.7% of households have not gone to shelters during floods. Only
approximately 24% of non-slum household members went to shelters during a
catastrophic flood, such as the 1998 flood, and the remaining 76% of household
members did not go to shelters during floods (Fig. 12.9). Braun and Aßheuer
(2011) also found that almost 50% of surveyed households were compelled to give
up their homes and take shelter in government schools on elevated roads, or at

1Walls made by tin, lightwood, bamboo or plastic; straw or tin roof materials.
2Walls made by brick of metallic structure; tin roof material.
3Walls made by brick; concrete slab or cement tiles roof materials.
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relatives’ houses or dams. Sheltering places do not always provide better facilities
than housing; this is why non-slum dwellers are reluctant to go to shelter places.
Slum dwellers keep fewer assets in their houses and thus can move easily in
disastrous situations and go to sheltering places.

12.4.3.3 Road Network

Road networks play a great role in affecting household vulnerability to flash floods.
With a dilapidated road network, people cannot move easily in a normal situation.
The study area’s road network is not good (Fig. 12.10a); the existing roads are
narrow and clumsy. Additionally, in the slum area, approximately 52.7% of
respondents thought that their locality’s existing road network was not good. Above
30% of the total respondents mentioned that the road network was good. More than
16% of respondents believed that the area’s road network was very bad
(Fig. 12.10b). However, approximately 41.3% of respondents in non-slum areas
noted that the existing road network was not good because they lived away from the
main roads. In contrast, 52.7% of respondents lived near the main road, so they
thought that the existing road was good, and the remaining 6% of respondents
indicated that the existing road network was very bad (Fig. 12.10c).

Fig. 12.8 a Kutcha houses and b pucca houses in the study area

Table 12.10 Housing type of
study area

Housing type Slum Non-slum

Frequency Percent Frequency Percent

Pucca 00 00 150 100

Semi-Pucca 37 24.7 00 00

Kutcha 113 75.3 00 00

Total 150 100.0 150 100.0
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12.4.3.4 Transportation System

The transportation system is another significant structural variable affecting
household vulnerability to flash floods. Table 12.11 exhibits that 47.3% of
respondents living in the slum area thought that the transportation system was not
good, although more than 35% of respondents thought that the transportation
network was good. Only 17.3% of respondents believed that the transportation
system was very bad. Nearly 62.7% of those interviewed in the non-slum area felt
that the transportation system was good, but 30% believed that the transportation
system was not good. The remaining 7.3% of respondents indicated that the
transportation system was very bad (Table 12.11). Due to the uneven road network
and poor transportation services, people living in both the slum and non-slum areas
are vulnerable to flash floods.

12.4.4 Institutional Vulnerability

The institutional setup of a community can significantly influence the vulnerability
of the community to flash floods (Huq 2017). The presence of an emergency
management committee can help to reduce vulnerability during a disastrous situ-
ation. The major institutional vulnerability factors are early warning systems, ser-
vices for emergency situations, and governance. In this study, only two variables
(aid during floods and warning before floods) were considered when estimating
people’s vulnerability levels to flash floods.

Fig. 12.9 Sheltering during floods: a the percentage of people living in the studied slum area who
went to shelters during flash floods; b the percentage people living in the studied non-slum area
who went to shelters during flash floods
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Fig. 12.10 a Condition of the road network in the study area; b and c respondents’ opinions about
the road network in the study area

Table 12.11 Condition of the transportation system

Transportation system Slum Non-slum

Frequency Percent Frequency Percent

Good 53 35.3 94 62.7

Not good 71 47.3 45 30.0

Very bad 26 17.3 11 7.3

Total 150 100.0 150 100.0
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12.4.4.1 Aid During Flash Flood Events

Flash flood-affected households receive help from different kinds of governmental
and nongovernmental organizations. Middle-earning households are considered
more often because they are unwilling to accept aid/relief, unlike people experi-
encing poverty who do not hesitate to obtain relief from the government and NGOs.
In addition, during the questionnaire survey, the local people claimed that the flood
relief programs were not distributed accurately, and even wealthy people were
nominated for relief by local leaders who were associated with the regent gov-
ernment party (Kamal et al. 2018). The field data (Fig. 12.11a) show that among the
surveyed slum households, most of the households (approximately 72.7%) did not
receive any aid during flash floods because they were not able to go to the place
where the relief was distributed. The rest of surveyed households (only 27.3%)
received help. A greater number of households (almost 62%) in the non-slum area
did not receive help (Fig. 12.11b). Because the relief distribution was not sufficient,
it was impossible to provide aid to every affected family. Therefore, the majority of
households did not receive help during floods; the remaining 38% of the total
households in the non-slum area received help during floods. Nevertheless, the aid
amounts distributed were very small. As a result, almost all households (who
received help) were dissatisfied with the help.

12.4.4.2 Warning Before Flash Flood

To reduce household vulnerability to flash floods, early warning systems are
essential. Flash floods can destroy many lives and assets within a few hours, but if
the respective authority can provide timely forecasts of flash floods, the loss of lives
can be reduced and asset damage can be condensed. Table 12.12 reveals that of the
respondents living in slums, the majority (nearly 62.7%) were not given forecasts
before flash flood events. These respondents had low awareness and insufficient
electronic devices (television, radio) that can provide information about flash
floods. In comparison, 24% of respondents received forecasts 1–3 days before flood
events. Only 10.7 and 2.7% of respondents received forecasts 4–6 days before and
more than six days before a flood event, respectively. A total of 16.7% of those
living in non-slum areas did not receive any warning before flash floods occurred,
while approximately half of the respondents (about 48%) received forecasts 4–
6 days before floods occurred. The remaining 32.7 and 2.7% of respondents were
warned about flash floods 1–3 days before and more than six days before the floods
occurred, respectively (Table 12.12). The results show that slum dwellers are
institutionally much more highly vulnerable than non-slum dwellers.
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12.4.5 Measuring Environmental Vulnerability

Sanitation problems are major environmental concerns for city dwellers. Very few
households in the studied city area enjoy water supply facilities. Poor drainage
systems and sanitation can amplify the flash flood vulnerability levels of people
living in the city. Floods can contaminate water and damage water pipes, tanks, and
pump equipment (Mavhura et al. 2017). This study considered only sanitation and
water supply to evaluate Dhaka megacity inhabitants’ flash flood vulnerability
levels.

12.4.5.1 Sanitation

If a household contains a fragile or poor sanitation system, the household can be
easily affected by floods because floodwater can abolish weak systems easily. There
are shortages of potable water in the study region during and after long floods.
Sanitation and hygiene services are similarly influenced by floods, as broken

Fig. 12.11 Aid during flood events for a those living in the studied slum area and b those living in
the studied non-slum area

Table 12.12 Warnings received before flash flood events

Timing of warning Slum Non-slum

Frequency Percent Frequency Percent

None 94 62.7 25 16.7

1–3 days before 36 24.0 49 32.7

4–6 days before 16 10.7 72 48.0

More than 6 days before 4 2.7 4 2.7

Total 150 100.0 150 100.0
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sanitation systems expand pollutants into surface water, which is usually used for
showers and other domestic purposes (Richmond et al. 2018). Slum dwellers
commonly use communal toilets, twin-pit toilets, and pit latrines. Hanging toilets
still exist in some slum clusters. The surveyed data show that approximately 80% of
the slum households used communal4 sanitary latrines, whereas 5.3% had no toilet
facilities, and the remaining 15.3% of households used hanging toilets
(Table 12.13). Around 77.3% of non-slum inhabitants used twin-pit toilets, 13.3%
of households used single-pit5 toilets, and the remaining 9.3% of households used
both single-pit and twin-pit lavatories (Table 12.13). This kind of hanging toilet can
be easily affected by flash floods and, as a result, might threaten the water supply
due to pollution. Additionally, due to damage to their toilets incurred during floods,
the surveyed slum dwellers defecated in floodwaters, which is, in fact, harmful to
human health. Slum dwellers might be easily affected by contaminated floodwaters
in terms of sanitation facilities.

12.4.5.2 Water Facility

Water pollution is another environmental problem for city dwellers. The capability
of residents to access hygienic drinking water is an important feature affecting
vulnerability to flash floods or any other natural calamities. Moreover, the lack of
water resources is another barrier preventing poor people from adapting during
floods (Masciopinto et al. 2019). The formal organization (the city corporation) is
the most commonly stated water supplier in the community, as residents have low
and poor access to this service. Table 12.14 reveals that in the studied slum area,
more than half of households (nearly 53.3%) used supplied water for drinking, and
approximately one-fourth of households drank boiled water. The remaining 17.3
and 4.0% of households used tap and filtered water, respectively, for drinking. Most
(almost 69.3%) household members in the studied non-slum areas drank boiled and
filtered water, and the remaining 12.0 and 18.7% of habitants drank only boiled
water and filtered water with a high-quality filter, respectively (Table 12.14).
Drinking supplied and tap water causes the residents of slums to be vulnerable to
water-borne diseases.

12.4.6 Spatial Map of Vulnerability

To evaluate flash flood vulnerability and the intensity and frequency of flood
hazards (Hung et al. 2016), vulnerability maps of floods, exposure, and disaster risk
reduction (Adnan et al. 2020; Tapsell et al. 2010) have been produced in previous

4Toilets were used by several households.
5The commode is considered as a single pit toilet.
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studies. Not only flash flood events are responsible for flood disasters; socioeco-
nomic, structural, institutional setup, and environmental conditions also influence
flood disasters. In the study region, most households in the slum area were,
structurally, very highly vulnerable to future flash floods. Uneven road networks
and poor transportation services cause residents living in both slum and non-slum
areas to be vulnerable to flash floods. Most slum inhabitants were not aware of or
prepared to address any misfortunes. Therefore, people living in slums were more
vulnerable to sudden flood hazards than those living in non-slum. The present study
demonstrates that most slum inhabitants are socially vulnerable to flash floods, but
very few non-slum inhabitants are socially vulnerable to flash floods. Economic
factor has a dominating role, influencing people’s vulnerability levels to flash flood
hazards. Remarkably, the institutional vulnerability levels of people living in slums
and non-slums were similar because residents of both areas live under the same
institutional framework and consider the issue of institutional vulnerability virtually
useless in their regular lives compared to higher-priority economic factors. The
environment has great importance for humans, but slum inhabitants live in envi-
ronmentally risky areas. Slum dwellers might easily be affected by contaminated
floodwater in terms of sanitation facilities. In contrast, non-slum inhabitants are
environmentally more secure.

The goal of this study is to assess urban households’ flash flood vulnerability
levels, representing people’s vulnerability to flash floods in Dhaka megacity. The
map of the spatial vulnerability of residents to flash floods was developed via the
aggregation of all vulnerability factors. Figure 12.12 shows that inhabitants of the
middle portion of the study area are highly vulnerable to flash floods. The majority

Table 12.13 Sanitation coverage in the study area

Slum Non-slum

Toilet type Percent Toilet type Percent

Communal sanitary latrine 79.3 Twin-pit 77.3

No toilet 5.3 Single-pit 13.3

Hanging 15.3 Single + twin-pit 9.3

Total 100.0 100.0

Table 12.14 Types of drinking water in the study area

Slum Non-slum

Type of drinking water Percent Type of drinking water Percent

Filtered 4.0 Filtered 18.7

Boiled 25.3

Tap 17.3 Boiled 12.0

Supply 53.3 Boiled + normal filter 69.3

Total 100.0 100.0
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of people in the study area are moderately vulnerable. Northeastern residents are
less vulnerable to future floods than residents in other areas. The vulnerability maps
were derived from the household survey data and prepared with a fixed spatial
vulnerability scale. Therefore, the maps do not symbolize the individual attributes
of inhabitants.

12.5 Discussion

Certainly, flash flood is a key problem for the residents of Dhaka city. Most people
are anxious about flash floods because during these crises, they have limited access
to essential needs, such as food, potable water, and shelter. During and after flood
events, finding a dry place to sleep, drying clothes, drinking water, making money,
continuing jobs, and accessing food become difficult. Not only flash flood events
are responsible for flood disasters; socioeconomic, structural, institutional setup and
environmental conditions are also responsible for influencing these disasters. The
present study demonstrates that most slum inhabitants are highly socially vulnerable
to flash floods due to various social causes, such as poor educational quality,
insecure jobs, large family size, and gender influence. On the other hand, the high
educational quality, formal professions, and small families of non-slum dwellers
cause very few residents of the studied non-slum area to be socially vulnerable to
flash flood hazards. The lower educational quality of the slum habitants amplifies

Fig. 12.12 Overall household vulnerability of urban people to floods (based on Huq et al.
(2020c))
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their vulnerability to flash floods. The non-slum inhabitants are less vulnerable than
slum dwellers due to educational quality (Table 12.4). Due to their low educational
quality levels, most slum dwellers work as day laborers and thus cannot switch over
their occupations in disastrous situations. This is the vital cause of their high
vulnerability levels. Considering occupation, in the slum area, most of the house-
hold heads work as day laborers or rickshaw pullers. Therefore, when flash floods
occur, the day laborers and rickshaw pullers are affected first. Alternatively, those
living in the non-slum area are engaged with service and business (Table 12.4). For
this reason, the non-slum inhabitants are less vulnerable than slum dwellers are in
terms of occupation.

Age plays a large role in intensifying flood vulnerability. Both the slum and
non-slum areas are dominated by the working-age group (average 55.95%), but
percentage of the dependent age groups is not negligible (Fig. 12.4). The prepa-
ration levels of the slum dwellers are insufficient; approximately 80.7% of house-
holds did not have sufficient preparations to face flash floods. As a result, flash
floods can attack them easily. Almost all households of the non-slum area kept dry
foods to face disastrous situations (Table 12.6), which makes them less vulnerable
to these situations than slum dwellers are. Immediate recovery power can minimize
the vulnerability of people to flash flood events. The power of resilience depends on
the presence of networks within social systems or neighborhoods. The social net-
working of slum dwellers is better than that of non-slum dwellers. A great number
(40.7%) of those living in slum area households go to their relatives living in Dhaka
for help, while only 26.7% of non-slum residents go to their relatives living in
Dhaka for help. Interestingly, only 12.7% of those in slum households go to their
relatives living beyond Dhaka, whereas a large (36.7%) number of those in
non-slums go to their relatives living outside Dhaka to solve their financial prob-
lems (Table 12.7). Water-borne sicknesses, flooding in workplaces, or the inability
to reach workplaces may take place due to flooded roads; these were the key causes
of the inability of people to carry on their jobs during flash flood events. These
events significantly influence income loss for most households. Since approxi-
mately half of the surveyed households did not save money or reserve food, several
families were faced with extreme trouble and could not afford food and medicine
during flood events.

Economic factor has a significant role in affecting people’s vulnerability levels to
flash flood hazards. This study shows that most slum community households are,
economically, very highly vulnerable due to their low-income levels. No slum
dwellers surveyed in this study area owned any land. A large number (75.3%) of
households in the slum area kept no savings with which to face future floods or any
kind of calamity (Table 12.5). More than 80% of households did not have any kind
of insurance with which to defend against disasters (Fig. 12.7). The results of Vo
(2016) recommended that enhancement of insurance registration amount is very
important for reducing household vulnerability. The results of this study support the
findings of Vo (2016). In the non-slum area, only 8% of households were, eco-
nomically, considered to be under very highly vulnerable conditions. Because, only
8% of the total monthly income levels of the households were between only 12,000
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and 17,000 BDT, and approximately 8% of the households had no savings
(Fig. 12.6 and Table 12.8). In consideration of insurance, non-slum inhabitants had
better positions than slum dwellers. Slum dwellers were found to be in highly
vulnerable conditions due to their low-income levels. It was found that most people
from flash flood-affected regions were engaged with informal jobs. These
low-diversified livelihoods cause residents to be more vulnerable to flash floods.
The outcomes of the current study are consistent with those of other studies (Kamal
et al. 2018). The loan status of the surveyed residents was good because most
(about 56%) households in the slum area had no loans; however, other economic
supports, such as land ownership, savings conditions, insurance, and vehicle
ownership, were found to be very poor.

Structural components were also responsible for raising or lowering people’s
flash flood vulnerability levels. In Dhaka megacity, most households in the slum
areas are structurally very highly vulnerable to future flash floods. The empirical
data show that the housing conditions of slum dwellers are very poor. The largest
portion (around 75.3%) of the total surveyed slum area residents live in kutcha
houses. In the non-slum area, almost all (approximately 100%) of the inhabitants
live in pucca houses (Table 12.10). Additionally, Few and Tran (2010) noted that
household structure and household location are also important issues affecting the
preparation for and prevention of hazard events. According to most respondents’
statements, their locality’s road network and transportation system were not good
(Fig. 12.10 and Table 12.11). This makes these populations vulnerable to flash
floods because they cannot move to a safe place easily during floods. Most of the
victims of flood events living in non-slum areas stay at their own affected houses
due to worries about their existing property being stolen.

The present study reveals that slum and non-slum residents are mostly vulner-
able to flash flood hazards due to inadequate institutional facilities, as the majority
of households in slum and non-slum areas (about 72.7% and 62%, respectively) do
not receive any help or relief (e.g., food, drinking water, medical facilities) from the
government or NGOs during flash floods (Fig. 12.11). Early warning system is
considered as an important tool for reducing the impacts of disasters. Only few slum
and non-slum dwellers reported obtaining early warnings before flash floods
(Table 12.12). The survey results of Kamal et al. (2018) showed that only 7.5% of
households obtained weather forecasts and attempted to take essential preparation
measures for impending flash floods. Approximately 65% of households did not
initiate for protection or preparation measures for potential flash floods. Most
people were not aware of effective preparation measures that can be taken to save
themselves and avoid losses resulting from flash floods. However, some inhabitants
took preparation measures, such as establishing house structures, keeping reserves
of dry food, and saving money.

Environmental factor also can intensify the flash flood hazard. The analytical
result revealed that most households (about 64.7%) of the slum are very highly
vulnerable to environmental conditions. Because, most of the households of slums
use the communal toilet (Table 12.13). A maximum of non-slum inhabitants is
moderately vulnerable in terms of environmental conditions. The analytical data
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show the majority (roughly 77.3%) households of non-slum use twin-pit type toilets
(Table 12.13). In the slum and non-slum area, none of the households uses
tube-well water for their daily activities. The household survey results of Pham
et al. (2020) demonstrated that nearly 90% of the community uses natural water for
drinking and household purpose. Thus, it makes them vulnerable to
health-associated issues due to poor food quality and water safety, and water-borne
illnesses are related to water pollution during the flood.

12.6 Vulnerability Reduction

The present study recommends an inclusive array of strategies that should be
implemented or considered to reduce vulnerability in Dhaka megacity. It is essential
to raise people’s education levels with free or low-cost educational institutions.
Simultaneously, the local government needs to assist people by establishing pro-
fessional training, for instance, in handcrafts. This might help them increase the
income of inhabitants, thus, assisting them in escaping from poverty. The local and
central governments can also inspire inhabitants via various measures, such as
making and protecting strong dams along rivers, improving potable water quality,
building water reservoirs, introducing water treatment plants, providing flash flood
early warning systems, and developing infrastructure. Finally, financial assistance
must also be provided during flash floods. The following options could be con-
sidered to reduce city inhabitants’ vulnerability levels and lessen the damage
derived from physical, social, institutional, and economic phenomena during flash
flood events.

• To undertake a maximum range of communal contributions, invaded commu-
nities should be empowered to reduce their vulnerability.

• To reduce economic vulnerability, we need to create different economic activ-
ities and income sources for city dwellers.

• Women are often identified as a group that is highly vulnerable to flash flood
hazards, so women should be considered a target group in disaster-related
programs.

To allow urban areas to become less vulnerable to flash flooding, the following
measures should be considered:

Options Possible measures for reducing flash flood vulnerability levels in urban
areas

Threshold ability
(damage
inhibition)

– Construction of dams
– Enhancing river volume
– Underground floodways
– Improving urban drainage density
– Reducing stormwater runoff

Coping ability – Emergency strategies and timely flash flood warnings
(continued)
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(continued)

Options Possible measures for reducing flash flood vulnerability levels in urban
areas

(damage
reduction)

– Better communication with inhabitants
– Elevated major infrastructure and buildings
– Flash flood-proof infrastructure and buildings

Recovery ability
(damage
reduction)

– Insurance
– Emergency funds
– Forming flash flood relief organizations

Adaptive ability
(damage
reduction)

– Integrating flash flood management and spatial planning
– Floodplain zoning
– Socioeconomic problem subsidies

12.7 Conclusions

Flash flood is a very common and familiar issue in Bangladesh. Dhaka city is not
free from the impacts of flash flooding. Residents of slums commonly have low
levels of education and are financially poor. Normally, these residents reside in
marginalized zones that are in bad conditions and sometimes located in risky areas.
Thus, these populations are most vulnerable to flash floods. From the current
study’s findings, it is obvious that slum inhabitants are more vulnerable to flash
flood hazards than non-slum inhabitants are. This study focused on measuring the
levels of people’s vulnerability to flash flood hazards in urban areas. There is an
urgency to conduct more research on this key issue while focusing on residents of
slum and non-slum areas in other cities. Paying more attention to the relative
importance of various factors, such as social, economic, structural, institutional,
political, geographic, and environmental factors, would allow the specific nature of
people’s vulnerability levels to different hazards to be measured.

There are two kinds of floods in Dhaka megacity: river floods/annual floods and
flash floods resulting from heavy rainfall events. In the current study, only flash
floods were considered. Risk comprises three components, vulnerability, exposure,
and hazard, but this study covers only vulnerability. In future studies, analyses of
river floods/annual floods can be conducted while including all the risk compo-
nents. Secondary data was not available for this study. Parameters/factors are
important tools used to assess vulnerability, but identifying these variables is a
complex process that requires adherence to certain quality criteria. This study
surveyed only 300 households, an estimated 16.85% of the total population. To
mitigate hazards and reduce vulnerability, regular action is needed over a large
spatial scale.

This study was exclusively limited to only flash flood-oriented areas. To evaluate
vulnerability to flash floods, five factors of vulnerability were applied; other factors
could not be applied due to data unavailability. Further studies including other
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factors of vulnerability can be conducted. Further research should be conducted
incorporating spatial data for the mapping of vulnerability levels in Dhaka megacity
and other cities.
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Chapter 13
Flash Flood Modeling and Mitigation
in Arid and Semiarid Basins: Case
Studies from Oman and Brazil

Mohamed Saber, Sameh A. Kantoush, Mohammed Abdel-Fattah,
Tetsuya Sumi, Jose Andres Moya, and Karim Abdrabo

Abstract The behaviors and impacts of flash floods (FF) are different based on the
climatic regions. To understand such difference, two case studies were selected for
the analysis: Wadi Uday, Oman and Sume Basin, Paraiba, Brazil. The
rainfall-runoff inundation model (RRI) was used to simulate the discharge and flood
inundation of the recent flood events to understand the severity and frequency of
flash floods to better assess the current mitigation measures. The current FF situ-
ations in arid and semiarid basins were analyzed, and the hazards associated with
flood phenomenon were assessed for various calculated rainfall return periods using
RRI model. To this end, a flash flood index (average water depth per total basin
area) was calculated as a basis to understand the impact of flash floods. A coupling
of this index with the FF histories was included to provide a comprehensive
overview of the FF vulnerability of arid and semiarid basins. We concluded that
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FFs tend to be more severe and extreme in arid regions than in semiarid regions,
despite the lower frequency of FFs and the water scarcity in arid regions.
Distributed dams also proved to be more effective in preventing FFs in arid regions
than in semiarid regions.

Keywords Wadi flash flood � Arid and semiarid basins � Mitigation measures �
Hydrological modeling � Flood index � Concentrated and distributed dams �
Oman � Brazil

13.1 Introduction

However, arid and semiarid areas make up approximately one-third of the total area
of the world, and there are implications caused by the expansion of urban regions
due to the increase in population (Huang et al. 2016; Metzger et al. 2020) that
consequently lead to intensified flash flood risks. Despite this, previous studies
addressing flash floods in these regions are still limited. A spatiotemporal analysis
of rainfall variability over the Middle East and North Africa (MENA) region
showed high spatiotemporal variability over the region in terms of the frequency
and intensity of flash flood events (Saber et al. 2017, 2020). Additionally, the
maximum rainfall in storms and the number of extreme rainfall events will increase
in the future (Tanaka* et al. 2020), leading to higher risks of wadi-related flash
floods in such regions.

The lack of high-quality data on wadi flash flood events in both arid and
semiarid regions hinders efforts to mitigate flooding risks (Abdrabo et al. 2020;
Chimnonyerem n.d.; Wheater et al. 2007; Rogger et al. 2014; Saber and Habib
2016; Abdel-Fattah et al. 2017; Saber et al. 2010). Most previous studies have
mainly focused on arid or semiarid case studies separately; however, a few previous
studies have focused on both regions. Therefore, understanding the difference
between arid and semiarid regions as well as assessing the flash flood risks using
distributed hydrological models is crucial for better flood risk reduction and
proposing proper mitigation measures in such regions.

Flash flood hazards and risk assessments have been discussed in some previous
studies in arid and semiarid regions, and these studies have addressed the impact of
extreme rainfall variability in urban regions (Pathirana et al. 2014; Saber et al.
2020). However, the optimal methods for managing flood hazards in both regions
are not very clear. The challenges of applying the concept of flood-risk management
in practice might be attributed to the lack of proper planning approaches that take
the flood issues into account or the lack these approaches being used in practice.
The uncertainty of using floodplain mapping to efficiently capture the likelihoods of
losses of property and human lives has caused real problems for local communities.
In many cases, structural mitigation measures in arid and semiarid regions are not
always optimum solutions. The core problem, as summarized in a World Bank
report (Jha et al. 2012), is that poorly designed and managed urbanization
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contributes to the growing flood risk due to unsuitable land-use changes. Urban
expansion often occurs in a pattern of unplanned development in flood-prone
regions (Huang and Shen 2019; Abdel-Fattah et al. 2017).

Flash floods have been highlighted in the twenty-first century for the damage
they have caused, particularly in the more arid regions of the world, as climate
change intensifies. In northern Brazil, for instance, which is the most populated
semiarid region in the world (Cutter et al. 2013) at 30 million people, a sizeable
portion of the population lives at risk due to flash floods (Alcantara et al. 2013).
Families often must walk several kilometers every day to obtain water, which
increases their vulnerability (Lindoso et al. 2018; Lindoso and Filho n.d.). On the
other hand, Oman has experienced major flash floods, such as the Gonu Cyclone in
2007, which caused 4 billion USD worth of infrastructure damage and 49 deaths
(Wang and Zhao 2008). It was stated that urbanization in Wadi Uday within this
time period (1960–2003) was dramatically increasing (Al-Rawas 2011, 2013). Such
urbanization expansions contribute directly to increasing the disastrous impacts of
flash floods. In addition, there is a lack of substantial research focusing on flash
flood disaster impacts and mitigation measures in both arid and semiarid basins. In
the Sume Basin in the State of Paraiba, Brazil, the areas of corn and bean planta-
tions, which account for the economic sustainability of many residents, have also
increased in recent history. In addition, water has become increasingly scarce,
which has placed increased importance on dams and flood mitigation measures. In
light of this, the government has set up websites that make real-time measurements
of the fullness of reservoirs.

The main objective of this study is to holistically compare arid and semiarid
basins, considering characteristics such as the climate, aridity, hydrology, etc., of
the two types of basins in addition to understanding flash flood phenomena in
selected basins in Oman and Brazil. With this framework, a hydrological
rainfall-runoff model was applied to assess the flood hazard levels based on cal-
culations of the flood index (average water inundation depth per basin area).
Abdel-Fattah et al. (2021) studied flash floods in wadi systems considering different
scenarios of mitigation measures, stating that both distributed and single dam
structures each have some advantages and disadvantages depending on the pur-
poses and objectives of the proposed dams. Therefore, this study also compared the
efficiency of different mitigation measures for flash floods, considering both con-
centrated and distributed dam scenarios to evaluate which scenario is more
advantageous for the region from a comprehensive perspective.

13.2 Comparison Between Arid and Semiarid Basins

Approximately one-third of the land in the world is deemed to be arid or semiarid
according to the Food and Agriculture Organization (FAO) of the United Nations.
Both climate types are characterized by severe drought and rare precipitation (Lin
1999) and are generally vulnerable to flash floods. The two regions were compared

13 Flash Flood Modeling and Mitigation … 357



and summarized as shown in Table 13.1. Arid and semiarid basins were compared
in terms of hydrology, climatology, precipitation, and geomorphology. This com-
parison covered many aspects as follows: temperature, annual average rainfall,
evaporation, the aridity index, global land area, annual runoff depth, mitigation
measures, infiltration rate, drainage density and vegetation cover. There is a
long-standing perception that intense rainfall-runoff events are more common in
semiarid regions than in arid regions despite a lack of documentation. Arid and
semiarid areas typically lack the vegetation cover, mature soil profiles, and humus
layers that generally intercept and store precipitation, enhance infiltration and
attenuate storm runoff in areas with moist climates. Compared with semiarid cli-
mates, sparsely vegetated soils in arid areas are commonly thin or absent and
exhibit low rates of infiltration of rainfall due to soil-particle compaction by rain-
drop impacts (Anon 2000). Drainage density factor values in arid climates are
typically regarded as low (<4 km/km2), while those in semiarid regions average
approximately 10 km/km2, indicative of the maximum event runoff, short distances
to drainage ways, and high potentials for high-magnitude discharge event
(Knighton 1984).

13.2.1 Climate Conditions

Both arid and semiarid basins are affected by drought and very infrequent rainfall
coupled with high temperatures (Lin 1999). Records indeed show the existence of
prolonged drought periods that can extend for several years in some cases, as
evidenced in. Oman is no exception, with potential evaporation that ranges from
2,000 to 3,000 mm and temperature varying from 3 °C in the mountains in winter

Table 13.1 General comparison between arid and semiarid areas

Type Semiarid Arid

Temperature (°C) 23–27 45–48

Annual average
rainfall (mm)

200–400 <200

Evaporation (mm) 2,000 2,500–3,000

Aridity index (AI) 0.2 < AI < 0.5 AI < 0.2

Global land area 17.70% 12.10%

Annual runoff depth
(mm)

10–50 <10

Mitigation measures Flood protection
dams

recharge
dams

Storage dams, groundwater
recharge dams

Infiltration >Arid regions <Semiarid regions

Drainage density <4 km/km2 10 km/km2

Vegetation cover >Arid regions <Semiarid regions

Source (Data source): Moya et al. (2017)
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to temperatures exceeding 45 °C and reaching up to 48 °C in summer. In Brazil,
annual average temperatures usually range from 24 to 26 °C, and temperatures
exceed this range in places where the altitude is below 200 or, in some cases, 300 m
(Malveira et al. 2012). However, climate change is making temperatures higher; in
the last 41 years, maximum temperatures in the Northeastern Region of Brazil have
increased from 1.5 to 2 °C (F. Lacerda Meteorology-ITEP). For the Sume Basin,
average annual temperatures vary from 23 to 27 °C, with daily temperatures having
a 10 °C range of variance (Alcantara et al. 2013). The aridity index was calculated
for each basin according to UNEP by the following formula:

AI ¼ P
PET

ð13:1Þ

where P stands for the average annual precipitation and PET is the potential
evapotranspiration. The AI was calculated to be 0.036 for the Wadi Uday basin and
0.25 for the Sume Basin.

13.2.2 Precipitation

Precipitation in arid and semiarid areas tends to present high variance (Geber et al.
2008) and randomness factors. In Wadi Uday, the rainy season occurs from
November to April in winter and is often caused by thunderstorms, while the dry
season occurs in summer from May to October, during which large rainfall events
still sparsely occur (Ministry of Regional Municipalities and Water Resources
2009). According to the Ministry of Regional Municipalities and Water Resources,
the annual average rainfall measured from 1995 to 2008 was 90 mm. Oman has
been the subject of many tropical cyclones that often develop in the Arabian Sea,
causing heavy rain and floods (Saleh and Al-Hatrushi n.d.), as evidenced in
Fig. 13.1. Records also show the existence of prolonged drought periods, as
exemplified in, which can extend for several years in some cases. Rainfall vari-
ability is very high in Oman, with the average yearly rainfall ranging from 76.9 mm
in the interior of the country to a high of 181.9 mm in the Dhofar Mountains,
according to data collected from 1997 to 2003 (Kwarteng et al. 2009).

The average annual rainfall in the Sume Basin tends to vary from 550 to
600 mm based on the last 50 years of measurements. The semiarid climate in this
basin is characterized by irregular rainfall and a clear divide between two seasons:
the dry season, which ranges from June until January, and the rainy season, which
extends from February until May. The region is well-known for its remarkable
rainfall intensity variability associated with the low total annual rainfall values that
characterize much of the Northeastern Region of Brazil (Silva et al. 2007).
Especially due to the Intertropical Convergence Zone (ITCZ), there is high rainfall
variability in this region; along the coast, the annual average rainfall surpasses
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1,000 mm, while toward the backland, the average hovers at approximately
500 mm (Silva et al. 2007).

The PERSSIAN CDR data (Ashouri et al. 2015) from 1983 to 2019 were
analyzed for both countries, and we found that the annual trend of rainfall in Brazil
is decreasing, but in Oman, it is slightly increasing. The maximum annual average
rainfall over Oman is limited to less than 200 mm/year, but in Brazil, it is over
2,000 mm/year (Figs. 13.2 and 13.3).

13.2.3 Flash Floods in Arid and Semiarid Basins

Flash floods are defined as floods that rapidly develop within a very small amount
of time, usually a few minutes or hours, due to excessive rainfall (Abdel-Fattah
et al. 2015). There are many types of floods that are very destructive with different
features and characteristics, such as coastal flooding of land areas around coasts due
to high tides and/or heavy rainfall; river flooding where the water level surpasses
the top of a riverbank due to excessive rainfall; urban/pluvial flooding, which
occurs in urban areas due to heavy rainfall, exceeding the capacity of the drainage
systems; and reservoir flooding, which occurs as a result of dam failures.
Additionally, wadi-related flash floods occur in catchments, urban areas or both due
to extreme rainfall events in most cases. With climate change in recent years, flash
floods have intensified; in Oman, for instance, major flash floods occurred in 1989,
1997, 2002, 2003, 2007, 2010, 2015 and 2016, as shown in Table 13.2. There are
some other common characteristics of flash floods in arid and semiarid areas, such
as the difficulty of forecasting flash floods due to the suddenness of flash flood
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occurrences, the scarcity of data, and the area distribution being statistically random
(Lin 1999). In Brazil, many flash floods are caused by the breakage or spilling of
dams or levies. Flash floods can also carry downed trees, boulders, and debris along
wadi beds to alluvial fans, as is often seen in many wadis, such as Wadi Uday and
Wadi Samail (Al-Rawas 2013).
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Fig. 13.2 Annual average precipitation from PERSSIAN-climatology data over Brazil: a time
series annual average, b total average from 1983 to 2019. Source data Ashouri et al. (2015). For
citation “PERSIANN-CDR: daily precipitation climate data record from multisatellite observations
for hydrological and climate studies.” Bulletin of the American Meteorological Society 96.1
(2015): 69–83
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13.2.4 Current Mitigation Measures in Arid and Semiarid
Basins

Mitigation measures for flash floods have played an increasingly pivotal role in
recent years, with the intensification of flash floods coupled with urban expansion
into flood-risk areas (Abdel-Fattah et al. 2021; Al-Rawas 2013). Partially stemming
from this, the Omani government created a seven-dam project in the Wadi Uday
basin. This study considered the similar conditions of the seven dams, as shown in
Fig. 13.4 and Table 13.3.
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Flash flood measures in arid and semiarid areas can mainly be divided into 2
categories: structural and nonstructural measures, as shown in Table 13.4.
According to the Ministry of Regional Municipalities and Water Resources
(MRMWR), the established dams in Oman are not limited to flood protection dams
but also include groundwater recharge and storage dams. In Wadi Uday basin, for

Table 13.2 History of flash floods in Oman

Year Location Began Ended Duration
(days)

Missing Displaced Area
(km2Þ

1989 Muscat 14
Sept

16
Sept

3 2 NA 72,160

1997 Dibba 21
June

23
June

3 4 NA 21,980

2002 Salalah 10
May

12
May

3 9 100 9,460

2003 Nizwa Muscat/
Muscat, Dhofar

14
April

19
April

6 30 NA 23,060

2005 Batinah Nizwa
Musandam

01
March

23
March

23 7 700 489,000

2007 Muscat 06
July

12
July

7 61 60,000 373,000

2010 Muscat May
31

June 6 7 24 NA 150,000

2015 Masirah Island/
Muscat

8 June 12
June

5 105 50,000 50,000

Source Moya (2017)

Fig. 13.4 Dam locations in the Wadi Uday basin. Source Moya (2017)
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instance, after the destruction caused by the Gonu Cyclone, 16 dams were exam-
ined for a project to build 7 flood protection dams (currently, only one has been
built). In Brazil’s case, the main mitigation measures mainly consist of flood-risk
maps and evacuation measures as well as storage reservoirs of various sizes
(Malveira et al. 2012). Although there are tens of thousands of storage dams in the
Northeastern Region of Brazil, only some of these storage dams have flood miti-
gation functions.

Table 13.3 List of dams and their characteristics in the Wadi Uday basin

Dam
ID

Dam name Dam
height (m)

Dam
coordinates

Dam type Reservoir storage
volume (106 m3)

B15 Al Amerat
Heights

22 Lat: 23.54°
Long:
58.49°

Embankment 22

G2 Wadi Uday
Gorge

45 Lat: 23.58°
Long:
58.52°

Embankment 26

B6 Al Jufainah 28 Lat: 58.5°
Long:
23.45°

Embankment 16

B7.2 Al Humaniyah 58 Lat: 23.36°
Long:
58.36°

Concrete 8.6

B4.1.1 Madinat Al
Nahdah N

16 Lat: 23.46°
Long:
58.42°

Embankment 4

B4.1.2 Madinat Al
Nahdah S

20 Lat: 23.44°
Long:
58.43°

Embankment 6

B16 Al Mahag 18 Lat: 58.5°
Long:
23.46°

Embankment 5

Source data Ministry of Regional Municipalities and Water Resources, Oman

Table 13.4 Structural and nonstructural measures for flash flood mitigation

Structural Nonstructural

Improve channel drainage efficiency by
increasing channel width and depth

Monitor and forecast water situations and
rainfall in the target basin

Flood protection dams Accelerate drainage of water in low-lying areas

Flood walls and levees Reduction of flood peaks that pass close to
communities by diverting upstream water

Floodways Land-use zoning and flood-risk maps

Embankments Floodplain management

Source Moya (2017)
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13.3 Study Areas

13.3.1 Semiarid Region: Sume Basin, Brazil

The Sume Basin is located in the Northeastern Region of Brazil, as shown in
Fig. 13.5, which has an area of 1.6 million km2; 86% of this area is deemed to be
semiarid (Marengo et al. 2008). This region is often referred to as the drought
polygon due to its particular fragility and poor level of development, which is
exacerbated by the frequent droughts that occur in the area. The Northeastern
Region of Brazil is formed by nine states, and the Sume Basin is located in the state
of Paraiba, as shown in Fig. 13.5. The basin itself has an area of approximately
128 km2, and according to a 2014 IBGE report (Brazilian Institute of Geography
and Statistics), the population contained in this basin is 51,000. The hydrographic
basin constituting the Sume Basin is located between the municipalities of Sume
and Monteiro, bounded by the coordinates of 7°40ʹ south latitude and 37°0ʹ east
longitude (Cadier and Jose de Freitas 1982). The Sume Basin is divided into three
subbasins: Jatoba, Umburana and Gangorra.

To run the RRI model, daily rainfall data from the Superintendence for the
Development of the Northeast (SUDENE) were used for the 1985 floods, which had
huge impacts in the majority of the Northeastern Region of Brazil. Rainfall return

Fig. 13.5 Map of the Sume Basin in Paraiba, Brazil, showing the locations of dams and rain
gauges. Reprinted (modified) from Moya et al. (2017)
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periods were also calculated using rainfall data from SUDENE. GSMaP data were
also used to simulate the floods that occurred in 2014 in Sume. This simulation was
run using the rainfall intensity values calculated from the 1985 floods and a
100-year rainfall return period. For topographic data, a 30-s resolution, which is
equivalent to approximately 1 km per cell, was used from the HydroSHEDS data.

13.3.2 Wadi Uday Basin

The Wadi Uday basin is located in the Muscat governorate of Oman, which is the
fastest-growing part of the country (Al-Rawas 2013), with a population of
1,288,300 according to a 2015 census made by the National Centre for Statistics
and Information. The basin itself has an area of 372 km2, with a total urbanized area
of approximately 85 km2, which represents approximately 22% of the total
watershed area. Wadi Uday is bounded by the coordinates 23°40ʹ north latitude and
58°35ʹ east longitude. Figure 13.6a shows the watershed delineation and its geo-
graphical location in the Middle East, as well as the rain gauges that were used to
collect rainfall measurements in the basin. The basin is also almost entirely sur-
rounded by mountains, which greatly increases the risk of flash floods.

The Gonu Cyclone in June 2007 was the event chosen for the calibration, using
data from the MRMWR measured from the rain gauges shown in Fig. 13.6b. For
the model validation, a major flood event that occurred in December 2006 was
chosen, and the same sources of data were used. The main geologic base of the soil
in this basin is made up of basaltic, limestone and sandstone rock according to data
from the MRMWR.

13.4 Data Processing and Methods

First, the available rainfall and discharge data were collected. Data collected from
1983 to 2015 by 6 rain gauges were used for Wadi Uday in Oman, and data
collected from 1982 until 1991 were taken from 5 rain gauges for Sume Basin in
Brazil. In addition to satellite-based rainfall data, GSMaP data were also used in
Oman to simulate the 2007 Gonu Cyclone and the March 1985 large floods in
Brazil.
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13.4.1 Hydrological Rainfall Runoff Inundation Model
(RRI)

The hydrological model utilized in this study is called the RRI, which is capable of
simulating rainfall runoff and flood inundation simultaneously. The model deals
with slopes and river channels separately, although they are both positioned in the
same grid cells. In the model, the channel is discretized as a single line vector of the
overlying slope grid cells (Sayama 2013, 2015). The channel represents an extra
flow path between grid cells overlying the actual river course. Lateral flows are
simulated on the cells on a 2D basis, and slope grid cells on the river channel have
two water depths: one allocated for the channel and another for the slope.

Channel flow in the RRI model is calculated with the 1D diffusive wave model.
The RRI model also simulates lateral subsurface flow, vertical infiltration flow and
surface flow. This study focused on the case where there was no lateral saturated
hydraulic conductivity to consider saturated subsurface and saturation excess
overland flow. A particularity of the RRI model is that it can simulate both surface
and subsurface flow with the same algorithm (Sayama 2013, 2015).

Fig. 13.6 Map of Wadi Uday basin in Muscat, Oman (a), showing the locations of dams and rain
gauges (b). Source data Ministry of Regional Municipalities and Water Resources, Oman (source
Moya 2017)
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The RRI model can also be used to simulate several mitigation measures, such as
dams, diversion channels and channel improvements. To assess the current miti-
gation measures more accurately in arid and semiarid basins, this study also
attempted, unsuccessfully, to change the dam subroutine embedded in the model to
allow it to simulate dams with different discharge rates (as opposed to the normal
RRI function, which sets discharge at a fixed rate and includes circular storage
reservoirs). It is worth mentioning that the RRI model was efficiently applied in
flash flood simulations in Oman (Abdel-Fattah et al. 2016, 2018).

13.4.1.1 Governing Equations

The model used to calculate lateral flows on slope grid cells is called the “storage
cell-based inundation model” (Hunter et al. 2007) and is based on Eq. (13.2),
describing mass balance, and Eq. (13.3), describing the momentum equation. These
equations can be expressed as follows:

@h
@t

þ @qx
@x

þ @qy
@y

¼ r ð13:2Þ

@qx
@t

þ @uqx
@x

þ @vqy
@y

¼ �gh
@H
@x

� @sx
@pw

ð13:3Þ

where h is the height of water of the surface, qx and qy are the unit width
discharges in the x and y directions, u and v are the flow velocities in the x and
y directions, r is the rainfall intensity, H is the height of water from the datum, pw is
the density of water, g is the gravitational acceleration, and sx and sy are the shear
stresses in the x and y directions. These equations are then calculated using
Manning’s equation (Sayama 2013, 2015), after which the following equations are
derived.

qx ¼ � 1
n
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13.5 Model Calibration and Validation in Arid
and Semiarid Regions

13.5.1 Calibration (Gonu 2007) and Parameter Setting

Calibration was performed by comparing the discharge results from the RRI sim-
ulation to the actual measured discharge for the June 2007 Gonu Cyclone. The
model was calibrated for 3 cases: case A for only overland flow, case B for vertical
infiltration and case C for saturated subsurface (Sayama 2013, 2015). Due to the
topographical particularities of the selected arid and semiarid basins, this study
focused on case C. To perform the calibration, first, various parameters were
adjusted until the simulated and measured discharge curves resembled each other,
as shown in Fig. 13.7. The effect of each parameter as well as the values that were
finally selected for the arid and semiarid basins are listed in Table 13.5.

Here, the suction at the vertical wetting front, Sf , is inactive, and the vertical
saturated hydraulic conductivity, kv, is zero, therefore, these parameters were
omitted from the table.

Both daily and hourly calibrations were performed, and one large difference
between these calibrations was the gap between the peak discharges of the mea-
sured and simulated values before calibration; this gap was much steeper in the
hourly case. This was reflected in the values of the parameters, particularly the
values for the roughness of the river and slope, which were significantly lower for
the hourly calibration case than for the daily case. The final calibration result is
shown in Fig. 13.8. The formulas that were used to assess the accuracy of these
results are listed below:
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PBIAS ¼
P

Qmeas � Qsim:ð Þ
P

Qmeas
� 100 ð13:6Þ

NSE ¼ 1�
P

Qmeas � Qsim:ð Þ2
P

Qmeas � Qmean
sim:

� �2 ð13:7Þ

where Qsim: stands for the simulated discharge and Qmeas is the measured discharge.
The peak bias for the Gonu Cyclone event at Wadi Uday was calculated to be
approximately 6%, and the Nash–Sutcliffe model efficiency coefficient was
approximately 0.98. The width and depth of the channel were determined by

Table 13.5 Value and effect of each parameter after calibration

Parameter Value Effect

nriverðm�1=3sÞ
(Roughness of river)

0.02 Considerable decrease in peak discharge

nslopeðm�1=3sÞ
(Roughness of slope)

0.05 Decrease in peak discharge

d (m) (Soil depth) 0.7 Slight decrease in peak discharge

u(Porosity) 0.3 Slight decrease in peak discharge

k (ms�1Þ
(Lat. sat. hydr. conduc.)

0 Low discharge peak

kgv
(Groundwater hydr. conduc.)

2x Considerable overall decrease of discharge curve

River settings Cw ¼ 6:5
Sw ¼ 0:56
CD ¼ 0:22
SD ¼ 0:32

Source Moya (2017)

Fig. 13.8 Discharge peak from the measured data, as well as simulated values before and after
calibration. Source Moya (2017)
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comparing the simulated values with real values obtained from Google Maps. The
channel in Wadi Uday was found to be rather deep and quite wide, especially in the
upstream part, whereas the Sume channel in Brazil tended to be very flat and
narrow. The flood depth level that was measured downstream was also used to
prove that the calibration results here were valid. In the Sume Basin, due to a lack
of measured discharge data, the results were not calibrated or validated.

13.5.2 Validation (2006 December Floods)

The December 2006 floods were selected to validate the calibration, following a
similar procedure as mentioned in the beginning of this chapter, as shown in
Fig. 13.9 in the appendix. The PBIAS used for the validation was estimated to be
approximately 28%. This exemplifies the reliability of the obtained parameters.

13.6 Comparison of Flash Flood Mitigation Scenarios

13.6.1 Proposed Mitigation Scenarios

Below are the main mitigation scenarios that were proposed, mainly for the dis-
tributed and concentrated structures in both the Wadi Uday basin and Sume Basin
(Moya et al. 2017). The main point behind how the reservoir volumes were selected
is that the total volume of all the reservoirs summed together always remained the
same. The reservoir storage volume was chosen according to the topography of the
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basin. In Fig. 13.10, the concentrated dams that were proposed for each case study
are shown, and their specifications are described in Tables 13.6 and 13.7. The
distributed dams and information on the Sume Basin are displayed in Fig. 13.11
and Table 13.8.

13.6.2 Impact of Mitigation Measures

The main five scenarios compared were the scenario without mitigation measures,
with 1 dam, concentrated dams, distributed dams, and channel improvement. In
Fig. 13.12, the hydrograph of the Gonu Cyclone event in 2007 shows the efficiency
of concentrated versus distributed mitigation structures based on daily data that
were measured at a point downstream. In Fig. 13.13, the different water levels at the
same point downstream are shown to illustrate how the various mitigation measures
applied managed to decrease the maximum flood depth. The distribution maps were
visualized for the flow discharge (Fig. 13.14) and flow depth with distributed and
concentrated dams at Wadi Uday (Figs. 13.15 and 13.16). Both distributed and
concentrated dams seemed to be more efficient in the Wadi Uday basin in terms of
lowering both the discharge and flood depth, which could be attributed to the
geomorphologic differences between the two channels. The main conclusion that
can be drawn from these pictures is that distributed dams may be more effective in
reducing flood depths and peak discharges. This could be because distributed dams
can stop water at different time sets compared to the concentrated dam strategy,
which might hold the flood water at a single point in time.

Similarly, the flood depth and discharge values as well as maps showing the
distributions of these data based on measurements made at a downstream point
were also performed in the Sume Basin. Figures 13.17 and 13.18 exhibit the
hydrographs of the flow discharge and flow depth, respectively. The distribution

Fig. 13.10 Location of concentrated dams in the Wadi Uday basin (a) and Sume Basin (b).
Source Moya (2017)
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maps of discharge (Fig. 13.19) and flow depth with concentrated and distributed
dams are also visualized (Figs. 13.20 and 13.21).

Table 13.6 Information on concentrated dams in the Wadi Uday basin

Dam
ID

Dam name Dam
height
(m)

Dam
coordinates

Dam type Reservoir storage
volume (106 m3)

B15 Al Amerat
Heights

22 Lat: 23.54°
Long:
58.49°

Embankment 48

G2 Wadi Uday
Gorge

45 Lat: 23.58°
Long:
58.52°

Embankment 22

B4.1.2 Madinat Al
Nahdah S

20 Lat: 23.44°
Long:
58.43°

Embankment 19

Source data Ministry of Regional Municipalities and Water Resources, Oman

Table 13.7 Information on
concentrated dams in the
Sume basin

Dam ID Storage volume (106 m3)

A1 35

A2 10

Fig. 13.11 Location of
distributed dams in the Sume
basin. Reprinted (modified)
from Moya et al.
(2017) copyright 2021

Table 13.8 Information on
distributed dams in the Sume
basin

Dam ID Storage volume (106 m3)

A1 25

A2 5

A3 5

A4 5

A5 5

SourceMinistry of Regional Municipalities and Water Resources,
Oman
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Fig. 13.12 Hydrograph showing the discharge peak in Wadi Uday considering various mitigation
scenarios
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Fig. 13.13 Flood depth during the Gonu Cyclone in Wadi Uday measured at a point downstream

Fig. 13.14 Discharge maps of Wadi Uday for the 100-year rainfall return period under different
mitigation scenarios
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Fig. 13.15 Flood depths with concentrated dams; A–B represents the difference between the flood
depths under the situation in which mitigation measures are taken and the situation in which
mitigation measures are taken in Wadi Uday for the 100-rainfall return period

Fig. 13.16 Flood depths with distributed dams; A–C represents the difference between the flood
depths under the situation in which mitigation measures are taken and the situation in which no
mitigation measures are taken in Wadi Uday for the 100-year rainfall return period
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13.7 Flood Index

The rainfall return period was calculated considering June 2007 Gonu Cyclone in
Oman, and the March 1985 flood event in the Northeastern Region of Brazil. The
rainfall return period was calculated using the following equation:
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Fig. 13.18 Flood depth
during the Gonu Cyclone in
the Sume basin measured at a
point downstream

Fig. 13.19 Discharge maps in the Sume basin under different mitigation scenarios for the
100-year rainfall return period

Fig. 13.20 Flood depths with concentrated dams; A-B represents the difference between the flood
depths under the situation in which mitigation measures are taken and the situation in which no
mitigation measures are taken in the Sume Basin based on the March 2014 flood event
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Fa ¼ 100ð2n� 1Þ
2y

ð13:8Þ

FFI ¼
PN

i¼1 ID
N

ð13:9Þ

where Fa is the probability of occurrence, n is the total number of years and y is the
total number of events. Using this rainfall return period, the flood index was esti-
mated in the Sume Basin and in the Wadi Uday basin, as shown in Fig. 13.22. To
calculate this flood index, Eq. 13.6 was used, where ID is the average inundation
depth and N is the total number of cells. The difference in the span of the return
period graphs is due to the lack of available data for the Sume Basin in Brazil.

13.8 Conclusions and Recommendations

As shown in the previous section, concentrated dams did not reduce the inundation
water level or total area as much as distributed dams did, and by observing the flood
index, channel improvements were 20% more efficient in reducing the inundation
depth of flash floods than the construction of dams. Furthermore, concentrated dams
were much more efficient in arid basins than in semiarid basins. Concentrated dams
seem to be less efficient in semiarid Brazil because of the flat terrain and localized
rain. One common point among both basins, however, is that in both cases, channel
improvements were always effective; this is mainly attributed to the accumulation
of sedimentation in the channels and embankments, which can make the rivers
more prone to flash floods.

The RRI model was used because of its ability to simulate results, including
mitigation measures, within a very short time span. Both data input and output
visualization can be performed very quickly using this model, and the results can be
easily compared and validated by utilizing results from other hydrological models.

Fig. 13.21 Flood depths with distributed dams; A-C represents the difference between the flood
depths under the situation in which mitigation measures are taken and the situation in which no
mitigation measures are taken in the Sume Basin based on the March 2014 flood event
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The model was found to be suitable for simulations in arid and semiarid basins, as it
provided accurate results after being calibrated and validated.

Despite the slight decrease in efficiency from a flood mitigation perspective,
concentrated dams present other advantages. From an economic standpoint, they
are much more affordable to construct since they centralize the necessary infras-
tructure, as seen in the construction of saddle dams, diversion channels and land
survey costs for dams. Concentrated dams are also more efficient for groundwater
recharge and are less harmful to the environment since concentrated dams require
fewer construction materials. Additionally, concentrated dams are more easily
accessible and maintained. Nevertheless, distributed dams also have advantages
such as fostering local development in the local regions and providing more
upstream protection from flash floods.

Overall, there seems to be a lack of academic papers that thoroughly compare
arid and semiarid regions, especially from the perspective of hydrology and vul-
nerability to flash floods. Indeed, this might be because reliable data for flash floods
in arid and semiarid basins are lacking; deeper investigation and research in disaster
prevention in these regions only started in approximately 1980. One key difference
this study found between semiarid Brazil and arid Oman is that the way each of
these regions tackles flood problems is quite different. In northeastern Brazil, flash
floods are mostly mitigated at a local level, with the subbasin being the main point
of focus. In Oman, on the other hand, there is more of an integrated mitigation
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Fig. 13.22 Flood index curves plotted according to the rainfall return period for a Sume Basin,
Brazil, and b Wadi Uday, Oman
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strategy plan at a national level considering the entire basin. This study concluded
that Oman’s more unified mitigation strategy was more efficient in preventing flash
floods, especially because it took into account the topography of each basin; in the
Brazilian semiarid region, mitigation measures are often relegated to nonstructural
measures such as land evacuation plans and flood-risk maps. The frequency of flash
floods is lower in arid basins than in semiarid basins; however, the magnitudes of
flash floods are higher in the former. In recent times, Oman has had an unprece-
dented string of flash floods due to cyclones and thunderstorms that have combined
to cause very intense precipitation events. Despite the recentness of this phe-
nomenon affecting Oman, the government has developed a successful plan based on
distributed structural measures, as seen in the previously mentioned seven-dam
project in Wadi Uday. Such policies can be a great lesson for semiarid Brazil, which
lacks inclusive and comprehensive structural measures to address the flash flood
phenomenon.
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Chapter 14
Assessment of Exposure to Flash
Flooding in an Arid Environment:
A Case Study of the Jeddah City
Neighborhood Abruq Ar Rughamah,
Saudi Arabia

Saeed Alharbi and Gerald Mills

Abstract In arid areas, flash floods represent one of the most severe hazards for
people and infrastructure alike. The associated risks are compounded by increasing
exposure and vulnerability through rapid and unregulated urbanization, poor
infrastructure, and sociocultural factors, among other elements. This research
explores the flash flooding risk in the Saudi Arabian city of Jeddah with a particular
focus on the Abruq Ar Rughamah neighborhood, which experienced a destructive
flood in November 2009 that resulted in 116 deaths and 1,200 families becoming
homeless. The neighborhood is an interesting case study as it has two distinctive
urban layouts representing planned and irregular settlement types. In this paper, the
focus is placed on exposure to flash flood hazards using a geographic information
system to study urban layouts, building types, and resident populations in con-
junction with data from satellites, flood mapping studies, and topographic data. The
results show that most of the study area is located along a natural flood path. The
regions that were affected by the 2009 disaster received no comprehensive site
rehabilitation. This paper concludes that it is important to develop a risk manage-
ment strategy that includes limiting urban expansion in flood-prone areas and
redesigning neighborhoods to increase flood resilience.
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14.1 Introduction

Urbanization has two distinct but related meanings. The first is the demographic
shift in the global population from rural to urban living. Since the mid-twentieth
century, the global urban population has expanded rapidly; in 1900, just 15% of the
world’s population of 1.6 billion lived in cities (Spence et al. 2009), and now, more
than half of the 7 billion on the planet live in cities. Moreover, it is projected that
the quantity of individuals living in cities will increase to over six billion by 2045
due to both migration and natural population increases (World Bank 2018). The
second is the transformation of the landscape as the natural land surface cover is
replaced by closely spaced buildings and impermeable surfaces. Much of this
urbanization is concentrated in areas that are exposed to natural hazards such as
flooding, extreme weather, and geological events (e.g., Small and Naumann 2001),
placing a larger number of people at risk. Some of these risks are accentuated by
environmental changes at global, regional, and urban levels, many of which are
linked to human activities. For example, most cities are located on coastlines near
sea level and are projected to experience the effects of sea-level rise due to global
warming (Neumann et al. 2015). In addition, impermeable urban surface cover is
linked to rising air temperatures (the urban heat island effect) and increased
flooding, as storage has decreased while runoff has surged. The types of hazards to
which cities are exposed vary with climate and topography; thus, each city may
require a unique solution to reduce its risk. However, the great majority of current
global urbanization is taking place in economically developing regions (Henderson
et al. 2017) where growth is often unplanned and unmanaged (Ali et al. 2015) and
the capacity to respond to hazard events is limited.

Saudi Arabia is in an arid and semiarid climatic region. The weather is unpre-
dictable, and the geomorphology is specific, so the region is prone to occasional
floods. Settlements, agriculture, roads, and infrastructure together increase the
potential for flood hazards because they cause floodwater to be unable to leak into
the subsoil, which in turn increases the volumes and speeds of water flows. The
expanding population puts pressure on these regions as per capita water use
increases, resulting in limited water resources (Wheater 2002; Nemec and Rodier
1979).

Floods are one of the major effects of indiscriminate urbanization, and Jeddah is
exposed to different levels of flooding. On November 25, 2009, flash floods
occurred in Jeddah during one of the most exceedingly terrible and damaging flood
events throughout the entire existence of the city. The official death toll totaled 116
people (Alsaggaf 2012). In addition to claiming lives, the floods also wrecked more
than 4,000 cars and caused more than 1,200 families to become homeless; the
resulting damage ran into the millions (Alsaggaf 2012). The depths of this flood
were 1.34 m in the main channel of the valley and approximately 2 m on the
streets, confirming that it was not only natural causes that led to this disaster but
also the profound effect of urbanization (El-Hames and Al-Wagdany 2012). The
impact of the floods was most severe in the Abruq Ar Rughamah neighborhood.
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While there was little research on the topic prior to the disaster (Ameur 2016),
following the Jeddah catastrophe, a number of studies focused on the extent of flood
damage and explained the outcome in terms of physical processes, such as the
intensity of rainfall and the local topography. In the research following the flood
event, detailed mapping was performed to assess and analyze flood risk using
satellite images and digital elevation models (DEMs). Al Saud (2010, 2015) used
high-resolution images before and after the event to identify the affected areas. The
study used data derived from climatic records from ground-based stations, remotely
sensed data, and additional information such as geological and topographic maps,
DEMs at 2 and 30 m accuracies, satellite images, and software (ENVI-4.3,
ERDAS9.3, Arc-GIS 9.3). Moreover, the author examined physical and anthro-
pogenic factors such as drainage systems, rainfall distribution, geomorphologic and
geological characteristics, and urban expansion. An overview of the flooding
experienced in 2009 and 2011 in Jeddah was also included; the study covered the
conveyance of floods and torrents and various aspects such as transported water and
sediment, injected flows, impact flows, restricted rainwater, and water bodies and
flows in urban areas. Al-Saud also used a hydrological analysis of DEMs that
included the slopes of basins in the study area, cross sections, channel slopes, and
depressions, as well as a geometric analysis of the drainage systems (length/width
ratios, shape factors, widths/outlets, and width ratios). The study also presented
analyses of drainage systems (morphometric analysis), stream order, and, finally,
the meandering ratio. Furthermore, it included an assessment and examination of
the localities damaged by the floods in both 2009 and 2011 in terms of the levels of
risk. The study also included an overview of the existing flood control measures in
the study area in terms of small-scale flood control measures, such as pipes for
water tunneling, and large-scale flood control measures, including dams and old
water channels. Additionally, erroneous flood control was also noted, including
depression dumping, the closure of valley passageways, soil obstacles, and narrow
tunnels. Proposed projects and programs were discussed that included some
objectives to reduce the impacts of flooding in at-risk areas: setting up infrastruc-
tures in urban areas to drain water, stabilizing flood plains, constructing retaining
walls, creating channels, constructing dams, cleaning channels, constructing tunnels
adjacent to roads, and controlling encroachment on the passageways of valleys.

Moreover, Subyani (2012) used a DEM to identify geomorphological hazards in
the study area by determining the slope and considered the level of risk to be
connected to the slope percentage. In terms of hydrology, he used buffering tools in
a GIS environment to identify vulnerable areas and linked land use with the overall
risk of flooding; all low-lying urban areas of the city are considered to be at high
risk of flooding. Furthermore, he assessed flood vulnerability in arid areas to aid
decision-makers and contributed to flooding protection plans by predicting a yearly
maximum 24-h precipitation value alongside 25-, 50-, 100-, and 200-year forecasts
using Gumbel’s extreme value distribution (EV1) and log-Pearson type III model at
18 rainfall stations around select valleys in western Saudi Arabia.

Additionally, the study by Elfeki et al. (2011) used simulation models to esti-
mate the flood hydrograph of the 2009 storm to determine the impact of floods on
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urban areas in Jeddah. Two hydrologic models were used to estimate the floods
caused by the 2009 storm: the HEC-HMS 3.3 hydrological modeling system and
the WMS 7.1 watershed modeling system were consulted, and a diffusive wave
model was developed. In addition, both models and satellite images integrated with
GIS were examined to capture the water depths and inundation zone. In their study,
Hadadin et al. (2013) applied the synthetic unit hydrograph hypothesis to determine
the peak release of the stream during the Jeddah flood; this value is necessary in the
establishment of the flood hydrography to evaluate water resources and design
different hydraulic structures. Two prediction models were used in the study, the
Snyder approach and a routing unit hydrograph, to analyze 12 streams east of
Jeddah. The study concluded that there is a strong relationship between the density
of drainage systems and the ability of water to infiltrate. Furthermore, El-Hames
and Al-Wagdany (2012) also worked on rebuilding the characteristics and hydro-
graph of the 2009 flood by using HEC-RAS software as well as a dimensionless
hydrograph, the Soil Conservation Service (SCS) curve number, GIS, and a DEM.
The study found that in the case of the natural conditions of the 2009 flood, the
height of the water reached 1.34 m in the main channel and two meters in the
neighborhood due to its narrow streets; the floodwater was discovered to have risen
to 2.1 m at street entrances. The study contradicted assumptions that the disaster
was due to natural causes. The urbanization of hot arid environments with a BWh
climate types in the Köppen classification has generally received little attention,
although these regions also experience rapid urban growth. These areas are char-
acterized by high temperatures and infrequent rainfall events that result in sparse
vegetative cover. The hydrological systems of these regions often consist of wide
and shallow channels that are usually dry (wadis) but respond to rapid and intense
rainfall events that generate flash floods. These events are difficult to prepare for
because they are rare, difficult to predict and provide little lead times for warnings
and evacuations (Lin 1999). Moreover, urbanization in areas prone to flash flooding
exacerbates flood hazards by obstructing and redirecting flows and enhances risk by
increasing exposure.

This paper offers an assessment of the exposure and vulnerability to flash flood
hazards in Jeddah city, Saudi Arabia, an area that has experienced many flooding
events over the last two decades. The focus is on the role of physical planning
(including building construction and urban layout) in managing risk. To illustrate
these factors, the November 2009 flood event is selected and the Abruq
Ar-Rughamah neighborhood is chosen as the case study; this neighborhood has two
distinctive urban forms representing formal (planned) and informal (irregular)
settlement types.
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14.2 Jeddah Case Study

The city of Jeddah covers an area of 748 km2 along a thin and gently inclining
coastal plain between the Red Sea line and the Al-Hejaz slope (Fig. 14.1). Its
climate is hot and dry; during the summer months, temperatures can exceed 40 °C,
while the relative humidity (RH) can approach saturation (Subyani 2009). Rainfall,
when it occurs, takes place mostly during the winter period and is associated with
convective activity triggered by the passage of low-pressure systems moving in
from the west (Haggag and El-Badry 2013). Although Jeddah receives just over
50 mm of rainfall annually, much of it arrives as intense rainfall events of limited
spatial extent; at Jeddah Airport, the mean annual rainfall is 63 mm, but the mean
daily maximum is almost 36 mm. Uplift over the Al-Hejaz escarpment results in
much higher rainfall amounts over these uplifted regions, in excess of 220 mm/year
(Haggag and El-Badry 2013). The generated precipitation travels through nearly 80
drainage systems that convey runoff from the escarpments in the east through
Jeddah into the Red Sea in the west (Qari 2008). Since 2005, Jeddah has experi-
enced several flood events (Tekeli 2017); one of the most devastating events took
place from 24 to November 26, 2009 and severely impacted the Abruq
Ar-Rughamah neighborhood in the southern part of the city.

Fig. 14.1 Location of Jeddah’s urban area between the Red Sea coast to the west and the Hejaz
escarpment to the east. The red boundary indicates the Abruq Ar Rughamah neighborhood
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The population of Jeddah is increasing rapidly; its population has doubled since
1990 and now stands at over 4.1 million. In 2010, Jeddah had a population of 3.5
million, approximately half of whom were non-Saudis and 40% were female. This
population occupied 702,527 dwellings (that is, almost five persons per dwelling).
Not surprisingly, population growth has resulted in considerable pressure to build
houses. At the edges of the city, urban growth occurs in both planned developments
and informal settlements. The former are subject to official planning and building
permits, while the latter have no legal status and the land on which they are built is
cheaper. The two types of urban growth are also distinguished by building con-
struction types and layout. In general, formal settlements are laid out on grids with
wide roads and buildings constructed from modern materials. Many newer build-
ings are multistory apartments that have steel/concrete supports. By comparison,
informal settlements are laid out in a haphazard fashion; the buildings are typically
one story, enclosed by walls, and are built using bricks/adobe and wooden supports.
The streets in these settlements are short and narrow (Fig. 14.2a). Informal settle-
ments are the preferred destination for low-income residents, as the rents are lower
in the informal settlements than in the planned developments. Approximately

Fig. 14.2 a Traditional buildings and the shape of the streets in the informal settlement area. b A
villa, one of the common types of residential buildings in Jeddah. c A scene depicting a formal
settlement, showing the building types and the shape of the streets. d Basic structure of modern
buildings constructed using concrete columns
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one-third of the population lives in approximately 70 of these types of informal
settlements (Aleqtisadia 2018).

The Abruq Ar Rughamah neighborhood is located in eastern Jeddah and is built
on the basin of the Qus wadi (Fig. 14.1). On November 25, 2009, the flash floods
that occurred in Jeddah were most severe in this neighborhood; 116 people lost
their lives, 1,200 families were made homeless, and property was damaged and
destroyed (Alsaggaf 2012). This neighborhood makes an ideal case study because it
is composed of informal and formal settlement types, both of which were severely
affected by the flood event. Figure 14.3 shows a satellite image (SPOT-70 0.6M) of
the study area from 2016; superimposed on this image are the river channels within
the Qus wadi and the area that was severely affected due to the flash flood in 2009
(Al Saud 2015).

Fig. 14.3 Abruq Ar
Rughamah neighborhood.
The red boundary shows the
informal settlement type area,
and the dark blue boundary
shows the formal settlement
type area. The red shading
shows the area affected by the
2009 flood, and the light blue
lines depict the stream system
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14.3 Data and Methods

The main source of data for this study is the 2010 Saudi census (Saudi Arabia
General Authority of Statistics) and the associated geographic files. The census is
collected from households but is typically available only at the level of the gov-
ernate (of which there are 118), the region (13), and the state. Jeddah is a governate
within the Makkah region. For enumeration purposes, each governate is divided
into neighborhoods, sectors, and blocks based on the road network. A block
describes a building or a number of contiguous buildings that are not separated by
streets and can form irregularly shaped polygons. For this study, the census data for
the Abruq Ar Rughamah neighborhood were collated at the block scale. These data
are unique, as they were manually entered from the original census returns
specifically for this project. Given the time taken to generate these data, relevant
variables were created from the full census form. The variables included infor-
mation on geography, types of houses, nature of occupancies, communication
systems, and population that could be used to assess the levels of risk. The geo-
graphic location can be used to evaluate exposure to flood risk, while housing type
is a measure of each dwelling’s strength and its ability to withstand the effects of a
flash flood. The census distinguishes between five types of dwellings: traditional,
villa, apartment, tent, and shanty; the first three types are present in this neigh-
borhood (see Fig. 14.2). Both the villa and apartment types are classed as modern
buildings, owing to the construction techniques and materials used. The age profile,
and in particular the male to female ratio, is a measure of the daytime residential
population, while communication infrastructure can be used to evaluate the
potential for a warning system. The block information is linked to a digital map so
that these data can be analyzed geographically. The layout of the blocks and the
road network can also be examined using a geographic information system (GIS).
The road design plays an important role in blocking and redirecting floodwaters.
Moreover, the road width can play a role in accentuating hazards by narrowing
channels and raising water levels. During the 2009 event, it was estimated that the
depth of the floodwaters was 1.34 m in the main channel of the Qus wadi but
approximately 2 m in the streets within the informal settlement area (El-Hames and
Al-Wagdany 2012). Finally, the presence of cars along roads will contribute further
to hazards by restricting flows along streets and providing debris that can damage
walls and dwellings. In the following section, descriptions of these attributes are
given in relation to the formal and informal areas of the Abruq Ar Rughamah
neighborhood.
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14.4 Results

Figure 14.4 and Table 14.1 show the attributes of the neighborhood, depicting the
physical forms (building type and road density) and population exposure in the
formal and informal areas. There is little difference between the two areas in terms
of population exposure: both are densely occupied (>12,000 persons per sq. km),
the majority of the occupants are male, and approximately 20% are either elderly
(>60 years) or young (<6 years). Most of in the formal settlement live in rented
accommodations, whereas approximately half of the occupants living in the
informal settlement own their dwellings. Figure 14.4 shows that the population
densities and the distributions of old and young individuals are evenly dispersed
within each settlement.

In terms of comparative physical geographies, the formal and informal settle-
ments differ significantly. The planned settlement area has long roads, wide streets,
and few traditional buildings. Although the built fraction of the landscape in the
informal settlement area is nearly the same as that in the formal settlement area, the
street lengths in the informal settlement area are, on average, one-quarter of the
length of those in the formal settlement area, and the streets are much narrower in
the former area than in the latter. Figure 14.2 confirms these basic features. The

Fig. 14.4 Physical and human geographical aspects of the Abruq Ar Rughamah neighborhood:
a population distribution; b dependent population (those under 6 and over 60 years of age);
c distribution of modern and traditional buildings, and d road density
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planned development area consists of buildings that form rectangular blocks
arranged as a grid; the wide roads are aligned with the natural slope so that flood
water can move through the settlement with few impediments. The buildings in this
region are strong and have multiple floors, enabling evacuation to higher floors. The
unplanned development area has many roads (see Fig. 14.2a and c) that are short
and narrow with no dominant directions; thus, floodwaters that enter the settlement
area are obstructed, and the water level rises. Moreover, the buildings and walls in
this settlement area are weaker and more prone to damage than those in the planned
development area.

An additional factor that contributes to flood risk in the neighborhood is parked
cars. As a result of the availability of cheap fuel and cars in Saudi Arabia, the
majority of residents depend on cars for travel; in 2014, there were 336 vehicles per
1,000 persons. It is important to consider that since 2018, Saudi Arabia has begun
to allow women to drive, suggesting that the number of cars owned by each family
may increase. Therefore, while cars could be used as a means of evacuation if there
were sufficient warnings, cars are easily movable and often become debris when
floods occur. During the 2009 flood disaster, many roads became impassable due to
blockages created by cars; this was especially true in areas with narrow streets
(Fig. 14.5). A simple geographic analysis of car locations based on a 2016 satellite
image showed that there were approximately 4,500 cars in the informal settlement
area, corresponding to a density of over 5,000 vehicles per km2 if the built area is
excluded. A typical car is nearly 2 m wide or one-third of the average street width in

Table 14.1 Properties of the Abruq Ar Rughamah neighborhood

Attribute Formal Informal

Physical geography

Area 0.80 km2 1.31 km2

Built fraction 0.62 0.68

Traditional housing unit 116 22,80

Modern housing unit 2,444 976

Average street width 17 m 5.7 m

Average street length 106 m 25 m

Population geography

Population 10,375 16,169

Population density 13,036 cap. km−2 12,360 cap. km−2

Male 5,583 (54%) 9,423 (58%)

Female 4,792 (46%) 6,746 (42%)

Under 6 years old 1,907 (18%) 2,370 (15%)

Over 60 years old 413 (4%) 589 (4%)

Tenants 1,845 1,572

Owners 624 1,511
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the informal settlement; in other words, the same density of cars occupies less road
space in the formal settlement area than in the informal settlement area.

14.5 Discussion

The Abruq Ar Rughamah neighborhood represents a good case study of urban-
ization and exposure to flash flood hazards. The neighborhood has experienced two
recent flash flood events (in 2009 and 2011) due to its location in the Qus Valley
basin; however, Fig. 14.6 shows that urbanization continues as before. The
expansion of Jeddah into flood risk zones suggests that the likelihood of flood
recurrence is not properly accounted for in land management planning. There is a
critical need for a flash flood hazard map that outlines the likely return period for
flood events of varying magnitudes. These maps should be central to all urban plans
and should be made available to the local population to increase residents’
awareness of flood risks and encourage their participation in flood risk management.
If further urbanization takes place in at-risk zones, the nature of the flood hazard
should be explicitly addressed in urban planning and design. Measures could
include upstream dam construction and/or drainage channels to control the path of
floodwater and divert it from settled areas. It is also possible to create retention
reservoirs to collect some of the flood water temporarily or permanently so that it
can be used later, reducing the volume of floodwater and the speed of runoff.
Ideally, these systems would be part of land-use plans and urban design prior to
urbanization.

Fig. 14.5 A photograph of the 2009 flood disaster in the study area showing the impact of cars
forming debris that leads to the obstruction of the entry of rescue teams (Alriyadh Newspaper
2018)
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In addition to design changes, there is also a need for an early warning system
that is linked to actions at the neighborhood and household levels. The absence of
such a system in the 2009 flash flood event has been noted (Momani and Fadil
2010). Such a system would include meteorological and hydrological observations
and modeling coupled with an effective communication system. Smartphone
technology, which is widely available in Saudi Arabia, provides an opportunity for
direct communication with affected households (Alkhunaizan and Love 2013). The
final component of the system requires actions on behalf of household members in
response to threats. It is clear from the above analysis that the flood risk differs
greatly depending on the physical characteristics of a settlement; thus, the required
actions will also differ.

Abruq Ar Rughamah was selected for this study because it is composed of both
formal and informal settlements. Although the entire neighborhood is exposed to
flood hazards, informal settlements, which mostly feature traditional houses, are
more vulnerable to floods for a number of reasons. First, the physical geography of
informal settlements enhances the flood hazard by impeding water flow, and the
weaker construction materials used to build informal settlements point to a greater
likelihood of structural damage. Second, the opportunities to evacuate are reduced
in informal settlement areas; for example, the haphazard building layouts increase
the presence of flood water in the streets, which transports debris (including cars).
Modifying existing neighborhoods to cope with floods is difficult and would result
in changes to buildings and their layouts for the following reasons.

• Official building permits are based on the Saudi Code of Building (sbc.gov.sa
2018), which stipulates the quality of construction materials to be used. This

Fig. 14.6 Footprint of urbanization in 2005 and 2016
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code has not been applied to ‘traditional’ houses that use low-cost materials and
do not have legal status. Strengthening buildings in these settlements should be
a priority and may comprise the removal/rebuilding of dangerous structures that
pose risks.

• Redesigning the layout would have to include creating new streets that are wide
and aligned with the natural slope to provide a path through the built-up area.
Protective barriers along these streets could limit damage to other parts of the
settlement area. Such a dramatic redesign would also entail the removal of some
buildings.

Other factors that increase the risk in informal settlement areas are cars parked
on narrow roads. These factors impede the movement of emergency vehicles, act as
waterborne debris during floods (damaging walls and buildings), and hamper
clean-up efforts. Rules about parking that greatly reduce the street space occupied
by vehicles are a priority; this may mean setting aside parking areas on the
downstream side of the settlement area.

Flood risk assessments must account for community responses (Cutter 1996;
Messner and Meyer 2005), but the census data used here offered limited insights
into this component of flood risk. Although these data showed that the populations
of the informal and formal settlements differed little in terms of demography,
further work is needed to examine flood awareness and coping strategies.

14.6 Conclusions

Given the roles played by physical and human factors in this study, both of which
led to increased vulnerability and exposure in the study area, this study recom-
mends the redesign of unplanned parts of the city to improve the adaptability of
these areas to flood risks. This would include opening drainage channels, especially
in the irregular part of the neighborhood, and widening some narrow roads. This
study also stresses the importance of finding urgent solutions for traditional
buildings, as these buildings increase hazards both in flood scenarios and other
natural disasters, such as earthquakes, due to their structural weaknesses.
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Chapter 15
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Abstract Recently, Wadi flash floods (WFFs) have happened frequently in arid
environments, resulting in great damage the society and the environment. In Oman,
severe WFFs have occurred repeatedly within the last 10 years causing a huge
impact on human lives and properties. This paper aims at introducing the frame-
work of an international collaboration project between Japan and Oman for WFF
management considering sediment dynamics and climate changes. Four research
groups were established: climate change (G1), rainfall-runoff modeling (G2), sed-
iment yield and transport (G3), and sedimentation and infiltration processes (G4).
Several field investigations were conducted since 2017 until now. The detailed field
survey to assess the deposited sediment in a dry reservoir by using sediment bars,
and infiltration test, as well as drone survey were addressed. Some of the prelim-
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inary results and findings from the field investigation is discussed. The results show
there is an adverse impact of sedimentation clogging on the infiltration process at
the reservoirs. Based on the historical rainfall data analysis, there is a systematic
increasing trend of the annual average precipitation with remarkable cycles over the
MENA region and Oman. The knowledge obtained from this project is expected to
be valuable to understanding sediment dynamics at Wadi basins.

Keywords Collaboration project � Wadi flash floods � Sedimentation � Climate
change � Arid regions

15.1 Introduction

Information about hydrological processes in arid regions is scarce—although the
associated problems are severe, particularly the management of water resources and
soil erosion (Reid and Frostick 1987). Sediment yield data from a humid and a
semiarid region was compared (Wolman and Miller 1960), and the conclusion of
the study was the greatest part of the sediment removed from both drainage basins
was carried by small to moderate flows with a recurrence interval of fewer than five
years. This shows a large proportion of sediment yield and the erosion caused by an
extremely short-lasting storm is a substantive property of rivers in arid and semiarid
regions (Walling and Kleo 1979). Yet there has been surprisingly little attention
paid to sedimentation assessments and impacts associated with flash floods in arid
regions, especially in the Arab regions with hyperaridic conditions. Several studies
have highlighted the importance of sediment monitoring during flash floods to
operate and take countermeasures in recharge dams, but the sediment observations
have not been recorded and documented adequately (Reid and Frostick 1987).
Monitoring the sediments coming from upstream reaches in Wadi basins during the
flash floods is extremely difficult in arid regions for two main reasons, the difficulty
to access Wadi stream during the floods, and the missing of monitoring tools for
sediment transport in most Wadi systems. A large quantity of sediments usually
comes with the flash floods and is controlled by several factors such as geological
and topographical features of the basins, the land uses and soil type variability, and
the intensity and frequency of extreme rainfall, as well as the human impact.
Therefore, to assess the sedimentation for any river basin regardless of the climatic
conditions, such factors should be investigated to understand the interrelation with
sediment yield.

Most of the arid and semiarid regions suffer from several challenges including
(a) limited hydrological models due to the lack of monitoring networks, (b) a
shortage of water resources—the available surface water is limited due to the
paucity and high variability of rainfall events, and subsurface water is very
important but suffers from quality problems and depletion due to mismanagement,
and (c) the disaster of Wadi flash floods (WFFs) or drought conditions (Saber and
Habib 2016). These problems are accompanied by practical difficulties involving
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water resources management, planning, and development in arid areas. Several
studies and efforts have been performed in WFF modeling to understand behaviors
and characteristics (Saber 2010; Saber et al. 2013; Abdel-Fattah et al. 2017), mit-
igation strategies and water management (Sumi et al. 2013; Abdel-Fattah et al.
2015), and evaluation and bias corrections of satellite-based rainfall for flash flood
simulations (Saber and Yilmaz 2018), but the assessments of sedimentation impacts
associated with extreme events under climate change impacts are still negligible in
Wadi basins.

Recently, WFFs have happened frequently and are becoming more devastating
in arid regions, especially when considering climate change and sedimentation
impacts. Oman has experienced severe flash floods such as (Cyclone Guno, June
2007 and Cyclone Phet, June 2010). Figure 15.1a shows rainfall totals around the
Gulf of Oman between May 31 and June 7, 2007 (Cyclone Guno). For instance, the
Cyclone Guno (Q = 900 m3/s) caused 50 fatalities and $3.9 billion worth of eco-
nomic losses (Al Barwani 2015). Great damage to infrastructures (Fig. 15.1b),
housing, and agricultural lands was recorded from Cyclone Guno. The red areas
show where rainfall exceeded 200 mm (8 inches). The most recent cyclone that
happened from May 25 to May 26, 2018 was named Cyclone Mekunu. It was much
more powerful than previously recorded events in Southern Oman, and it extended
to the neighboring countries as well. It reached category 3 as reported by the
Ministry of Regional Municipalities and Water Resources (MRMWR). The cyclone
endured from May 23 to May 27, 2018, with a total rainfall of about 617 mm. The
maximum rainfall was of about 505 mm in just two days (May 25 and 26, 2018) as
recorded by the rain gauges.

Wadi systems in arid regions (Fig. 15.2a) are not only characterized by extreme
disasters (e.g., flash floods, drought) but also a lack of monitoring networks and
integrated management strategies for water as well as sediments. Flash floods have
become more frequent, especially in connection with extreme events like cyclones
(Fig. 15.2b). In Oman, mitigation structures for flood control and groundwater

Fig. 15.1 a Total rainfall of Cyclone Guno in Oman between May 31 and June 7, 2007
(http://earthobservatory.nasa.gov/NaturalHazards/natural_hazards_v2.php3?img_id=14295). b An
example of the resulting damage in Muscat City (Al Barwani 2015). Source Reprinted from Saber
et al. (2018) Copy right 2018
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recharge have been installed. However, issues of sedimentation were underesti-
mated, leading to environmental problems due to reservoir sedimentation
(Fig. 15.2c). This was examined in field investigations in December 2017 and
September 2018. Oman is one of the countries that could experience critical sed-
imentation volumes (Fig. 15.3a) by the year 2050 (ICOLD 2009). The current
conditions of sedimentation exhibit real problems at many reservoirs (Fig. 15.3b).
In this paper, we present the concept and framework for an international collabo-
rative research project between Japan and Oman. In addition, we refer to efforts
done in preparation for the project to prove the feasibility of the implementation and
applicability of transferring the technology to developing countries.

Sedimentation is the most serious technical problem in reservoir management,
especially in arid regions with increasing extreme flash floods. There are several
reasons why sedimentation is so important in Wadi basins:

• The lack of previous studies, especially regarding the impacts on reservoir and
infiltration.

• The deterioration of dams’ ability to store water and the influence on their
function for flood protection.

Fig. 15.2 Wadi flash flood concept (a), problematics (b), achievements (c and d), and gaps (e)
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• The decrease of infiltration at the recharge zone at the downstream, conse-
quently affecting the groundwater recharge.

• The increase of probability of the disaster impacts of WFFs.

In dry environments such as Wadi basins, the aforementioned problems are
expected to be more serious and destructive than for perennial rivers, particularly
with respect to climate change. Therefore, the assessment of the adverse impacts of
sedimentation at Wadi basins is desperately crucial to bring forth a secure integrated
water and sediment management strategy. The project’s key scientific questions
were

• What is the impact of climate change on extreme rainfall events?
• How can sediment yield be predicted based on understanding flash floods’

spatiotemporal variability and sediment dynamics?
• What are the impacts of sedimentation on the infiltration processes?

Fig. 15.3 a Actual and predicted sedimentation in the Middle East. Source Reprinted from
(ICOLD 2009). b Reservoir sedimentation at Wadi Tanuf, Nizwa (right photo) and Wadi Al Kabir,
Ibri (left photo), Oman
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To address the raised questions and overcome the related problems of WFFs in
arid regions, a project was initiated based on the international collaboration between
Japan and Oman. The project consisted of four research groups (Fig. 15.4a): climate
change (G1), rainfall-runoff modeling (G2), sediment yield and transport (G3), and
sedimentation and infiltration processes (G4).

The target Wadi basins for the implementation of the project were Wadi Samail
and Mijlas (Fig. 15.4b). The selection criteria included the possibility of monitoring
data and the availability of facilities for the field surveys and the conduct of field
investigations. Other aspects were (a) the knowledge that Oman is a Middle East
leading country in the implementation of a unique flash flood management strategy,
(b) the long history of collaboration with Kyoto University, Japan, since 2015, and
(c) the expertise of Kyoto University concerning approaches for WFF simulation
and sedimentation issues.

The main objectives of this project were to.

• Analyze the extreme rainfall events from historical records and assess the
impacts of climate change (G1)

Fig. 15.4 a Research groups and roles in Japan and Oman. b Study areas of Wadis Samail and
Mijlas in Oman
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• Combine the developed sediment transport model with the developed hydro-
logical models to simulate water discharge and sediment transport (G2 & G3)

• Assess sedimentation impacts on infiltration process by detailed field surveys
(G4)

• Utilize the high-resolution satellite data (Interferometric Synthetic Aperture
Radar [InSAR], ALOS Phased Array type L-band Synthetic Aperture Radar
[PALSAR], etc.) to assess the sediment deposition, erosion, and sediment yield,
and then validate by field investigation (G3 & G4)

15.2 Project Approach: Feasibility, Design,
and Implementation

15.2.1 Research Approach and Implementation

The project aimed to develop an integrated concept of combined rainfall-runoff
modeling with satellite-based data (InSAR, GSMaP) and field investigations to
assess the sediment yield associated with WFF water. There was a special focus on
understanding climate change impacts as well as sediment dynamics and its impacts
on infiltration. The merit of this research project is unique since it assessed WFFs
and sediment dynamics under climate change based on extensive field investiga-
tions. We started our collaborative network with Sultan Qaboos University (SQU),
the Directorate General of Metrology (DGM), and MRMWR in Oman in 2015 and
performed field investigations in 2016, 2017, and 2018 for several Wadis.
A detailed presentation of each research group is given below.

15.2.1.1 Climate Change (G1)

The frequency of WFFs has dramatically increased within the last ten years (Saber
et al. 2018); this might be as a result of climate change or human impacts.
Understanding climate change is desperately needed and should be addressed in
WFF studies. We started a rainfall analysis for the extreme events in arid regions
(Fig. 15.5a), and the details will be addressed in Sect. 15.4. Analysis of the his-
torical extreme events as well as future events will be conducted to understand the
occurrence, rainfall variability, and climate change impacts on both intensity and
magnitudes of WFFs. Downscaling and bias corrections of global circulation model
outputs using the regional climate model to create different scenarios of climate
change will be conducted. This will guide us to answer the question of how and
why WFFs are recently becoming more frequent and devastating.
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15.2.1.2 Rainfall-Runoff Modeling (G2)

We developed and set up several hydrological and hydrodynamic models for WFFs
in different Wadi basins in Oman for instance the Hydrological River Basin
Environmental Assessment Model for Wadi systems (Hydro-BEAM-WaS) (Kojiri
et al. 2008; Saber et al. 2010a, b, 2013; Sato et al. 2013), a rainfall-runoff model
(Sayama et al. 2012; Abdel-Fattah et al. 2018), and TELEMAC-2D (Riadh et al.
2014; Ogiso et al. 2017). The models have not yet been combined with a sediment
transport module in arid regions (Fig. 15.5b). A sediment transport model will be

Fig. 15.5 Research plan and methodology
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developed (G3) (Fig. 15.5d) and coupled with the hydrological model to simulta-
neously simulate both sediment and water (G2). Field investigations were con-
ducted by G3 and G4 for validation (Fig. 15.5c–e).

15.2.1.3 Sediment Yield and Transport (G3)

Globally, sedimentation is the most serious technical problem in reservoir man-
agement, but in arid regions, the challenge becomes much more serious with
increasing extreme flash floods. Two approaches will be used to estimate sediment
yields and numerical simulations. The sediment transport module will be imple-
mented to predict the sediment volumes associated with WFFs (linked with G2).
The satellite data (InSAR, PALSAR-2) will be utilized to quantify sediment volume
and determine the morphological changes along Wadi channels and then validated
by field investigations (G3 & G4) (Fig. 15.5d, e). The researchers in SQU and
MRMWR have already conducted several studies for sedimentation and pedon
analysis (Al-Maktoumi et al. 2014, 2015).

15.2.1.4 Sedimentation and Infiltration Processes (G4)

We will assess the influence of sedimentation on infiltration processes in the
selected Wadi basins (sediment clogging in Fig. 15.5e). This group will focus on
conducting field surveys to investigate the sedimentation at Wadi basins
(Fig. 15.5c). A disk infiltrometer will be used to measure the impacts of sedi-
mentation clogging on the infiltration rates at the reservoirs. This will help in
understanding the adverse impacts on groundwater recharge and trapping efficiency
of dams.

15.2.2 Project Potentiality and Feasibility

Oman is a Middle East leading country in the implementation of a unique flash
flood management strategy. Japan is also a world leader in the field of sediment
management techniques on the river basin scale. Therefore, transferring such
technologies to developing countries is crucial. The project was initiated based on
the long history of activities such as meetings, conferences, and detailed research
among the counterparts. There are, however, several factors controlling the appli-
cability of the project and implementation. The Kyoto University team started a
collaboration with the Arab countries (e.g., Egypt, Oman) in 2009 with establishing
the Japan–Egypt Hydro Network (Sumi et al. 2013). Then, several field surveys
were conducted for the target Wadis (Samail & Mijlas) in 2010, 2014, 2016, 2017,
2018 to better understand Wadi characteristics (Saber et al. 2018). The Japanese
research group modified, calibrated, and validated hydrological models for WFFs.
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Moreover, the Kyoto University research team initiated a series of conferences
titled the International Symposium on Flash Floods in Wadi Systems (ISFF). The
first ISFF was organized in Kyoto University (2015), the second ISFF in Egypt
(2016), the third ISFF in Oman in 2017 (Fig. 15.6a) (ISFF 2017), and the fourth
ISFF in Casablanca, Morocco (2018) (ISFF 2018). The fifth ISFF is scheduled to
take place in Kyoto in 2020.

Through discussions at the third ISFF, the Japanese research team and the
international counterparts from Oman, Morocco, and the other countries agreed to
continue discussions, cooperate to share experiences, and develop outstanding
methodologies for sediment yield and sedimentation throughout such international
collaboration. These activities were reported by an Omani newspaper (Fig. 15.6b)
(http://www.omanobserver.om/guidelines-mooted-managing-flash-floods/) and a
TV program (https://youtu.be/GojslFCBHYM/) that is widely recognized locally.

The project is expected to enable undergraduate students and young researchers
through the efforts of the international collaboration. Students from both Oman and
Japan are involved in the project. For instance, there are three master’s students
from Oman working under the project topics, as well as Japanese students. Based
on these factors, the project is expected to be feasible and applicable mainly for
hydrological investigations of WFFs to complete the missing gaps related to sed-
imentation and climate change.

The significance and the expected outcomes of this project are an increased
understanding of WFFs spatiotemporal variability with implications of climate
change, upgrading current hydrological models to simulate WFF water and sedi-
ment, validating high-resolution satellite products for sediment yield assessments,
and clarifying the adverse impacts of sedimentation on infiltration processes.
Additionally, learning lessons from the international collaboration project is ben-
eficial for further understanding of climate change and drought/flood cycles. Also,
since Japan is a world leader in the field of sediment management techniques on the
river basin scale, transferring such technologies to developing countries is impor-
tant. Mutual benefits from learning lessons from Oman and transferring Japanese
advanced technologies will be accomplished.

Fig. 15.6 a The third international symposium on flash floods (ISFF) symposium, GUTech,
Oman, showing the research teams from Oman and Japan. b The third ISFF outcomes in the news.
Source of (b): http://www.omanobserver.om/guidelines-mooted-managing-flash-floods/
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15.3 Field Survey and Preliminary Results

In the ungauged Wadi systems, field surveys were essential for better understanding
the real physical conditions of WFF phenomena and, mainly, the sedimentation
issues in arid regions. Therefore, two field surveys were conducted for Wadis
Mijlas and Samail in Oman in December 2017 and September 2018, respectively,
to study sedimentation issues and their impact on reservoir capacity and identify
flash flood marks. Several measures have been implemented such as Wadi channel
leveling, the use of sedimentation pedons to study the vertical layers of sedimen-
tation at the reservoirs by collecting sediments samples for further laboratory
analysis and detecting flash flood marks. Additionally, drone surveys, infiltration
tests, and field questionnaires about flash floods were conducted. The sedimentation
volume at the reservoir along Wadi Mijlas was estimated from the sedimentation
measure bars installed in the reservoir before the dam construction. Currently,
InSAR data is being processed to assess the sedimentation changes. Numerical
models were set up to estimate sediment transport. All these outcomes will be
compared and validated by the field investigation findings. Details of the field
investigations are presented in the following subsections.

15.3.1 Sedimentation Measures

Several sedimentation bars were installed by MRMWR. We measured the level of
these bars and estimated how much sediments were deposited from 2011 to 2017
(Fig. 15.7). The sedimentation volume at the reservoir along Wadi Mijlas was
estimated from the sedimentation measure bars installed in the reservoir before the
dam construction. The sedimentation volume due to four flash flood events over the
seven years was estimated to be about 8433 m3 at Asserin Down Dam 1 and about
15,041 m3 at Asserin Up Dam 2.

15.3.2 Pedon Survey

Several sediment pedons were dug at Asserin Up Dam (Fig. 15.8a) along the
reservoir to analyze the sediment grain size and organic contents and check the
layers of sediments accumulated during the previous flash floods. Samples were
collected from each layer for detailed laboratory analyses (grain size analysis,
microscopic analysis, ash separation, and organic contents assessment). All layers
were analyzed and described in the field to understand the correlation with rainfall
data. At Asserin Up Dam, we found six layers as shown in pedons 1, 2, and 3
(Fig. 15.8c). The layers were separated and distinguished by two techniques:
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vertical grain size variations and the occurrence of mud cracks at the top of a layer
(Fig. 15.8b).

Based on the measure bars and sediment pedons analyzed, the sediment thick-
ness along the central line of the reservoir was estimated for the six layers. This will
be very beneficial in calibrating the sediment transport model in the reservoir
(Fig. 15.9).

15.3.3 Morphometric Changes

An investigation of the morphometric changes along Wadi channels is required to
understand the sediment yield, transport, and erodibility at the basins. We tried to
assess and investigate the depositions and erosions along Wadi channels. Wadi
channel leveling was conducted in the field to assess the Wadi channel elevations at
different flash flood events. Also, we used Google Earth maps to check the Wadi
channels’ morphometric changes due to the impact of flash floods. For instance, the
sedimentation changes at the dams before and after the constructions showing the
spatial topographic changes at the reservoir at both dams along Wadi Mijlas

Fig. 15.7 Sedimentation measures at the reservoir of Asserin Up Dam at the upstream of Wadi
Mijlas (photographs taken by the Kyoto University team: field survey from Nov. 29 to Dec. 2,
2017). Reprinted from Saber et al. (2018), Copyright 2018
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(Fig. 15.10). Along the Wadi channels, the impact of Cyclone Guno was observed,
examining changes on the channel morphology as shown on Google Earth maps
before and after the flash floods (Fig. 15.11). Currently, we are analyzing
synthetic-aperture radar images to assess the sediment changes at the catchments
after the flash floods.

Fig. 15.8 a Pedon sites at Asserin Up Dam, Wadi Mijlas. b Observed mud cracks at the top of
layer 3, pedon 2. c Three investigated pedons: pedons 1, 2, and 3

Fig. 15.9 Sediment thickness changes along the central line of the reservoir at Wadi Mijlas
(Asserin Up Dam)
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Fig. 15.10 Left Panel: Asserin Dam 1 (downstream) construction and sedimentation impacts.
a The completion of the dam construction in 2011. b The sedimentation impacts on the reservoir in
February 2014. c The sedimentation impacts on the reservoir in December 2014. Right Panel:
Asserin Dam 2 (upstream) construction and sedimentation impacts. a Before the dam construction
in 2009. b After flash floods and sediment deposition on the reservoir in April 2013. c Dryness of
the reservoir in February 2014. Reprinted from Saber et al. (2018), Copyright 2018
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Fig. 15.11 Wadi channel morphology changes after Cyclone Guno in 2007. The sedimentation
bars in photograph (a) disappeared after the extreme floods revealed the massive transported
sediment and the difference in the soil colors, as observed in photograph (b). Reprinted from Saber
et al. (2018), Copyright 2018
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15.3.4 Infiltration Tests

During the field investigations, we observed the clogging phenomena of sedi-
mentation at the reservoir (Fig. 15.12), both upstream and downstream of the dams
at Wadi Mijlas. Therefore, we conducted several infiltration tests vertically as a
unique approach to understand the sediment dynamics as well as impacts on the
groundwater recharge.

Using the disk infiltrometer, we conducted several tests at the investigated
pedons, considering different layers to understand sedimentation impacts on the
infiltration. The objectives of the infiltration tests were to measure the change of
infiltration rate by sedimentation and assess the influence of clogging. The saturated
hydraulic conductivity (Ks) was determined using tension infiltrometers (Reynolds
and Elrick 1991) at the target sites (pedons). About 13 infiltration tests were con-
ducted at several layers as shown in Fig. 15.13. As preliminary results, we found
the sedimentation decreases the infiltration. Concerning the infiltration tests, how-
ever, further discussion is still in progress. The relationship between pedon sedi-
ments and infiltration tests was also investigated.

At pedon 2, the results of the infiltration test and grain size analysis showed the
relationship between the soil texture and Ksat: Ksat decreases at the layers from
upstream to downstream with depth (Fig. 15.14). It was also found that Ksat
declines when the grain size decreases. The findings of the study by (Mazaheri and
Mahmoodabadi 2012) agrees with these results indicating the soil particle distri-
bution affects the infiltration rate. Furthermore, the longitudinal change of Ksat

Fig. 15.12 Sediment clogging upstream (the two upper photographs) and downstream (the two
lower photographs)
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along the tested sites was observed (Fig. 15.15). This revealed the impact of sed-
imentation on the infiltration rate. Also, Ksat of the surface layer decrease from
upstream to downstream, which is also related to the soil texture. Further analysis of
all the layers by using the infiltration model to simulate such changes are still
running.

Fig. 15.13 Infiltration tests at several layers of the three pedons, Asserin Up Dam
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Fig. 15.14 Soil texture and saturated hydraulic conductivity at pedon 2
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15.3.5 Drone Surveys

Over two days we conducted drone surveys using Phantom 4 Pro at different
locations and sites (Fig. 15.16) including Asserin Up Dam, Asserin Down Dam, Al
Sawaqim, the monitoring station, the old monitoring station along Wadi Mijlas, the
newly proposed dam, and also at the Wadi gauge station site. The reservoir of
Asserin Up Dam was selected to develop the bathymetry DEM (Fig. 15.16). The
drone images were analyzed to produce a very high-resolution DEM at the reservoir
(Fig. 15.17), with about 0.5 m spatial resolution, that will be very useful to enhance
the topographic data inputs for the hydrological models. The drone images were
processed using the Photo Scan software. This DEM will be very crucial to
enhancing the input topographic maps for the hydrological model and consequently
reducing the model uncertainty related to topographic data accuracy. These results
will be used for the future modeling of sediment transport models and also for
future sediment changes over the target basins by comparing them with future
results to assess the extent of the deposited sediments for any future flash flood
events.
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Fig. 15.15 Longitudinal change of saturated hydraulic conductivity at the pedon sites (see
Fig. 15.8a)

Fig. 15.16 Satellite image showing the sites for the drone survey of Wadi Mijlas, Oman, on the
right and the drone photograph of Asserin Up Dam, Wadi Mijlas, Oman on the left
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15.4 Climate Change and Extreme Rainfall Events

As a part of this project, the impacts of climate change on WFFs was addressed. We
analyzed long-term rainfall data to understand the temporal variability over the
Arab region and Oman. The satellite rainfall data of the Precipitation Estimation
from Remotely Sensed Information using Artificial Neural Networks (PERSIANN)
was used (Sorooshian et al. 2000; Ashouri et al. 2015). The results of the analysis of
PERSIANN rainfall data from 1983 to 2017 exhibited the whole Arab region had
experienced systematic cycles of increasing trends of rainfall about every seven
years (Fig. 15.18a) and the same behaviors were recorded for Oman, except the first
cycles showed extreme increasing and then decreasing trends in the rainfall data
(Fig. 15.18b). To understand the temporal variability for such kinds of systematic
cycles of extreme events, additional historical data from the Climate Change
Knowledge Portal was freely downloaded and used (WorldBankGroup 2019). The
data was derived from observational data, and it provided quality controlled rainfall
values from thousands of weather stations worldwide. It was developed by the
Climatic Research Unit of the University of East Anglia and reformatted by the
International Water Management Institute. The Persian data showed an acceptable
agreement between the annual Persian data and historical rainfall data with a cor-
relation coefficient of 0.7693 (Fig. 15.18c). The future climate scenarios will be
discussed in a separate research paper to deeply understand the spatial and temporal
variability of rainfall over the Arab region and Oman for a long-term period
including the past, recent, and future extreme rainfall events.

Fig. 15.17 High-resolution digital elevation model generated from unmanned ground vehicles
will be used to enhance the input topographic maps for sediment transport modeling
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Fig. 15.18 Annual rainfall analysis of precipitation estimation from remotely sensed information
using artificial neural networks (PERSIANN) rainfall data from 1983 to 2017 over a the Arab
region and b Oman and c the comparison of long-term historical data of Oman with PERSIANN
data from 1983 to 2017
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15.5 Conclusions and Ongoing Work

In this paper, an international collaboration project is presented and discussed. The
collaboration was initiated between the Kyoto University team and the Omani team
(in collaboration with SQU, MRMWR, and DGM) to develop an effective hydro-
logical approach for WFFs in arid regions, considering climate change and sedi-
mentation impacts. Four research groups were established to focus on analyzing
historical rainfall data to assess extreme events variability and global circulation
models for future climate scenarios (G1), developing the hydrological models to
simulate water discharge and sediment transport (G2), and assessing sediment yield
(G3) by satellite data (e.g., InSAR) and hydrological surveys by conducting
investigations for sedimentation impacts on infiltration process (G4). The outcomes
will be solutions to overcome challenges related to WFFs and the proposition of a
secure long-term sustainable management of water and sediments, as well as the
transfer of Japanese technologies. Both the Japanese and the Omani teams are
working together to achieve the project tasks, providing approaches and methods to
overcome WFF challenges in arid regions.

To therefore understand flash flood phenomena in arid regions in terms of water
and sediment management, two field surveys were conducted for Wadis Mijlas and
Samail in Oman in December 2017 and September 2018, respectively, to study the
sedimentation issues and their impacts on reservoir capacity. Several measures were
implemented such as Wadi channel leveling, and the use of sedimentation pedons to
study the vertical layers of sedimentation at the reservoir by collecting sediment
samples for further laboratory analysis and detecting of flash flood marks.
Additionally, drone surveys, infiltration tests, and field questionnaires about flash
floods were conducted. The infiltration tests showed the relationship between the
sedimentation layers and the Ksat at several vertical sediment layers of three
pedons. A high-resolution digital elevation model was generated from the drone
images to be used for the sediment transport modeling. Long-term satellite pre-
cipitation data and historical data were used to analyze the temporal variability in
the whole Arab region and also at Oman, and the results exhibit interesting sys-
tematic cycles every seven years. Thus, additional detailed analyses of these data
and climate change scenarios are still ongoing. Thus, this study is quite crucial in
assessing the sedimentation in the field survey, numerical modeling, and satellite
data, as well as in proposing the best sediment management techniques in Wadi
basins. Further field surveys will be conducted in the near future to extend the
analysis, especially concerning long-term rainfall analysis and climate change
impacts.
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Chapter 16
Sediment Transport in Shallow Waters
as a Multiphysics Approach

Ekkehard Holzbecher and Ahmed Hadidi

Abstract Suspended particle and bed-load transport are usually high during
flooding events. For that reason, sediment transport is an important feature to be
taken into account when studying floods. Measures that aim to mitigate the negative
impacts of floods depend on such studies. Sediment transport phenomena are
complex due to their coupling behavior with fluid flow. Due to the erosion and
sedimentation of particulate matter, the ground surface changes during the passing
of a flood. The courses of unregulated rivers and wadis after floods are different
than those before floods. Flowing water transports sediments, and vice versa;
sediment redistribution affects the flow of water due to changes in the ground
surface and other factors. Computer simulations of sediment transport must take the
coupling between water flow and transport processes into account. Here, a multi-
physics approach in such a coupled model is presented. Shallow water equations
(SWE) representing water height and velocity are coupled with equations for sus-
pended particulate matter and bed loads. Using COMSOL Multiphysics software,
an implementation is presented that demonstrates the capability and feasibility of
the proposed approach. The approach is applied to the problems of scouring
and sedimentation at obstacles, which are particularly important for ensuring the
stability of bridges across rivers and wadis.

Keywords Sediment transport modeling � Multiphysics � Scour

16.1 Introduction

Sediment transport in surface water bodies is a topic that is gaining increasing
relevance and scientific interest. With a focus on sedimentation and resuspension,
applied research has been performed concerning rivers (Sibetheros et al. 2013;
Zavattero et al. 2016), channels (Visescu et al. 2016), coastal zones (Amoudry and
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Souza 2011; Aoki et al. 2015), reservoirs (Kondolf et al. 2014; Sumi and Hirose
2009), and floodwaters (Eaton and Lapointe 2001; Berghout and Meddi 2016).
Here, the focus lies on the floodwaters, although the discussed methods can also be
applied to other fields.

In reservoirs, the deposition of sediments is a general problem; the water storage
capacity may be reduced drastically due to sediment deposition. Groundwater
recharge can be reduced or completely inhibited due to the deposition of fine
particles. This is a crucial issue at dams that are also designed for groundwater
recharge, as shown by a case study in Oman (Prathapar an Bawain 2014).
Additionally, in Oman, Saber et al. (2019) examined various aspects of reservoir
sedimentation. Few studies have attempted to estimate the overall sediment budgets
of reservoirs. From extensive observations on beach profiles along the Batinah
coast in northern Oman, Kwarteng et al. (2016) estimated that approximately
960,000 m3 per year of sediments are supplied from the coastal plain, of which
roughly half is currently trapped by numerous dams built in the area. While onshore
withheld sediments cause problems for the long-term operation of dams, sediment
deficits along coasts may lead to serious beach erosion problems.

The topics of suspended and bed-load transport have been investigated for a long
time, and associated studies have mainly dealt with perennial flow channels and
steady flows. There are far fewer studies on ephemeral streams and transient
regimes, as these appear in connection with floods. There are a few case studies
from the Negev Desert (Reid et al. 1998) and from Saudi Arabia (Nouh 1988a, b).
In their review, Karimaee Tabarestani and Zarrati (2015) clearly stated that sedi-
ment transport under unsteady conditions is very different than that under steady
flow.

Scott (2006) points to the fact that for high sediment loads appearing in
ephemeral streams, the flow regime may become non-Newtonian. In
sediment-laden water bodies, deposition causes problems if it occurs in incorrect
places. Navigation may become hindered or even impossible, as shown by Ezzeldin
et al. (2019). On the other hand, unwanted scouring may emerge due to sediment
removal and cause problems concerning the stability of bridge piers and founda-
tions (Pizarro et al. 2020).

Numerical models can play an important role in understanding these processes.
The locations and amounts of erosion and sedimentation can be identified using
numerical models. With validated numerical models, potential measures to mitigate
flood damage can be simulated, examined, and evaluated on computers.

However, simulation techniques and tools for the implementation of such
models are still in development and have not yet been well established. The physics
of the situation in question is complex. Some water flow models are also extended
to treat sediment transport processes. If there is erosion or deposition at the bottom
of a channel, the depth of the water column changes, and thus, the flow regime is
altered. This two-way coupling of flow and transport must be incorporated using a
multiphysics approach; water flows and sediment transport must be simulated
simultaneously.
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16.2 Modeling

Here, we present a multiphysics approach in which the coupling between flow and
transport is taken into account. As a first approach, we attempt to minimize com-
plexity, and with it, the required computational resources. For flow modeling, we
choose the shallow water equations (SWE), a system of two coupled differential
equations. These equations constitute a minimalistic approach, as the vertical
direction is not explicitly considered, and thus, the problem setting is reduced to 2D
or even 1D in rivers and channels. The sediment transport is described by two
equations: one for the suspended particle load in the water column and one for the
bed load. The latter is formulated as an expression of the bottom elevation.

For an initial check of the ability of such an analytical system of minimal
complexity to simulate flow and transport, a test case is simulated. The situation is
simple, consisting of a circular obstacle placed into a uniform 2D flow field. It is
shown that it is possible to capture both erosion and deposition at different locations
along the obstacle wall by a multiphysics modeling approach.

Fluid flow modeling is based on the mathematical analytical formulations rep-
resented by differential equations. The Saint–Venant equations, also known as the
shallow water equations for depth-averaged flow in one or two spatial dimensions,
can be written as:

@

@t
ðH � dÞþr � Huð Þ ¼ 0 ð16:1Þ

@u
@t

þ u � rð Þuþ grH � F ¼ 0 ð16:2Þ

with total water depth H, water depth d below a reference level, velocity vector u,
and acceleration due to gravity g (Takase et al. 2011). In vector F, the contributions
of all other forces are gathered. The equations are derived from the volume and
momentum conservation principles and are formulated using depth-averaged
velocities. The system comprising Eqs. (16.1) and (16.2) is nonlinear. The
derivation is based on several assumptions: (1) the fluid is incompressible, (2) in the
vertical direction, there is a hydrostatic pressure distribution, (3) depth-averaged
values can be used for all properties and velocities, (4) the bottom slopes are small,
(5) there are no density effects from variable fluid density or fluid viscosity, (6) the
eddy viscosity is much larger than the molecular viscosity, and (6) the atmospheric
pressure gradient can be ignored. Despite these numerous assumptions, the validity
of SWEs for many application cases is widely accepted.

Friction at the walls, i.e., the interfaces between fluids and solids, can be taken
into account by an additional term in Eq. (16.2) (Brufau and García-Navarro 2000;
Duran 2015):
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@u
@t

þ u � rð Þuþ grHþ ggn2
uj j

g4=3
u� F ¼ 0 ð16:3Þ

with water height η above a reference height and Manning coefficient n. In 1D, i.e.,
for rivers, channels, and channel systems, Eqs. (16.1) and (16.3) constitute a
coupled system for H and u. In 2D, the equations are used to determine three
variables, H and two components of u.

For sediment transport, we choose the concentration of suspended material, c, as
the dependent variable. Following the methods used in Li and Duffy (2011), the
differential equation reads as follows:

@Hc
@t

þr � Hcuð Þ � EþD ¼ 0 ð16:4Þ

where E and D denote the erosion and deposition terms, which will be outlined
below. Using the product rule, Eq. (16.4) can be rewritten as follows.

H
@c
@t

þ c
@H
@t

þHr � cuð Þþ cr � Huð Þ � EþD ¼ 0 ð16:5Þ

Both terms with leading factor c cancel out because of Eq. (16.1). The remainder
can be written as follows.

@c
@t

þr � cuð Þ � 1
H

E � Dð Þ ¼ 0 ð16:6Þ

The corresponding conservative form is given as follows.

@c
@t

þ u � rð Þc� 1
H

E � Dð Þ ¼ 0 ð16:7Þ

Note that the sediment load is represented as a concentration with mass/volume
units. In Eq. (16.7), diffusion is not considered. Analogous to mass transport, dif-
fusive processes are taken into account by an additional term.

@c
@t

�r Drcð Þþ u � rð Þc� 1
H

E � Dð Þ ¼ 0 ð16:8Þ

Here, D denotes the dispersion tensor, in which all types of diffusive processes
are gathered (Rowinski and Kalinowska 2006). In the following equation, we
consider turbulent diffusivity as the most relevant part, described as follows:

D ¼ t
Sc

I ð16:9Þ

with turbulent viscosity t and turbulent Schmidt number Sc. I denotes the 2D unit
matrix.
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Except for the consideration of diffusion, the presented approach is similar to
those outlined in Cao et al. (2004), Li and Duffy (2011), and Rowan and Seaid
(2017). Analogous to the cited references, the changes in the bed that occur due to
settling and resuspension are thus governed by the formula:

@d
@t

� 1
1� h

E � Dð Þ ¼ 0 ð16:10Þ

where h denotes the bed-load porosity.
The system comprising Eqs. (16.1), (16.3), (16.7), and (16.10) is a coupled

multiphysics approach. The terms H and u appear in Eq. (16.7), forming the link
between the flow and transport processes. As the next section shows, there are
further dependencies in the exchange terms D and E, constituting a coupling
between Eqs. (16.7) and (16.10). The back-coupling is given as the depth, d, which
appears in Eq. (16.1).

16.3 Sedimentation and Erosion Approaches

For the settling and resuspension terms, several approaches can be found in the
current literature. For D, Li and Duffy (2011) propose the following equation:

D ¼ bvsc ð16:11Þ

with the settling velocity vs. The amount of settling material is proportional to the
settling velocity and the concentration of suspended material. The b factor thus has
the dimension of length−1 and is the mean travel length in the vertical direction. In
our first approach, we use an expression in which b is set to H/2, the mean settling
depth.

D=H ¼ 2vsc=H ð16:12Þ

The model allows working with a constant settling velocity, but more complex
approaches can also be utilized. For example, the more general approach,

D ¼ vscs 1� csð Þm ð16:13Þ

proposed by Cao et al. (2004) can be included easily. The sediment concentration
near-bed cs is proportional to the sediment concentration with a proportionality
factor, a, greater than 1: cs ¼ ac. Rowan and Seaid (2017) suggested the use of
Eq. (16.13) with power m = 1.4 for noncohesive materials. Also dealing with 1D
settings in channels and channel networks, Zhang et al. (2014) made D dependent
on the carrying capacity, c�:
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D ¼ vsa c� c�ð Þ ð16:14Þ

with

c� ¼ K u3�
gRvs

� �m
ð16:15Þ

depending on the hydraulic radius, R, and the parameters K and m. Li and Duffy
(2011) extended the 1D approach for use in 2D systems, using the following
expressions for b and vs:

b ¼ min 2; ð1� hÞ=cf g ð16:16Þ

vs ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
13:95m=dð Þ2 þ 1:09gd qs

�
qf � 1

� �� 13:95m=d
q

ð16:17Þ

with particle diameter d, kinematic viscosity m, and particle and fluid densities qs
and qf, respectively. For resuspension, Li and Duffy (2011) proposed the following
equation:

E ¼ a H�Hcð ÞH uj j ð16:18Þ

with coefficient a and Shields parameters H and Hc, defined by H ¼ u2�
�
sgd, and

the following equations.

u� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

gh S2fx þ S2fy
� �r

ð16:19Þ

Sfx ¼ nux uj j
.
h4=3 Sfy ¼ nuy uj j

.
h4=3 ð16:20Þ

s ¼ qs=qf � 1 ð16:21Þ

The term Hc denotes the critical Shields parameter, which must be exceeded by
H for resuspension (erosion) to become active. In his classical paper, Shields
(1936) demonstrated that Hc depends on the grain size Reynolds number. Cao et al.
(2004) used a similar relation to that shown in Eq. (16.18) and considered the
dependence of a on parameters d, s, Hc, and fluid velocity.

In the presented approaches, the terms are dependent on particle size and den-
sity. For the general modeling approach, heterogeneous sediment must be parti-
tioned into several classes of different sizes and weights, similar to the
implementation in SISYPHE (TELEMAC 2020). The numerical calculation must
then be performed for each different sediment class. In the presented numerical
approach, this can be included easily. For each class, a differential equation,
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as formulated in Eq. (16.8), must be added. In Eq. (16.10), the contributions of the
various sediment fractions must be added. For the first demonstration of the
approach, we restrict our simulations to a single sediment type.

16.4 Demonstration Model

The capability of the modeling approach is demonstrated for the problem of
scouring as a result of flooding. In their recent review on the science behind scours
at bridge foundations, Pizzaro et al. (2020) identified scouring as an erosional
process and characterized it as the interaction between any type of underwater
structure and the water flowing in a river or wadi channel. According to Pizzaro
et al. (2020), scouring is by far the leading cause of bridge failure worldwide and
thus causes significant direct losses of infrastructure and disruption of road
networks.

In Oman, it is reported that the 1996 cyclone washed away roads and 21 bridges.
Resulting from Cyclone Gonu, which hit the Oman coast in 2007‚ “roads and
bridges were washed out, and major sites in the capital area were totally isolated
and inaccessible for days” (Al-Shaqsi 2010). Investigations of scours and their
underlying processes are thus topics of high relevance. Figure 16.1 shows the early
stage of an advancing flood at a bridge pier.

Measures that aim to avoid damage to bridges during flood events are considered
during the design phase of bridge construction or when reinforcing the foundations
of existing bridges. The calculations are usually based on a designed flood event
with a specified magnitude and a return period of 100 or 200 years. The depth of
the scour is then calculated under the assumption of a one-to-one relationship
between the flood discharge and the steady-state scour depth (Pizarro et al. 2020).
This approach leaves several processes out of consideration that acts simultaneously
during the passing of a flood.

Fig. 16.1 Sketch of a flood passing a bridge pier
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Using numerical models, it is possible to simulate the simultaneous actions of
numerous processes. Sedimentation and erosion are processes that appear at dif-
ferent locations in rivers or wadis during flood events. In computer models, sus-
pended loads of different sizes and bed loads can be treated in parallel. Concerning
floods, it is crucial to examine transient development and not long-term
equilibrium.

To demonstrate how the proposed numerical approach performs concerning
scour development near an obstacle, we deal with a simple geometric setup. The
model region is given by a square cavity that is open on two opposite sides and
closed on the other sides. In the center, a circular obstacle is located, representing a
bridge pier. The situation is sketched in Fig. 16.2.

It is assumed that there is a sudden increase in the water column height at the
inflow boundary. The inflowing water has a constant load of particulate matter. The
initial values of the water table and depth are constants. The initial particulate load
concentration is zero.

The numerical simulations are performed using the COMSOL Multiphysics
(2020) program. This is a versatile and flexible software applicable for coupled
partial differential equations solved by the finite element method. The program is
currently used for all kinds of multiphysics applications in the fields of engineering,
physics, chemistry, biology, medicine, hydraulics, etc. It is operated via a graphical
user interface that allows comfortable handling and coupling of multiple physics
modes.

The entire system can be implemented in COMSOL Multiphysics using
pde-modes. We utilized a physics mode for the SWE (Schlegel 2012), i.e.,
Eqs. (16.1) and (16.2). The particulate load in the water column, following
Eq. (16.7), is modeled by the solute transport mode. For simplicity, only one
sediment class is considered. The settling velocity is considered in a loss term
according to Eq. (16.12). Finally, the coefficient form pde of COMSOL
Multiphysics is utilized to include the bed load represented by Eq. (16.10) in the
model. All input parameters are gathered in Table 16.1.

For extreme flood events, Lumbroso and Gaume (2012) examined common
guidance documents to determine the distributions of the mean maximum velocity,
Manning parameter, and Froude number. According to their presentation, the 50%
threshold of the mean maximum velocity is 1 m/s; that of the Manning parameter is

origin

Fig. 16.2 Sketch of a flood
domain with a cylindrical
obstacle
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0.04 s/m1/3; and that of the Froude number is approximately 0.5. The lower Froude
numbers used in our simulation, calculated on the basis of the initial and inflow
depths, are more representative of common flood events. Following the methods of
Li and Duffy (2011), several parameter values were taken from Cao et al. (2004).
To emphasize the flow and transport coupling, we increased the resuspension
parameter from the value used by the authors of previous studies.

For the SWE and transport equation, linear elements are used, and for the bed
equation, quadratic elements are used. The finite element mesh is refined at the
obstacle boundaries. When constructing the mesh, maximum element side lengths
of only 0.01 m at the upstream side and 0.005 m at the downstream side were
allowed. The resulting mesh, consisting of 2476 elements, is shown in Fig. 16.3.
The discretization of the entire system of coupled differential equations has 10,468
degrees of freedom.

Table 16.1 Parameters of the demonstrated model

Parameter (symbol) Value
(unit)

Parameter (symbol) Value (unit)

Length 1 m Initial particulate load 0

Width 1 m Settling velocity vs 0.01 m/s

Obstacle radius 0.1 m Particle diffusivity 10–9 m2/s

Initial bed below reference 0.5 m Turbulent viscosity t 0.0025 m2/s

Initial water table above reference 0.5 m Turbulent Schmidt number
Sc

0.71

Inflow water table above
reference

1 m Critical Shields parameter Hc 0.4

Velocity at outlet 1 m/s Particle diameter d 0.0001 m

Manning parameter n 0.03 s/m1/3 Resuspension parameter a 5 � 10–4
Froude number 0.26/0.31 Specific gravity qs/qf 2.65

Fig. 16.3 Model finite
element mesh
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It is well known that the numerical solution of the advection–diffusion transport
equation may suffer from severe instabilities. Straightforward modeling, either
using finite differences or finite element techniques, may produce spurious oscil-
lations. The numerical solution of SWEs (16.1) and (16.2) may have the same
problem, as examined by Holzbecher and Hadidi (2017). To suppress these insta-
bilities, various stabilization schemes have been proposed.

For the transport equation, the most basic stabilization method is the introduction
of artificial diffusivity (Quarteroni 2017). In CFD implementations, an artificial
viscosity, m, can be introduced, which appears in an additional term on the left side
of Eq. (16.2) (Chen et al. 2013).

@u
@t

þ u � rð Þuþ grH � mr2u� F ¼ 0 ð16:22Þ

In straightforward implementations of numerical methods, stability problems are
likely to occur. Using basic stabilization methods, nonphysical terms, such as
artificial diffusivity and viscosity, are introduced, which may lead to increased
smoothing of steep gradients (Margolin 2019). For this reason, more sophisticated
schemes have been proposed. To avoid stabilization problems in our demonstration
case, several of these schemes are utilized: streamline stabilization, shock wave
capturing, and artificial kinematic viscosity for the SWEs and streamline and
crosswind diffusion for the transport equation. COMSOL Multiphysics offers
options to easily include these schemes in the finite element formulation.

16.5 Results

Figure 16.4 shows the outcome of the numerical model outlined above. The sub-
figures show the water table and bottom elevation at four different time instants. For
better visualization, the water table is shifted by −0.6 m.

At time t = 0.1 s, the wave that is initiated by the elevated water table at the inlet
is moving into the domain, with the wave front reaching the obstacle. The bottom of
the domain is still almost flat as in the initial state. At time t = 0.3 s, the wave
trough has passed the obstacle. The water depth is increased at the upstream edge of
the obstacle and at the outlet and is decreased behind the obstacle. The bottom
surface begins to show slight changes from the initial constant state.

At t = 0.5 s, the water depth distant from the obstacle fluctuates slightly around
the same value; at the outlet, it is slightly higher than at the inlet, while a slight
wave trough is seen in between the outlet and inlet. At the upstream edge of the
obstacle, the water level is still higher, and the water level is lower behind the
downstream edge of the obstacle. The changes at the bottom elevation have become
more pronounced: at the flanks, the digging of scours can be observed, while the
bottom of the domain is elevated in the wake of the obstacle.
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In the subfigure for t = 0.9 s, the general observation is still the same. The water
table deviations from a constant value decrease. Depth extremes are still present at
the obstacle boundaries: The highest value appears upstream, and the lowest value
appears downstream. The changes in the bottom elevation increase further:
Trough-building is observed at the flanks and sedimentation is observed in the wake.

These findings are highlighted in Fig. 16.5, which depicts the water table and
bottom elevation changes at two positions as functions of time. The flank position is
located directly at the obstacle boundary at the most transverse point relative to the
main flow axis. The downstream position is located slightly beyond the obstacle,
downstream near the flow axis. The water depth increases from 1 m to approxi-
mately 1.65 m at both positions. The graphs clearly show the deepening of the
bottom of the domain at the flanks, down to almost 10 cm, and these values nearly
stabilize after 0.6 s. The increase in the wake amounts to only a few centimeters but
is still increasing at the end of the simulated period.

Fig. 16.4 Water table (color) and ground surface (gray) at different time instants: t = 0.1 (top left),
0.3 (top right), 0.5 (bottom left), and 0.9 (bottom right) s; all units in m
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16.6 Conclusions

An ideal–typical situation of scour development near an obstacle was set up in order
to examine the capability of the numerical 2D coupled multiphysics approach to
simulate basic processes changing the bottom of the water body. Results in
Fig. 16.4 identify scours at the flanks of the obstacle and sedimentation down-
stream. This coincides with field observations, shown in Fig. 16.6 showing an
upstream view in a wadi with a stone obstacle. Water-filled scours at the sides of the
stone can be identified, while in the backwater (front in the photograph) sediment is
deposited.

Further, experimental and numerical research is needed to examine the real
capabilities and limits of the approach. In order to improve simulations with respect
to field data, the proposed approach offers many options for the consideration of
additional dependencies and processes. Sediment transport processes are complex.
Even concerning the more specialized topic of scours at bridge foundations, a
current review (Pizarro et al. 2020) sees no consensus between scientists of dif-
ferent disciplines (physicists, hydrologists, hydro-, structural, and geotechnical
engineers). The cooperation between different scientific branches is thus a chal-
lenge. Theoretical and numerical efforts have to be synchronized with experimental
studies, in the laboratory and in the field.

Fig. 16.5 Water table and bottom elevation changes at selected locations
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Chapter 17
Water Erosion and Sediment Transport
in an Ungauged Semiarid Area: The
Case of Hodna Basin in Algeria

Omar Djoukbala, Mahmoud Hasbaia, Oussama Benselama,
Boutaghane Hamouda, Salim Djerbouai, and Ahmed Ferhati

Abstract This study aims to estimate the eroded and transported sediment yields
from the The Hodna basin (26,000 km2) situated in central Algeria by two
approaches. In the first model, the data of the gauged subbasins are extrapolated to
the ungauged areas based on the homogeneity of factors that influence the water
erosion-sediment transport process. In this approach, the specific eroded and
transported sediment yield in the Hodna basin is estimated to be 425 t/km2/yr. In an
alternative approach, the eroded yield is estimated by mapping erosion using the
(RUSLE) in a GIS environment. The obtained results show a high eroded sediment
yield of approximately 610 t/km2/yr.

The observed difference between the results of the two approaches can be
explained by the amount of sediment that is eroded but is not transported by runoff.

These two methods show high eroded and transported sediment yield values in
the Hodna basin region; these high yields may seriously threaten the central flat
zone with progressive deposition.

Keywords Ungauged watershed � Regionalization � Soil erosion � RUSLE �
Hodna � Algeria

This study aims to estimate the eroded and transported sediment yields from the
Hodna basin (26,000 km2) situated in central Algeria by two approaches. In the first
model, the data of the gauged subbasins are extrapolated to the ungauged areas based
on the homogeneity of factors that influence the water erosion–sediment transport
process. In this approach, the specific eroded and transported sediment yield in the
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Hodna basin is estimated to be 425 t/km2/yr. In an alternative approach, the eroded
yield is estimated by mapping erosion using the (RUSLE) in a GIS environment. The
obtained results show a high eroded sediment yield of approximately 610 t/km2/yr.

The observed difference between the results of the two approaches can be
explained by the amount of sediment that is eroded but is not transported by runoff.

These two methods show high eroded and transported sediment yield values in
the Hodna basin region; these high yields may seriously threaten the central flat
zone with progressive deposition.

17.1 Introduction

Soil loss due to water erosion is a real risk to the prosperity of humans and
ecosystems. Soil erosion is responsible for approximately 85% of the degradation of
our planet (Angima et al. 2003), and it is a complex phenomenon that affects large
areas of the world. In fact, water erosion is very severe, especially in the southern
Mediterranean, affecting nearly 7 million hectares of agricultural soils in Algeria.

Algeria is one of the regions that are most prone to flooding (Boudani et al.
2020) and water erosion, with a specific soil loss up to 4000 t/km2/year (Demmak
1982) causing a large loss of fertile soil, which leads to low crop yields and
associated environmental degradation. Water erosion is affected by many factors,
the most important of which are climatic conditions (rain intensity), soil charac-
teristics, topography, and human activities (Dinka 2020). The transport of eroded
sediment depends on the drainage capacity, vegetal cover, and channel slope of the
affected watershed.

In Algeria, the first measurements of sediment transport began in 1946 at the
Traille gauging station, which controls the upper basin of the Isser wadi (Medinger
1960; Demmak 1982). With the installation of other stations, several studies have
been conducted to explore the phenomena of erosion and sediment transport
(Hasbaia et al. 2017); these studies have shown high rates of soil erosion and
sediment transport in all regions of the country (Table 17.1).

In Algeria, gauging stations ensure that flow discharges (m3/s) and suspended
sediment concentrations (g/l) are measured. The number of samples taken at
gauging stations is adapted to the hydrological regime; during low flows with little
difference, only one sample is taken every 24 h. However, during the flood period,
the sampling rate increases until the sampling frequency reaches every 10, 15, or
30 min during the peak of the flood. The flow discharges are determined directly
from the rating curves by the water elevation, which is measured by means of a
ladder or float. For each elevation measurement, water samples are taken near the
riverbank to estimate the concentrations of suspended sediment. The water samples
are filtered through 145-LM filter paper. The collected mass of sediment is weighed
after drying at 105 °C for 24 h. The estimated suspended sediment concentration is
considered to be the average over the cross section of the river, and the sediment
discharge is calculated as the product of this concentration and the flow discharge.
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In most cases, only suspended loads are measured, and bed load transfer mea-
surements are lacking as they are difficult to measure. However, the suspended
fraction is predominant (Lu et al. 2012) and generally accounts for approximately
90% of the total flowing sediments (Walling and Fang 2003).

In gauged areas, instantaneous measures of suspended sediment concentrations
and water discharges are used in several approaches to assess and model erosion
and sediment transport dynamics. The sediment rating curve (SRC) is one of the
most commonly used and validated models for sediment transport studies of
Algerian watersheds (Hasbaia et al. 2017; Benselama et al. 2018). The SRC can be
applied to evaluate the sediment yield with a known flow and sediment concen-
tration (Zhang et al. 2015). Other approaches are also used for the same purpose,
including conceptual, distributed, and semidistributed hydrologic models.

While hydrological data are available for some gauged watersheds, predicting
hydrological variables in ungauged watersheds is still a major challenge (Gibson
and Hancock 2019). According to Choubin et al. (2019), reliable estimations of
stream flow and sediment transport, particularly in ungauged watersheds, are the
most important factors for environmental management and planning.

The availability of satellite data, which are currently easily accessible, can help
in mapping erosive hazards. Moreover, approaches and models using GIS and
remote sensing are increasingly used in Algeria to derive variables that are nec-
essary for estimating soil erosion (Benchettouh et al. 2017; Benselama et al. 2018;
Toubal et al. 2018).

The Hodna basin is the fifth-largest watershed in Algeria, with a drainage area of
approximately 26,000 km2. The basin is characterized by a semiarid climate with

Table 17.1 Specific erosion in Algerian catchments

Authors Watershed Period A
(km2)

P
(mm)

Ass (t/
km2/yr)

Hasbaia et al. (2012) Wadi El Ham 1968–1989 5605 185 530

Bouchelkia et al.
(2014)

Wadi Chellif 1972–2000 43,700 – 94.27

Bouguerra et al. (2016) Wadi
Boumessoud

1988–2004 118 396 518

Selmi and Khanchoul
(2016)

Wadi
Mellegue

1970–2003 4575 270 589.23

Madani Cherif et al.
(2017)

Wadi El
Hammam

1986–2008 7440 400 111

Achit et al. (2017) Wadi Sebaou 1968–1999 2500 – 147.32

Hasbaia et al. (2017) Wadi Soubella 1974–1989 183.5 288.5 126

Balla et al. (2017) Wadi Reboa 1985–2012 327 458 678

Balla et al. (2017) Wadi Soultez 1985–2012 207 330 575

Belarbi et al. (2018) Wadi Tafna 1997–2011 6900 – 196.11

Benselama et al. (2019) Wadi El
Maleh

1981–1998 932.5 383 294

A: area, P: precipitation, Ass: specific soil erosion
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high temperatures and low rainfall associated with high spatiotemporal variability.
The Hodna basin records an average annual rainfall of 363 mm/year, and the
maximum daily rainfall is approximately 36.6 mm. The Hodna basin is located in
the center of Algeria (Fig. 17.1) between two sets of mountains in the north and the
south; it is an endorheic watershed around an almost flat depression at an altitude of
392 m. At the center of this depression, a dry salt lake named “Chott El Hodna”
(1150 km2) receives all water and solid yields from the 13 main subbasins of the
watershed, which poses serious problems involving flooding and the deposition of
sediment.

The main purpose of this study is to assess the soil degradation and sediment
yield in the Hodna basin where 72% of the basin area is ungauged. Two

Fig. 17.1 Hodna basin
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frameworks are employed. One is based on the regionalization concept and includes
extrapolating data from the gauged areas to the ungauged subbasins. The second
approach is based on RUSLE mapping and uses remote sensing in a GIS
environment.

17.2 Methods and Materials

Study area:
The Hodna basin is the fifth-largest watershed in Algeria, with a drainage area of
approximately 26,000 km2 (Fig. 17.1). It is an interior endorheic watershed situated
150 km south of the Mediterranean coast. It is also organized as a closed, flat area
(at an altitude of 392 m) between two sets of mountains to the north and south. This
area receives sediment yields and water from all the subbasins of the region, and the
center of this basin consists of the Chott El Hodna, a saline lake (1150 km2).

According to the National Agency of Hydraulic Resources, the Hodna basin can
be divided into 23 subbasins, and the 24th, central subbasin is the lake Chott El
Hodna (Table 17.2); however, these subbasins can be grouped into eight hydro-
graphic subbasins, each with the same principal thalweg or the same outlet. The
semiarid climate of the Hodna basin is characterized by high temperatures and low
rainfall associated with high spatiotemporal variability. The months of June, July,
and August are the warmest, with temperatures of approximately 40 °C, while the
months of December, January, and February record drops in temperature reaching
−3 °C. The study area is characterized by high spatiotemporal variability in rainfall,
which varies from 130 to 450 mm.

To measure the instantaneous water discharge and suspended sediment con-
centrations, the Hodna basin is equipped with seven gauging stations; these stations
were installed between 1966 and 1970, but not all of the stations are in service. An
examination of the available data shows that only data from three stations are
reliable: the Medjez station in the wadi K’sob subbasin, the Sidi Ouadah station in
the wadi Soubella subbasin, and the Rocade-sud station at the outlet of the wadi El
ham subbasin. The Hodna basin is partially gauged, and only 28% of the total
surface area is measured; the rest of the watershed (72%) is ungauged.

Methods
In this paper, the sediment yield and specific erosion of the Hodna basin are
estimated by two approaches.

The first approach is developed from a regionalization concept based on the
similarity of the parameters that influence runoff, sediment transport, and soil loss,
especially rainfall behavior and terrain slope. The Hodna subbasins can be orga-
nized into two groups: the northern subbasin group and the southern subbasin
group. The first subbasin group (northern) is characterized by relatively high
rainfall, dense vegetative cover, and a steep land slope. The second subbbasin group
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(southern) is characterized, contrary to the first group, by low rainfall and gradual
land slopes with poor vegetative cover.

The homogeneity of the two main parameters (terrain slope and rainfall) in each
group is well-justified, and the vegetative cover has the same trend in the subbasins
of each group. An analysis of the terrain slope generated from a digital terrain
model of all the subbasins of the Hodna basin confirms that the slopes of all the
southern subbasins are less than 10%, contrary to the northern subbasins
(Table 17.3). Concerning rainfall, we focused on the spatial distribution of annual
rainfall while assuming that the other rainfall parameters (rain intensity, maximum
daily rainfall, etc.) have the same distribution.

To identify the two groups, we used an annual rainfall map of the Hodna basin.
Then, we measured, for each subbasin, the area fraction with rainfall amounts
ranging from 150 to 200 mm and from 300 to 400 mm (Fig. 17.2). Analyzing this

Table 17.2 Hodna subbasins Subbasins of the Hodna basin Hydrographic subbasins
of the Hodna basin

Name Area
(km2)

Name Area
(km2)

1 El ham 805.80 El ham 6817.61

2 Sbissebe 1851.98

3 Guernini 1071.31

4 Djenene 860.47

5 Torga 1026.94

6 El karsa 553.12

7 El leham 647.99 El leham 647.99

8 Lougman 333.75 Lougman 333.75

9 K’sob 1471.20 K’sob 3628.72

10 M’sila 2157.52

11 Soubella 1768.97 Soubella 1768.97

12 Barika amont 889.77 Barika 3804.24

13 Barika aval 1007.05

14 Barriche 504.40

15 Bithem Barika 1403.02

16 Maiter amont 672.74 Boussaâda 2940.75

17 Boussaâda 1035.15

18 Maiter aval 1232.86

19 Ain Rich 1130.88 M’cif 5323.27

20 Chair amont 1597.78

21 Chair aval 877.75

22 M’cif amont 924.20

23 M’cif aval 792.66

24 Chott El
Hodna

1216.81 / /
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latter figure, we clearly observed that most of the northern subbasin areas have
annual rainfall between 300 and 400 mm, unlike the southern subbasins, in which
the rainfall amount ranges from 150 to 200 mm.

In the northern subbasin group, comprising the four subbasins of K’sob (3628.72
km2), Lougman (333.75 km2), Soubella (1768.97 km2), and Barika (3804.24 km2),
there are only two gauging stations, the K’sob and Sidi Oudah stations, which are
installed in the K’sob and Soubella subbasins, respectively. The two other sub-
basins (Lougman and Barika) are ungauged. The whole area of this subbasin group
has a land slope greater than 10%, with average annual rainfall between 300 and
400 mm and relatively dense vegetal cover.

Among the four subbasins of the second group, El ham (6817.61 km2),
Bousaâda (2940.75 km2), M’cif (5323.27 km2), and El leham (647.99 km2), only
the El ham subbasin is gauged; it is equipped by the Rocade-sud gauging station
situated at its outlet. This subbasin group is characterized by moderate land slopes

Table 17.3 Terrain slope of
the Hodna subbasins

Subbasin Terrain slope (%) Group

Lougman 12.14 I
slope > 10%K’sob 11.08

Soubella 10.78

Barika 10.23

El ham 6.53 II
Slope < 10%El Leham 5.98

Bousâada-Maitar 8.87

M'cif 7.68

Fig. 17.2 Annual rainfall distributions in Hodna subbasins
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and low annual rainfall, with values <10% and between 100 and 200 mm,
respectively. The vegetal cover in this group is also poor (Hasbaia et al. 2012).

This regionalization of the Hodna basin allows the extrapolation of the calcu-
lated specific soil losses (A) from the gauged subbasins to the ungauged subbasins
in the same group. In the northern subbasin group, the sediment yields of the
ungauged subbasins (wadi Lougman and wadi Barika) are calculated using the
specific erosions of the gauged subbasins, wadi K’sob, and wadi Soubella,
respectively. In the southern subbasin group, there is only one gauged basin, wadi
El- ham; therefore, the sediment yields of the ungauged subbasins (wadi Bousâada,
wadi M’cif, and wadi El leham) are calculated from its specific erosion.

The second approach consists of mapping soil loss due to water erosion in the
Hodna watershed using the Revised Universal Soil Loss Equation (RUSLE)
(Wischmeier and Smith 1978) in a GIS environment. This equation estimates soil
erosion (A) by multiplying the five RUSLE factor maps, defined as the specific soil
erosion (A) (t/km2/yr), the rainfall erosivity (R) (MJ mm/ha/h/yr), the soil erodi-
bility (K) (Mg h/MJ/mm), the topography factor (LS), crop management (C), and
erosion control practices (P) (Table 17.4).

A ¼ R� K � LS� C � P ð17:1Þ

In this approach, we used the data of 25 rainfall stations situated inside and
around the Hodna basin. The rainfall erosivity (Fig. 17.3) was calculated at all
stations and spatialized over the whole watershed surface by inverse distance
weighting (IDW) interpolation in a GIS environment. To characterize the soil
erodibility (K) map (Fig. 17.4), we used the harmonized world soil database
(HWSD) (Djoukbala et al. 2019). The map of topographic factors (LS) was
obtained from a digital elevation model (DEM) with an accuracy of 30 m in a GIS

Table 17.4 Description of the data used

Parameter Materials Resolution
(m)

Year Source

NDVI data Landsat
satellite

30 2019 http://earthexplorer.usgs.gov/

Rainfall data Monthly/
annual
rainfall
data

30 1985–
2015

National Agency for Hydraulic
Resources (NAHR)

Soil
properties

(HWSD) 90 – The Harmonized World Soil
Database
http://webarchive.iiasa.ac.at/
Research/LUC/External-World-
soil-database/HTML/

Topographic
data

Aster
global
DEM

30 2019 http://earthexplorer.usgs.gov/
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Fig. 17.3 Map of rainfall erosivity

Fig. 17.4 Map of soil erodibility
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environment (Fig. 17.5). To map the crop management factor (C), we used nor-
malized difference vegetation index (NDVI) data (period 2019) obtained by the
Landsat 8 satellite. To estimate the values of factor C in the study area (Fig. 17.6),
we used the regression between two extreme values. These values are taken from
experimental diagram (Gitas et al. 2009). The equation of the regression line found
is as follows:

C ¼ 0:9167� NDVI � 1:1667 ð17:2Þ

The erosion control methods in the Hodna basin are very modest; therefore, the
factor P is taken to be equal to one. The superposition of the five-factor maps for the
Revised Universal Soil Loss Equation allowed the mapping of specific soil loss
over the whole surface of the Hodna watershed (Fig. 17.7).

17.3 Results and Discussion

Based on the first approach, we calculated specific soil erosion from the measured
data of three gauging stations: Medjez, Sidi Ouadah, and Rocade-sud (Table 17.5).
The obtained values were extrapolated to the ungauged subbasins to estimate their
sediment yields and corresponding specific soil erosion rates (Table 17.6).

Fig. 17.5 Map of the topographic factor (LS)
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Fig. 17.6 Map of the C-factor

Fig. 17.7 Map of soil loss in Hodna basin
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From this regionalization approach, the above numbers show the high dynamics
of soil degradation and sediment transport in the Hodna region; approximately, 11
million tons of sediment and 403 million m3 of water are lost annually, with a
specific erosion of 425 t/km2/yr (among the highest in Algeria) in the whole Hodna
basin. Taking into account the temporal variability of the water and sediment yields
estimated in the Hodna basin as 120% and 100%, respectively, these yields can
reach 860 million m3 of water and 22 million tons of sediment. The only dam in the
Hodna basin, “K’sob,” is almost entirely silted, and it mobilizes less than 10 million
m3 of water; therefore, spectacular volumes of water and sediment are spilled into
the Chott, causing serious problems involving inundation and sediment deposition.
The sediment volume can increase the terrain level of the Chott El Hodna by
approximately 2 cm every year, i.e., 20 cm in 10 years on the whole of the sup-
posed flat surface (1150 km2). If we consider the variation of the topography, all the
depressions in this region can be bridged in fewer than ten years, which explains
why several roads and bridges were raised several times last year; the villages of the
region are also threatened.

The water yield also presents a real danger; it could immerse the entirety of the
saline lake Chott El Hodna with a water depth of 74 cm if the terrain is assumed to
be flat, which means that any depression is threatened by flooding. Due to this high
water yield, the risk of the spread of saline water is also increasing (Hasbaia et al.
2012).

The use of remote sensing (RS) techniques in a geographic information system
(GIS) environment allows the quantitative estimation of erosion as well as its spatial
distribution at a low cost and with a significant degree of accuracy for large areas,

Table 17.5 Specific erosion of gauged subbasins

Subbasin El Ham K’sob Soubella

Specific erosion (t/km2/yr) 529.26 430.00 239.50

Table 17.6 Specific erosion and sediment yields of the Hodna basin

Approach I II

Subbasin Water yield
(million m3/
yr)

Sediment yield
(million t/yr)

Specific
erosion (t/
km2/yr)

Specific
erosion (t/
km2/yr)

Error
(%)

El ham 94.35 2.97 529.26 571.78 7.4

El leham 9.69 0.63 529.26 601.80 12.1

Lougman 9.61 0.14 430.00 528.49 18.6

K'sob 102.88 1.56 430.00 595.67 27.8

Soubella 19.76 0.42 239.50 490.00 51.1

Barika 40.90 0.91 239.50 438.34 45.4

Busaâda 44.84 1.55 529.26 549.86 3.7

M'cif 80.59 2.81 529.26 585.67 9.6
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particularly since policy creators are much more interested in the distribution of
erosion risk than in its absolute value (Lu et al. 2004).

The quantitative estimation of soil erosion was carried out by applying empirical
point models, which require input parameters including specialized data (slopes,
soil texture, rainfall, etc.) characterizing water erosion factors (topography, erodi-
bility, erosivity, etc.) (Le Bissonnais et al. 2004).

According to Wishmeier’s equation (RUSLE), the average annual soil loss(A)
was estimated from the different factors (rainfall erosivity (R), soil erodibility (K),
topography (LS), cropping management (C), and support practice (P)) using spatial
analysis with ArcGIS software, which represents a geoenvironmental scenario for
the study area. A soil loss map (Fig. 17.7) of the entire watershed area was obtained
by the superposition of the generated maps of each previous factor.

The results indicate that the annual rate of soil erosion ranged from 0 to 332 t/ha/
yr, with an average of 6.10 t/ha/yr; this value is very close to the results obtained in
similar studies in the Hodna region (Djoukbala et al. 2018; Hasbaia et al. 2018).

This approach also demonstrates that the RUSLE model combined with a
geographic information system (GIS) is a practical and relevant method for
assessing the spatial variability of soil erosion for the efficient and effective man-
agement of sediments and water quality.

According to the comparison between the two approaches, the values converge
with variable errors from 3 to 50% (Table 17.5). Among the eight subbasins, we
note that satisfactory results are obtained for the Busaâda, M'cif, El ham, El leham,
and Lougman subbasins, with errors of 3.7%, 9.6%, 7.4%, 12.1%, and 18.6%,
respectively, compared with those acquired by the regionalization approach.
Diverse results are obtained for the K’sob, Barika, and Soubella subbasins, with
errors up to 51%.

This approach shows a very useful tool for predicting sediment degradation in
ungauged areas. The comparison of the obtained results in only the gauged areas
with reliable measured suspended sediment data shows an error less than 21%. This
error is acceptable if we take into account the mass of eroded sediments that do not
reach the gauging stations located in the main channels.

17.4 Conclusion

The Hodna basin is a very large basin with an area of 26,000 km2; it is an endoreic
basin that is partially gauged, and only 28% of the basin surface is measured by
gauging stations. Estimating sediment yields and erosion risks in this basin presents
a very important challenge. To this end, this paper presented two approaches: one
based on the regionalization concept and the second based on RUSLE mapping.
The soil loss in the Hodna basin presents average values of approximately 425 or
610 t/km2/yr as calculated by the first and second approaches, respectively. The
value obtained from the RUSLE method is approximately 30% greater than that
obtained from the regionalization approach. This rate is explained by the mass of

17 Water Erosion and Sediment Transport … 451



eroded sediments that do not reach the gauging stations in the main channels. In
fact, these two approaches are very complementary for estimating both the eroded
and transported sediment rates.

The present results are similarly compatible with the results of other studies
relating to water erosion assessments carried out in other Algerian basins with
similar climatic and environmental characteristics. The specific soil loss has been
evaluated as 570, 679, and 1118 t/km2/yr in the wadi El Ham watershed (Djoukbala
et al. 2018), K’sob catchment (Hasbaia et al. 2018), and wadi Boumahdane
(Bouguerra et al. 2017), respectively.
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Chapter 18
Reservoir Sediment Management
Practices in Sudan: A Case Study
of Khashm El-Girba Dam

Elhadi Adam and Mohammed Suleiman

Abstract The sedimentation problem is a hot issue currently affecting the opera-
tions of reservoirs and irrigation networks in Sudan. Most of the rivers that cross
Sudanese borders come from the Eastern African Plateau, which acts as a sediment
source for the Nile River and its tributaries. Khashm el-Girba Dam (KEGD), which
crosses the Atbara River in Eastern Sudan, is a multipurpose dam that was con-
structed in 1964. The Atbara River is a branch of the Nile River system, and the
river carries a large amount of sediment during the flood period. Seven years after
construction, in 1970, the dam faced a critical problem that could have led to a
disaster; it was discovered that, due to sediment deposition, the water storage was
not enough to satisfy the downstream requirements. This study discusses the sed-
iment management practices used in KEGD and their impacts on maintaining the
reservoir capacity. Practices including operation policy (OP), trap efficiency (TE),
sluicing, sediment sluicing, and flushing operation (FO) were discussed. The
adopted management practices succeeded in removing a considerable amount of silt
and maintaining the lifetime of the reservoir.

Keywords Sluicing � Flushing operation � Bathymetric survey � KEGD

18.1 Introduction

18.1.1 General

Reservoir sedimentation is a global challenge affecting the life cycle and sustain-
ability of reservoirs. Annually, reservoirs lose considerable amounts of storage
capacity due to sedimentation. Globally, 1 to 2% of the total storage capacity of
reservoirs is lost annually (Yang 2003). Figure 18.1 shows the percentage loss of
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reservoir capacity worldwide. From the figure, China has the highest loss (2.3%),
and the Sudan loss rate is approximately 0.83%.

For most dam schemes around the world, there are concerns that the rate of
storage capacity loss due to sedimentation is much larger than was catered for in the
original dam designs. The majority of dams allow for a dead storage capacity to
accommodate the sediment that will be deposited. However, there is no guarantee
that sediment will settle in this specified zone, and as a result, the operational life
span of a reservoir may be reduced sooner than anticipated.

18.1.2 Sediment Management

Sediment is produced as a result of weathering agents (erosion and the wearing a
way of land surfaces) (Strand and Pemberton 1982). Climate change and the
increased frequency of climate extremes (floods and drought) have increased the
sediment yields from reservoir catchments. Water resource development projects
are most affected by sediment transported by water (Raghunath 2006). Catchment
characteristics (such as areal extent, soil types, land slopes, vegetation cover, and
climatic conditions) play important roles in the sediment generation process and
have great influences on sediment movement and distribution (Raghunath 2006).
The key factors ensuring the sustainability of reservoirs are achieved by applying
reservoir sediment management strategies.

In the literature, worldwide practices have shown a variety ofmanagement options.
The selection of an appropriatemethod is region-specific, and amethod can be applied
in certain regions but not in other regions (Yang 2003). The methods available as
enumerated by Annandale et al. (2016) are watershed management in the upper
catchment to reduce sediment inflow into a reservoir, construction of small dams
upstream to control the sediments entering a reservoir, methods that use flow
hydraulics to reduce the load accumulation entering a reservoir andmethods consisting
of hydraulic dredging of existing sediment. According to Annandale, all of these
methods have been tried worldwide, and none of them provide complete mitigation.
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Several factors should be considered, such as factors pertaining to sedimentation
characteristics (rate of discharge, concentration, etc.), factors pertaining to catch-
ment characteristics (physical and hydrological features, land use/land cover),
environmental considerations as well as downstream considerations, and socioe-
conomic factors. More than one technique or a combination of management
strategies may also be applied at a given reservoir, either sequentially or concur-
rently, to control sediment deposition (Kantoush et al. 2010).

18.1.3 Sediment Management Practices in Sudan

By the end of the 1960s, dam projects of different kinds were constructed in Sudan.
These projects play tremendous roles in agricultural development, power genera-
tion, flood control and water supply, and many other purposes. However, most of
the agricultural development projects in Sudan were situated in semiarid to arid
regions. The main water supplies for these projects emerge from the Ethiopian
Plateau through the Blue Nile and Atbara Rivers. Rivers coming from this area
carry torrential flows with large sediment loads, which are conveyed further
downstream to the relatively low-lying lands of Sudan. Drought, which occurred in
the 1980s, and the food security practices adopted by the Sudanese government for
irrigated areas without consideration of sediment mitigation measures have had
great impacts on the increase in sediment loads in reservoirs.

Considerable sediment loads are deposited in the reservoirs and irrigation net-
works, reducing the capacity of the reservoirs and the efficiency of the irrigation
networks. Figure 18.2 shows the volume of discharged sediment carried by the Nile
River and its tributaries. As seen in the figure, the Atbara River, on which KEGD
was constructed, comes in second after the Blue Nile.

The average annual suspended sediment load in the Nile River has been esti-
mated to be 140 � 106 tons per year (ElMonshed et al. 1997), of which

Fig. 18.2 Sediment loads of the Nile River and its tributaries. Source Osman (2018)
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approximately 37% is produced by the Atbara River. Table 18.1 shows Sudanese
reservoirs and the changes in their capacities that have occurred during their life-
times (Osman 2018).

In Sudan, reservoir sedimentation management sometimes has a great negative
impact on water resource projects. For example, reservoir management has serious
impacts on the hydropower generation potential. To remove sediments from
hydropower intakes, the upstream water levels must be lowered and maintained as
low as possible to flush the sediment-laden water. This process has great impacts on
the head and amount of generated power. However, recently, the heightening of
Roseires Dam, as well as the new Great Ethiopian Renaissance Dam (GERD), has
added more management abilities to the sedimentation problem in the Roseires
reservoir and the irrigation canalization system in Sudan; on the other hand, these
changes will reduce soil fertility due to sediment trapping.

In general, the objectives of the reservoir operating rules in Sudan are to preserve
a sufficient amount of water to satisfy needs and to minimize sediment deposition.
Many sediment management methods have been applied in Sudanese practices to
restore reservoir volumes. Among these methods, regulation rules were found to be
the most effective. The operation of reservoirs is performed while taking into
consideration effective ways to avoid the period of the maximum possible sediment
deposition quantity and pass the sediment downstream safely. Drawdown has been
practiced in some reservoirs, and other reservoirs use sediment sluicing during the
rainy season and begin storing water only after the passage of the peak of the flood
season. Sluicing and dredging are practiced in Roseires Dam (Blue Nile), only
sluicing is practiced in Sennar Dam (Blue Nile), storing is practiced in Jabel Aulia
Dam (White Nile), a combination of sluicing and flushing is practiced in KEGD
(Atbara river), and sluicing and sediment sluicing are practiced in Merowe Dam
(Main Nile).

Table 18.1 Reduction in the storage capacities of Sudanese reservoirs due to sedimentation

Name of dam River Year of
construction

Design
capacity
(Billion)

Present
capacity
(Billion)

Reduction
(%)

Sennar Blue
Nile

1925 0.93 0.36 60

Jebel Aulia White
Nile

1939 3 3 0

KEG Dam Atbara 1964 1.3 0.6 54

Roseires Blue
Nile

1966 3.2 (before
heightening)

1.9 (before
heightening)

40

Merowe Main
Nile

2009 12.4 11.4 8

Dam Complex of
Upper Atbara
(DCUA)

Atbara 2015 3.7 2.8 (Survey
2017)

24
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18.1.3.1 Roseires Dam

Roseires Dam, on the Blue Nile, was provided with low-level sluicing gates that
have discharge capacities capable of passing the average annual river flows. In the
case of hydropower generation in Roseires reservoir, the function of the low-level
sluices is to pass the bulk of larger sediment particles to minimize the impact of
sediment on the turbines. The removal of already-deposited sediments is costly and
impractical, and this process is very limited for most of the reservoirs in the Nile.
Sediment removal by dredging is regularly performed in the Roseires reservoir in
front of the powerhouse intakes before the occurrence of floods. However, in
Merowe Dam, the sediment that accumulates in front of the power intakes is
removed using sluice gates 26 m below the power intakes.

In the first ten years of its operation, Roseires reservoir lost 17% of its overall
capacity, which represents 90% of the to-date storage capacity. By the end of 1992,
Roseires reservoir lost 37% of its original capacity, which represents 100% of the
dead storage capacity and a considerable part of the live storage capacity.

GERD, after construction, will act as a natural settling basin that will reduce the
amount of sediment entering Roseires reservoir, prevent the blockage of irrigation
canals and pump station intakes, improve hydropower generation efficiency and
effectiveness, prevent the blockage of power plant inlets, and reduce abrasion on
turbines.

18.1.3.2 Sennar Dam

Sennar Dam was constructed in 1925. During the period from 1925 to 1981, the
rate of sedimentation in Sennar reservoir never exceeded 0.5% per year compared
to its original capacity, which represents a 28% reduction in the overall reservoir
capacity (Ahmed 2008). During the abovementioned period, the Blue Nile usually
flowed naturally (all the inflow discharge was passed) without storing water during
the flood period. This perfect performance of the reservoir was attributed to the
excellent design of the dam. However, after 95 years, Sennar Dam lost 71% of its
original reservoir capacity.

Figure 18.3 shows the operation rules for Sennar Dam. From the figure, the
sediment concentration is very high (>6000 ppm) during the start of the flood
season (July–August). According to the operation rules for different reservoirs in
Sudan, the reservoir level is usually maintained at a minimum level during this
period to allow all the sediment-laden water to pass, and then the filling program
starts.

18.1.3.3 Merowe Dam

From lessons learned in the sediment management practices of Roseires reservoir, a
new technique was applied to Merowe Dam to control the accumulation of
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sediment in front of the powerhouse. There are six sediment sluices arranged in the
power intake dam 26 m below the intake opening beside the normal sluice gates.
The cross sections of these sediment sluices are tapered at the downstream ends.
The flow-through each sluice is controlled by main radial gates placed at the
downstream ends of the sluices. Due to the high flow velocities (22–24 m/s) and the
high sediment concentrations, the sediment sluices are steel-lined (Osman 2018).

18.1.3.4 Irrigation Network Sedimentation

Most of the irrigation water in Sudan is diverted from sediment-laden rivers that
originate from the Ethiopian Plateau. The Blue Nile and Atbara Rivers carry flows
with high sediment concentrations during the rainy season. Most of these sediment
loads are introduced to the irrigation networks of existing agricultural schemes,
such as Gezira and Managil.

The Gezira Scheme (GS) is one of the largest agricultural schemes in the world.
To restore the canalization system, desilting and aquatic weed clearance have been
practiced since the establishment of the scheme in 1925.

The Hydraulic Research Center (HRC) of the Ministry of Water Resources and
Irrigation (MoWRI) of Sudan, carried out, from 1988 to 1996, sediment studies in
the Gezira canalization system (irrigation water supply from Sennar Dam). The
study concluded that 5% of the sediment was deposited in the main canals, 22%

Fig. 18.3 Sennar Dam operation rules. Source Osman (2018)
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was deposited in the major canals, 33% was deposited in the minor canals, and 40%
passed to the fields (Ahmed 2008). The same study was conducted by the HRC for
the Halfa Irrigation Scheme (which is irrigated from KEGD), and comparable
results were obtained (Fig. 18.4).

At the beginning of the Gezira Scheme, the removal of 5–7 million m3 of
sediment was considered satisfactory (World Bank 2000). In 1999, MoWRI
recorded that 41 million m3 of sediment was removed from the canalization system,
but some researchers believe that this value is not realistic or scientific considering
the past experience and the amount of sediment that enters the GS annually (Ahmed
2008). This amount of sediment removed causes many irrigation difficulties; during
sediment removal, the canalization system is over excavated, and the cross sections
of the canals are widened.

Most of the operation and maintenance (O/M) costs of the irrigation networks in
the Sudanese irrigation schemes go to sediment and aquatic weed clearance. These
two problems create many irrigation difficulties, such as increases in O/M costs,
delays in sowing times, water shortages, and decreases in crop productivity, which
in turn lead to reductions in crop yields.

The water supply used for irrigation is conveyed through a system of canals that
are exposed to sediment deposition from silt-laden water. The growth of aquatic
weeds provides traps for suspended silt if the water velocity is low and thus
increases siltation in the canals, which might also raise the water level in the fields.
Many efforts have been made to mitigate sediment and aquatic weeds in irrigation
schemes in Sudan with little success. Figure 18.4 shows the average quantities of
silt removed from the canals of the New Halfa project during the years 2002–2010;
the silt in these canals was delivered by the Atbara River.
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18.1.3.5 Khashm El-Girba Dam (KEGD)

In this study, the focus was on sediment management practices in Sudan with
special emphasis on sediment management in KEGD.

18.2 Sediment Management in KEGD

18.2.1 Background

Khashm el-Girba Dam (KEGD) was constructed in 1964 across the Atbara River to
reserve water for resettlement of the displaced from Wadi Halfa area (North of
Sudan) due to the construction of the Aswan High Dam (South of Egypt). The main
purposes of KEGD are irrigation, hydropower generation and domestic water
supply.

The Atbara River is a tributary of the Nile River that emerges from Ethiopia
(Fig. 18.5). The watershed area of the river is 112,000 km2, the average annual
discharge is 12 � 109 m3 (14% of the average annual flow of the Nile), and the
reservoir length is 80 km. The Atbara River is characterized by its potential to carry
torrential inflows with significant amounts of silt estimated at 85 Mt. annually
(Odeyer 2007; Garzanti et al. 2006). Silt-laden water affects not only KEGD
reservoir but also the irrigation networks in the New Halfa Agricultural Scheme.

During dry spells within the rainy seasons, the main source of water supply for
irrigation is sediment-laden water, which exposes the irrigation networks to sedi-
ment deposition. Some of the consequences of deposited sediment are decreases in
irrigation efficiency, increases in maintenance costs, and subsequent decreases in
farmer incomes, which lead to socioeconomic problems.

A few years after its construction, KEGD lost a considerable amount of its
reservoir capacity. The initial reservoir capacity of KEGD decreased from
1.32 � 109 to 0.62 � 109 m3 (MoWRI 2009). The annual rate of siltation is
estimated to be 0.9%. Due to siltation and the formation of deltas, the reservoir has
shrunk in surface area and storage capacity. Figure 18.6 shows how the reservoir
capacity depleted overtime during the period from 1964 to 2014. As shown in the
figure, the loss rate was very rapid during the early period of operation (1964–
1971). After adopting a certain sediment management strategy (sluicing + flush-
ing), which started in 1971 and then stopped and continued in 1974, the rate of
sedimentation decreased, and the lifetime of the reservoir was preserved.

One of the techniques used in KEGD to manage sediment was the construction
of the Dam Complex of Upper Atbara (DCUA). The DCUA was proposed after the
construction of KEGD in 1964 to supplement the content deficit in the KEGD
reservoir; it was completed and in operation in 2015. The construction of new dams
in the upper catchment area in Ethiopia (e.g., Tekeze) will further reduce the
sedimentation problem in the Atbara River.
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18.2.2 Sediment Yield and Measurement

Sediment measurements are essential for monitoring the total sediment loads, and
having long records of sediment data is very important. Water discharge and sed-
iment concentration must be simultaneously measured over relatively long periods
of time. Direct measurements of sediment are considered the most reliable method

Fig. 18.5 Map of the location of KEGD on Atbara River
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for determining sediment yield; these measurements are accomplished by either
bathymetric surveys of reservoirs or sampling sediment discharges. Empirical
relationships, empirically checked procedures, and trap efficiency can also be used
for sediment estimations.

The measurement of suspended sediment in KEGD is practiced during the flood
period. Normally, three samples per day are taken, but during a flushing operation
(FO), more samples were taken (every three hours). The in situ samples were
analyzed by the percentage volume of sediment, while parts of the same samples
were sent to a laboratory for weight analysis (gram per liter, g/l or part per million
(ppm)).

18.2.3 Trap Efficiency (TE)

When sediment-laden water approaches a reservoir, the velocity of the flow
decreases, causing a decrease in the sediment transport capacity of the water. Part of
the sediment load passes through the gates and flows downstream, and a consid-
erable amount of sediment is deposited in the reservoir. Trap efficiency (TE) is a
measure that expresses how much of the inflowing sediment may be trapped and
deposited in a given reservoir.

TE is the ratio of the deposited sediments to the total inflowing sediments over a
given period within the economic life of a reservoir (Hadley and Walling 1984). TE
depends on several factors, such as particle size, sediment load, and flow charac-
teristics (Ji 2006). From the available literature, two empirical methods can be used
to estimate the TE of a reservoir: the Brune curve (1953) and Churchill curve
(1948) (Annandale et al. 2016). The Brune curve relates TE to the average annual
residence time in the reservoir, and the relative size of the reservoir is determined
by dividing the storage volume by the mean annual flow volume entering the
reservoir. This ratio is known as the capacity/inflow ratio (Annandale et al. 2016).
Brune curves are not applicable for reservoirs with scouring sediment; however, the
TE of KEGD can be computed for the period when the sluicing method is appli-
cable (the period from 1964 to 1974, during which there was no flushing operation).

According to the operation rules applied to KEGD, there are three categories of
operation: the low-level flood period, filling period, and abstraction or drawdown
period. During the low-level period, the reservoir is operated at its lowest level with
its deep sluice gates opened to pass floodwaters, and insignificant sediment depo-
sition occurs in the main channel of the reservoir (sluicing period; low TE). During
the filling period, a significant amount of sediment is deposited in the reservoir
bottom and on its banks, and the TE percentage is expected to have a significant
value. The third period has no contribution to sediment deposition due to
insignificant inflows and clear water. TE requires an accurate measurement of the
sediment that is transported into a reservoir as well as the sediment that is dis-
charged through spillways (Annandale et al. 2016; Atkinson 1996).
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18.2.4 Operation Policy of KEGD Reservoir

The operation of the KEGD reservoir is divided into four periods: the first filling,
the period between the first and second filling, the second filling, and the abstraction
period.

18.2.4.1 The First Filling

In the first filling, the minimum operational level at the beginning of the dam
operation on June 30 is 462.00 m. The first filling may begin on July 1 or later if the
mean flow of the river has risen above 15 Mm3/day to raise the reservoir level to
462.00. However, if the level of the reservoir is above 462.00 m at the end of June,
water is released so that the level of 462.00 m can be reached and maintained by 10
to 15 July.

18.2.4.2 Period Between the First and the Second Filling (Flood
Period)

This period extends from the beginning of July to the end of August, and most
sediment-laden water is discharged during this period. This type of operation is
known as the sediment sluicing period. Flushing operations are normally conducted
during this period, in which the river is allowed to erode itself by leaving the dam
gates fully opened. Figure 18.7 explains how the operation rules are implemented
as well as the flushing operation and sediment concentration during the flushing
operation.
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18.2.4.3 Second Filling

The second filling begins (a) on August 25 if the inflow either has not risen above
100 Mm3/day or has previously reached above that rate and fallen, (b) on a date
later than August 25 after the inflow has fallen below 100 Mm3/day. However, for
the high flood season, the second filling should start on a date no later than the 6th of
September. The second filling takes 45 days to reach the maximum operating pool
level at 473.00 a.m.s.l.; this maximum level was raised to 474.00 in 1989 due to
sediment deposition. During this period, the water contains some suspended sedi-
ment that is deposited in the reservoir bottom and lateral shelves.

18.2.4.4 Abstraction period

After filling the reservoir to a full level of 474.00 m, the inflow exceeds the
downstream requirements. The excess surplus is discharged downstream of the dam
through deep sluice gates until the inflow equals the requirements. Then, the gates
are closed, and the electrical power machines are stopped because irrigation water
has the first priority. Abstraction from reservoir storage starts after the inflow water
becomes less than the downstream requirements.

All the downstream stakeholders gather in the dam headquarters to decide the
abstraction policy based on their needs. The water allocation is confirmed in this
meeting. The different stakeholders include representatives of the domestic water
supply, crop requirements, sugarcane requirements, freehold, forestry, and down-
stream requirements.

18.2.5 Sediment Flushing

Sediment flushing describes the process of clearing existing accumulated sediment
using the hydraulic method in a reservoir. Sediment flushing is not effective unless
the river is left to flow naturally; i.e., if the reservoir is drawn down to a level at
which the flow conditions over the deposits reach those of the original river; in such
a case, effective erosion over the delta starts from both ends.

18.2.6 Sluicing of Sediments

Sluicing sediment-laden water and storing clean water have been practiced since the
beginning of KEGD operations. Sluicing or partial drawdown describes the low-
ering of water levels in a reservoir for a few weeks or months during the flood
season. The principal purpose of sluicing is to pass the high sediment flows carried
by flood flows through the lower gates.
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18.3 Flushing Operation (FO)

Flushing represents a necessary regular annual activity for keeping silt deposits
clear from the water intakes and for preserving reservoir storage (SOGREAH
1971). Flushing operations have been applied successfully in many reservoirs
worldwide and have been found to be inexpensive in many cases (Garzanti et al.
2006).

Kantoush et al. (2010) considered flushing to be the only economical approach
to swiftly restore the storage capacity of reservoirs with severe deposition.
Worldwide experience confirms that low-level outlets that have sufficient capacities
to increase drawdown and add more control to water levels during flushing oper-
ations will lead to effective flushing (White 2006).

The World Commission on Dams (2006) decided to study the guideline con-
siderations for efficient flushing operations, which include the hydraulic conditions,
quantity of water available for flushing, mobility of reservoir sediments, storage
capacity of the reservoir, sediment deposition potential, shape of the reservoir basin,
operational limitations, downstream impacts, and site-specific factors.

Flushing was introduced for the first time in KEGD for a single year in 1971.
Then, FO stopped, but continued in 1974 when the coupling of sluicing and
flushing significantly reduced the rate of deposition (Bathymetric Survey of KEG
Dam 1990). Twenty million tons of sediment can be removed in one FO in KEGD;
i.e., approximately 40 million tons could be removed if FO were carried out twice
in the same flood season (Jonson and Phelipon 1974). Figure 18.8 shows the
development of the bed level of the reservoir and the accumulation of sediment
during the period from 1962 to 2009 in KEGD.

Le
ve

l [
m

]

Longitudinal Distance [m]

1962 land survey before construction jan - feb 1976 survey nov - 1990 survey

Fig. 18.8 Longitudinal profiles for three different bathymetric surveys. Source Reprinted from
Mohamed (2013) copyrights 2013
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18.3.1 Impacts of Flushing Operations

Although flushing operations are considered the most effective method for
managing sediment accumulation in reservoirs, FO might have negative impacts on
dams and the environments further downstream. The following section describes
some of the negative impacts of FO.

18.3.1.1 Deep Sluice Abrasion

Large quantities of sediment particles that pass through the deep sluice gates during
FO cause abrasion to the sill beams and concrete (Fig. 18.9). The only precaution
that can be taken to limit this wear is to keep the reservoir level low to limit the flow
velocity (Johnson and Phelipon 1974). Abrasion might increase leakage through
deep sluices, which is a serious problem affecting preserved stored water. Leakage
might cause deformation problems in the dam structure itself.

18.3.1.2 Driftwood

If floods are above average, wood is forced to spill by raising the reservoir level or
is forced to pass through deep sluices when floods are below average. However,
driftwood accumulates at pump-turbine intakes and compensation gates. This
driftwood is sometimes carried by running water back from canals through pumps
with the aid of backwaters from compensation gates. Figure 18.10a, b shows pump
turbine-intakes blocked by driftwood and silt during 2005.

Figure 18.11 shows the accumulation of sediment downstream of a dam due to
insufficient flushing discharge, which seriously affects the downstream environment
and ecosystem.

Fig. 18.9 Abrasion to a sill
beam and concrete
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18.4 Bathymetric Survey

The main purpose of conducting bathymetric surveys of a reservoir is to determine
the storage capacity, loss of storage volume, and distribution of deposited sediment
within the reservoir and to provide data on sediment accumulation by comparison to
an earlier survey (usually the original survey).

Bathymetry is the process through which the bed level of a reservoir is mapped.
To map a reservoir bed, the topography of a given area is surveyed before a reservoir
is filled. Once the reservoir is filled, bathymetric surveys are used to monitor possible
changes at the bottom surface. These surveys are useful from time to time because,
over time, sediment builds up in reservoirs, and these surveys can help determine the
amount of sediment that has been deposited. Different survey methods have been
conducted to map the KEGD reservoir. Figure 18.12 shows the results of bathy-
metric surveys conducted in KEGD, and how the storage drastically changed before
the flushing operations were adapted in 1974. From the figure, during the period
from 1964 to 1974, a rapid reduction in reservoir capacity occurred. When the
flushing operation was introduced in 1974, the sediment accumulation decreased
noticeably. After 1990, the reservoir almost reached a state of equilibrium.

(a) Driftwood & Silt (b) Flushing of driftwood & Silt

Fig. 18.10 a Pump-turbine intakes blocked by driftwood and silt, and b flushing of driftwood and
silt by backwater (2005)

Fig. 18.11 Accumulation of silt downstream due to insufficient discharge in flush operations
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18.5 Conclusion

The deposition of silt is a serious problem affecting the storage capacities and
lifespans of reservoirs. This study was carried out to discuss the sediment man-
agement practices in Sudan, with special reference to Khashm el-Girba Dam
(KEGD), and the effects of storage management practices on maintaining the
lifetime of the reservoir. During the 1990–2009 period, the average annual sediment
inflow to the Atbara River was 86 Mt. Nearly 40% of the storage capacity of KEGD
has already been filled with sediment soon after dam construction. The coupling of
sluicing and flushing in 1974 significantly reduced sediment deposition in the
reservoir. The sediment management strategy that followed in KEGD increased the
lifetime of the reservoir. Building Tekeze Dam in Ethiopia in 2009 and the Dam
Complex of Upper Atbara (DCUA) in Sudan in 2015 further helped regulate Atbara
River flows and control the amount of sediment discharged to KEGD.
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Chapter 19
Determining the Precipitation Intensity
Threshold of Debris Flood Occurrence

Mohammad Ebrahim Banihabib and Mitra Tanhapour

Abstract In this chapter, the precipitation threshold at which debris floods occur
was evaluated experimentally, and the factors that influence debris flood occur-
rence, including the bed slope, sediment layer thickness, sediment grain size, length
of alluvial flow direction, precipitation intensity, and time of debris flood occur-
rence, were examined. The impacts of these factors on debris flood initiation were
investigated through dimensional analysis. Then, a method was developed to
estimate the precipitation intensity threshold based on a set of laboratory tests.
Furthermore, different methods for determining the precipitation intensity threshold
at which debris floods are initiated were assessed and discussed. The results of the
experiments showed that the effect of the sediment layer thickness on debris flood
occurrence can be ignored. Moreover, by independently evaluating the effect of
each factor on debris flood occurrence, it was found that the sediment length and
average diameter of sediments are influential to debris flood initiation. The results
of this research provide a better understanding of debris flood mechanisms and
occurrence thresholds of debris floods and can be employed to prepare a forecasting
model.
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19.1 Introduction

Heavy precipitation events lead to flash floods in mountainous areas. Flash floods
generally move quickly in rivers due to intensive precipitation in river basins and
can trigger landslides suddenly due to heavy rainfall in small basins (He et al.
2018a, b). Intensive rainfall can usually produce flash floods and debris floods. The
type of event (debris flood or flash flood) depends on different factors, e.g., the
hydrological, geotechnical, and geomorphological characteristics of steep slopes,
material sources, the volume of available sediments, and characteristics related to
the frequency and magnitude of precipitation events (Borga et al. 2014).

Debris floods are common phenomena in many areas worldwide (Mangeney
et al. 2010; Banihabib and Nazarieh 2019; He et al. 2018a, b). Debris floods are the
main factor affecting erosion and sedimentation in riverbeds or channels and create
many environmental hazards (Berger et al. 2011). These flows generally consist of
granular materials and concentrated compositions of water and sediments
(Banihabib and Forghani 2017; Banihabib and Masumi 1999). The sediment
concentrations of debris floods vary in different circumstances, from loose deposits
to flows. There is a wide range of debris flood sediment concentrations, which are
reported to range from 2 percent by volume to 80–90% (Banihabib et al. 2020;
Takahashi 1981; Coussot and Meunier 1996). For typical events, the water content
is small, approximately 10–30%. Furthermore, the range of the particle diameters is
approximately 10–6 to 10 m (Zhuang et al. 2015). These debris flood features make
them potentially powerful and disastrous factors due to their abilities to transport
large volumes of coarse-grained materials and destroy facilities, infrastructures, and
the environment (Hassan-Esfahani and Banihabib 2016; Iverson and Denlinger
2001). The hazards caused by debris floods are enhanced by their sudden occur-
rences. Therefore, understanding the processes of debris flood occurrences is nec-
essary not only to obtain insights into the mechanisms of debris flood occurrences
but also to predict and avoid hazards (Shu et al 2017; Banihabib and Tanhapour
2020). Due to the complexity of the mechanism of these floods and their high
speeds, laboratory methods are appropriate tools for studying debris flood initiation
processes (Cogan and Gratchev 2019).

Flash floods and debris floods are among the most destructive natural disasters
with the highest risk potentials in the world due to their rapid occurrences, very
short time intervals from the moments of precipitation initiation to flood generation,
and the spatial distributions of their affected areas (Borga et al. 2014; Kotlyakov
et al. 2013; Diakakis and Deligiannakis 2017; Ashley and Ashley 2008). According
to Barredo’s assessments, flash floods caused 49 fatalities per year in Europe on
average during the years from 1950 to 2005 (Barredo 2007). Salvati et al. (2010)
reported that more than 2204 landslides and debris floods occurred due to precip-
itation over a period of 59 years (1950–2008) in Italy and caused 4103 fatalities.
Furthermore, studies have illustrated that predicting and warning people about flash
floods and debris floods are difficult because of the sophisticated processes of their
formations, the uncertainty associated with intense and short-term precipitation
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events and the dependency of these types of floods on various physiographic and
hydrological factors of river basins (Sun et al. 2012; Diakakis et al. 2020).
Therefore, it is indispensable to provide a simple and practical approach for pre-
dicting debris floods to detract from the risks and damages caused by them.

Although debris floods often occur due to key factors such as heavy precipita-
tion, abundant sediment, and steep slopes (Jomelli et al. 2015; Banihabib et al.
2020), they can also begin due to landslides, snowmelt, and failure of temporary
dams blocking rivers (Procter 2012; Evans et al. 2001). Most previous studies
primarily evaluated the influences of one or more specific factors, e.g., bed slope,
particle size distribution, and precipitation intensity on debris flood initiation. Hu
et al. (2014) used laboratory flumes to study the effects of discharge and slope on
the mechanism of debris flood initiation. They found that the effects of slope on
erosion and the volume of flow deposits were greater than the effects of flow
discharge (Hu et al. 2014). Pellegrino and Schippa (2018) investigated the impacts
of particle concentrations and coarse materials on the triggering of debris floods.
Based on experimental evidence, they revealed that the viscous features that
comprise the stresses and the volumetric viscidity are affected by coarse materials.
Moreover, the flow features are sensitive to variations in solid content and particle
size (Pellegrino and Schippa 2018). An empirical equation was proposed by
Takahashi (1977). He performed a set of experiments to investigate debris flow
occurrence under different discharge flow and bed slope values. According to his
proposed equation, the concentration of solid materials was obtained based on the
bed slope (Takahashi 1977). Dong et al. (2009) presented an equation to obtain the
average volume of sediments in debris flows by collecting data on debris floods that
occurred due to the Toraji typhoon (Dong et al. 2009). In another study, Takahashi
and Kuang (1986) presented equations for the deposition rate and erosion rate of
debris floods. Egashira (1993) evaluated the mechanism of debris floods over an
erodible bed and proposed a formula for the bed erosion rate.

Most previous studies did not investigate the influence of altering the sediment
layer thicknesses on debris flood occurrence. In the present study, a set of labo-
ratory tests were performed at different sediment thicknesses and bed slopes to
estimate the precipitation intensity threshold that triggers debris floods. A key piece
of information associated with debris flood warning systems is that all precipitation
events cannot produce debris floods. Therefore, it is crucial to determine the pre-
cipitation intensity threshold that triggers debris floods. In these laboratory tests, the
precipitation intensity and the timing of the debris flood occurrence were measured.
Then, using dimensional analysis, empirical equations between precipitation
intensity (as the dependent variable) and each dimensionless variable, including bed
slope, sediment layer thickness, average grain size, and sediment sample length (as
the independent variables), were obtained separately. In addition, different methods
for deriving the precipitation intensity threshold of debris floods were discussed in
this chapter. Finally, the proposed equation obtained in the present research was
compared with the equations obtained in other studies.
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19.2 Material and Methods

19.2.1 Experimental Facilities

A laboratory flume was used for the tests. Its length, width, and depth were 7.6, 0.3,
and 0.25 m, respectively. The laboratory tests were performed in a Plexiglas tilting
flume. A gauge was utilized to obtain the slope of the flume, and the gauge could be
installed anywhere in the flume. In addition, we applied a rain simulator to produce
precipitation over the loose deposit sample. A Casio EX-F1 video camera was used
to record the timing of the debris flood occurrences.

19.2.2 A Theory for Initiating Debris Floods

Hirano (1997) demonstrated that the critical conditions for debris flood occurrence
may be incurred at the thickness of the sediment layer (D) if the shear stress is
greater than the shear strength (Fig. 19.1). He noted that debris floods occur if the
cumulative precipitation at the concentration time (T) is more than the specified
amount (Eq. (19.1)):

Rðt; TÞ ¼
Z t

t�T

rðtÞdðtÞ� DK
L

tan h ¼ Rc ð19:1Þ

where L is the alluvial length, h is the bed slope, Rc is the precipitation threshold of
debris flood initiation, D is the depth of loose materials, K is the hydraulic con-
ductivity, t is the time, and rðtÞ is the precipitation intensity.

To determine the precipitation threshold of debris flood initiation in Eq. (19.1),
K and D must be measured; however, the determination of these factors is difficult
under field conditions, and they cannot be determined precisely. Therefore, we
tested other available factors to obtain the precipitation threshold of debris flood
initiation.

Fig. 19.1 Schematic plan of
a slope bed
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19.2.3 A Set of Influential Factors

Hydrological, climatic, and topographic factors are the most important factors that
are effective in triggering debris floods (Liang et al. 2012; Chang et al. 2010).
Generally, physiographic parameters (e.g., loose material, river length, and steep
slopes) and hydrological factors (e.g., antecedent soil moisture, and heavy pre-
cipitation) influence debris flood initiation (Banihabib and Tanhapour 2019). The
influencing factors and their relevant abbreviations and units are shown in
Table 19.1. The grain mean diameter was estimated to be 0.7 mm using the sedi-
ment aggregate curve. The sediment length was 25 cm (equal to the length of the
rain simulator). The layer thickness of the particles ranged from 1 to 3.5 cm. The
bed slope was variable between 36° and 58° during the tests.

In the current study, the Buckingham theorem was applied to extract the
dimensionless factors and to analyze the factors that influenced the occurrence of
debris floods. Based on Hirano’s research results, the set of factors used in this
study was as follows (Eq. (19.2)):

FðI; t; d50; tan h; L;D; gÞ ¼ 0 ð19:2Þ

Based on the Buckingham theorem, with N factors and M main dimensions, we
can extract N �M dimensionless factors. If we show dimensionless factors as
P1;P2, etc., Eq. (19.2) can be rewritten as Eq. (19.3):

F ðP1;P2;P3; :::;PN�MÞ ¼ 0 ð19:3Þ

Length and time are the main dimensions of the factors used in this study.
Furthermore, the number of repetitive variables must be equal to the number of
main dimensions. Moreover, the timing of debris flood occurrences and gravita-
tional acceleration were considered to be repetitive variables. Based on the men-
tioned explanations, a total of five dimensionless factors were obtained, which are
presented in Eqs. (19.4)–(19.8) as follows:

Table 19.1 Factors that influence the occurrence of debris floods

Factor Abbreviation Unit

Precipitation intensity I Meter per second

Time t Second

Grain mean diameter d50 Meter

Bed slope tan h Radian

Sediment layer length L Meter

Sediment layer thickness D Meter

Gravitational acceleration g Meter per second squared
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P1 ¼ tan h ð19:4Þ

P2 ¼
ffiffiffi
g

p
tffiffiffiffiffiffi

d50
p ð19:5Þ

P3 ¼
ffiffiffi
g

p
tffiffiffiffi

D
p ð19:6Þ

P4 ¼
ffiffiffi
g

p
tffiffiffi
L

p ð19:7Þ

P5 ¼ I
g t

ð19:8Þ

Thus, the threshold of precipitation intensity at which debris floods are triggered
was obtained by other nondimensional variables using regression analyses based on
Eq. (19.9):

I
gt

¼ F tan h;
ffiffiffi
g

p
tffiffiffiffiffiffi

d50
p ;

ffiffiffi
g

p
tffiffiffiffi

D
p ;

ffiffiffi
g

p
tffiffiffi
L

p
� �

ð19:9Þ

19.2.4 Experiment Procedures

The average size of the sediments used in the laboratory tests was determined using
the sieving method, and a sediment gradation curve was obtained (Fig. 19.2).
According to Fig. 19.2, more than 90 percent of the sediments consisted of sand,
and a small percentage of sediments were fine grains or coarse grains, such as clay
and gravel. Thus, based on the ASHTO classification system (Zidan et al. 2019), the
sediments were sandy-type with a mean grain size equal to 0.7 mm. The laboratory
test steps used to determine the precipitation intensity thresholds at which debris
floods were initiation in the different sediment layer thicknesses and bed slopes
were as follows.

I. The sediment weight was determined with the scale.
II. To consider the influence of moisture due to antecedent precipitation, a

constant moisture content (5% of the dry weight of the sediments) was added
to the sediments.

III. The flume slope and camera were set.
IV. The rain simulator and its bases were prepared and placed on the flume.

Then, the rain simulator reservoir was filled with water. Finally, the pre-
cipitation intensity was adjusted by calipers.

V. The instability of the slope of the particles was determined, and the sediment
sample was transferred into the flume/channel.
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VI. The rain simulator was laid on its base, and raindrops were poured/fell over
the sediments. Then, the time to the failure/collapse of the sediment sample
was recorded using a camera.

For each sediment layer thickness, the laboratory tests were repeated a minimum
of 7 times. In total, laboratory tests were carried out 57 times for diverse particle
layer thicknesses and different bed slopes. This research examined debris floods that
occurred on bedrock. For this reason, these experiments were performed using thin
sediment layers (Banihabib and Tanhapour 2020).

19.3 Results and Discussion

Debris floods occur due to a set of climatic, topographic, and geological factors, and
debris floods have complex relationships with the factors that affect them.
Therefore, it is necessary to understand the conditions under which these floods
occur and to determine the relations between debris floods and other related factors.
Steep slopes, large volumes of loose deposits, and intense precipitation are essential
for producing debris floods (Zhuang et al. 2015). To address the effects of these
main criteria on debris flood initiation, a series of effective variables, including
slope, depth of loose material, mean grain size, length of alluvial material in the
flow direction, timing of the debris flood, and precipitation intensity at debris flood
initiation, were selected. In this section, first, the influence of each dimensionless
factor on the threshold of the precipitation intensity that triggers debris floods was
investigated separately. Then, different methods for determining the precipitation
intensity threshold of debris floods were examined.
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curve
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19.3.1 Assessment of the Impacts of Dimensionless
Variables on the Precipitation Intensity Threshold

In this section, the impacts of dimensionless variables on debris flood occurrence
were examined as a simple regression model. Figure 19.3 illustrates the simple
nonlinear regression equation between P5 (the dimensionless precipitation inten-
sity) and P2 (the dimensionless sediment mean diameter), and their good corre-
lation was observed between them. Based on the observed results of the laboratory
tests, a large volume of the soil texture was made up of fine sand particles. These
particles are easily eroded by various precipitation intensities due to their negligible
cohesion and relatively low weights, while the erosion rates of the coarse-grained
particles and the clay materials are lower. This result is consistent with the results of
other research (Vaezi and Ebadi 2016; Williams et al. 1997; Papa et al. 2004).
Therefore, loose materials and fine sand particles provide suitable conditions for
debris flood initiation, and there is a good relation between the precipitation
intensity and this dimensionless factor.

Figure 19.4 demonstrates the nonlinear equation between the dimensionless
precipitation intensity (P5) and the dimensionless sediment layer thickness (P3).
Based on this figure, it is obvious that there is a fair correlation between these two
factors. Generally, the precipitation intensity threshold increases with enhanced
sediment layer thickness on a certain slope, which is mostly in agreement with the
results of this research. For example, for thin sediment layers (between 1 and 2 cm),
the minimum precipitation intensity for debris flood initiation is 109 mm/h, while
the required precipitation intensity increases to 153 mm/h for thicker sediment
layers (more than 2 cm). It can be deduced that the sediment layer thickness alone
is not sufficient to estimate the precipitation intensity threshold, and the sediment
layer thickness alone cannot accurately estimate the precipitation intensity.

Figure 19.5 indicates the relationship between the dimensionless precipitation
intensity (P5) and the dimensionless factor P4. According to Fig. 19.5, there is
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good consistency between the observed and estimated results, and the correlation
between them is high. The value of the determination coefficient is 0.979.
Therefore, it can be inferred that there is a significant relation between the pre-
cipitation intensity threshold and sediment layer length.

Figure 19.6 shows the relation between the dimensionless precipitation intensity
(P5) and bed slope (P1). The relation between these two factors is not significant.
The results of this research revealed that precipitation intensity and bed slope are
the main factors responsible for initiating debris floods, but the role of precipitation
intensity on sediment layer failure is greater than the role of the bed slope. When
the precipitation intensity increases, more runoff is produced, which leads to the
destruction of the sediment layer and the initiation of debris floods. Therefore, by
evaluating the relation between the roles of precipitation intensity and bed slope on
debris flood initiation, it was found that precipitation intensity is more effective on
the occurrence of debris floods than the bed slope is.
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19.3.2 Proposed Equation of This Study

The derived equations in the previous section are shown in Table 19.2. More
accurate results can be obtained based on the dimensionless sediment layer length
and dimensionless sediment mean diameter (Eqs. (19.10) and (19.12)).

Since measuring the sediment mean diameter is easier than measuring the sed-
iment layer length in practical uses, the relationship between P5 (the dimensionless
precipitation intensity) and P2 (the dimensionless sediment mean diameter), rep-
resented by Eq. (19.10), is introduced as the proposed equation in this research.
After rewriting, the equation is as follows:

I ¼ 39482 g0:517 t0:034 d0:48350 ð19:14Þ
where I is the precipitation intensity (m/s) and the other variables are introduced in
Table 19.1. The unit of the precipitation intensity is m/s in Eq. (19.10). Because the
precipitation intensity is often expressed in millimeters/hour, its unit was changed
to mm/h in Eq. (19.15). Therefore, Eq. (19.10) was rewritten as Eq. (19.15):

I ¼ 1421:3 g0:517 t0:034 d0:48350 ð19:15Þ
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Table 19.2 Equations
relating the dimensionless
precipitation intensity and
other dimensionless factors

Number Equation R2 MARE

19.10 I
gt ¼ 39482

ffiffi
g

p
tffiffiffiffiffi

d50
p

� ��0:966 0.98 0.047

19.11 I
gt ¼ 2387:5

ffiffi
g

p
tffiffiffi

D
p

� ��0:824 0.83 0.163

19.12 I
gt ¼ 2339:3

ffiffi
g

p
tffiffi

L
p

� ��0:966 0.98 0.047

19.13 I
gt ¼ ðtan hÞ0:345 0.14 0.5
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19.3.3 Different Methods for Determining the Precipitation
Intensity Threshold of Debris Floods

Caine (1980) presented an intensity–duration threshold for shallow landslides and
debris floods. He collected precipitation intensity–duration data that triggered
landslides and debris floods in different areas worldwide. He utilized a series of 73
events to develop a global precipitation intensity–duration threshold equation. His
proposed relationship is as follows:

I ¼ 14:82 t�0:39 ð0:167� t� 240Þ ð19:16Þ

where I and t are the precipitation intensity (mm/h) and rainfall duration (h), respectively.
Cogan and Gratchev (2019) proposed an intensity–duration threshold for

rainfall-induced landslides using a laboratory study. They carried out a series of 12
experiments to investigate the influences of the precipitation intensity and bed slope
on triggering landslides and altered the bed slopes, precipitation intensities, and the
amounts of initial moisture in the experiments. Flume experiments were performed
for precipitation intensities equal to 40, 70, and 100 mm/h. According to the
experiments, the slope angle and the amount of initial moisture were altered in the
ranges of 45–55° and 5–12%, respectively. Then, the failure time was recorded in
all experiments (Cogan and Gratchev 2019). Finally, the authors developed the
intensity–duration threshold based on the observed landslides as follows:

I ¼ 80:07 t�0:596 ð0:5� t� 4Þ ð19:17Þ

where I and t are the same as those introduced in the previous equation.
Zhuang et al. (2015) used 47 debris flood events to determine the intensity–

duration threshold in Jiangjia Gully, China. They employed past precipitation
events to empirically derive the intensity–duration threshold and historical debris
flood events to validate the threshold. They obtained 50, 70, and 90% probability
thresholds to forecast debris flood events using the intensity–duration threshold.
These probability curves include 50, 70, and 90% of the debris flood event points.
These probability thresholds can be employed to forecast debris flood occurrences
and to alert the public about possible occurrences. The authors proposed the fol-
lowing thresholds for debris flood occurrence:

I ¼ 15:87 t�0:595 ðfor curve 50%Þ ð19:18Þ

I ¼ 11:92 t�0:595 ðfor curve 70%Þ ð19:19Þ

I ¼ 7:27 t�0:595 ðfor curve 90%Þ ð19:20Þ
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Hirano (1997) proposed the system analysis method to obtain the concentration
time (T) and critical precipitation (Rc) necessary for debris flood initiation. He
determined the cumulative precipitation Rðt; t0Þ as follows:

Rðt; t0Þ ¼
Z t

t�t0

rðsÞds ð19:21Þ

where s is the shear stress and t is the precipitation duration.
Based on this method, the maximum value of Rðt; t0Þ for each rainfall duration

was plotted versus t0. According to Fig. 19.7, if there is no error present in the
information or data, the lines should cross above point RmaxðTÞ when debris floods
occur (Fig. 19.7a) and should cross below point RmaxðTÞ when debris floods do not
occur (Fig. 19.7b).

The difference between the upper bound curve of the nonoccurrence plot and the
lower bound curve of the occurrence plot is minimal at point RmaxðTÞ, which is
shown in Fig. 19.8. Consequently, if the cumulative precipitation at the concen-
tration time is greater than the upper bound curve of the nonoccurrence plot, debris
floods occur. If the cumulative precipitation at the concentration time does not
exceed the lower bound curve of the occurrence plot, debris floods do not occur.
The distance between these two curves is a critical area for triggering debris floods
(Fig. 19.8) (Hirano 1997).

Tanhapour and Banihabib (2019) investigated the cumulative rainfall thresholds
based on Hirano’s method (system analysis method) in the northern areas of the
Alborz Mountains, Iran, including the Karganrud, Navrud, Neka, and Babolrud
basins. They used rainfall data to derive cumulative rainfall thresholds and

Fig. 19.7 Maximum cumulative precipitation against time for a debris flood occurrence and
b nonoccurrence (Tanhapour and Banihabib 2019)
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developed a regional intensity–duration threshold for debris flood occurrence
(Tanhapour and Banihabib 2019). The threshold curve can be determined using
Eq. (19.22):

I ¼ 6:14 t�0:536 ð0:7� t� 15Þ ð19:22Þ

19.3.4 Precipitation Threshold for Flash Floods

In dealing with floods, early warning systems often need an indicator to detect flood
events. Precipitation threshold-based methods and assessments of local soil mois-
ture conditions for predicting debris floods and flash floods have long histories.
Precipitation thresholds can be used to construct early warning systems for debris
floods and flash floods (Bezak et al. 2016). Flash flood predictions depend on
various factors, e.g., precipitation, soil moisture, water level, time of occurrence,
flood duration, and flood peak time (Ngo et al. 2020). One of the simplest
threshold-based approaches for predicting flash floods is to detect extreme weather
conditions using weather parameter-based indicators, such as cumulative precipi-
tation. Norbiato et al. (2008) revealed that the inclusion of the effect of initial soil
moisture conditions in humid climates is important in assessing the potential of a
flash flood occurrence and especially in determining the occurrence and nonoc-
currence thresholds. Bezak et al. (2016) proposed intensity–duration–frequency
curves and precipitation thresholds for flash floods and landslides.

The usage of simple threshold-based approaches is crucial for several reasons.
These thresholds can be applied by flood risk managers in local flood prediction
centers. Consequently, communities’ preparation levels against floods can be
increased. In addition, precipitation threshold-based diagnostic methods and soil
moisture indices, which simplify the hydrological status of catchments, provide the
possibility of processing local precipitation information and promoting cooperation

Fig. 19.8 Lower bound of
the occurrence curve and the
upper bound of the
nonoccurrence curve
(Tanhapour and Banihabib
2019)
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between hydrologists and meteorologists (Borga et al. 2014). One of the most
important problems associated with this approach (the precipitation threshold
approach) is that the false warning ratio is high, which is due to uncertainties in the
spatial distributions of rainfall and errors in the precipitation thresholds (Bezak et al.
2016). In this study, a laboratory method was developed to determine the threshold
at which debris floods occur, and different approaches used in previous studies were
evaluated to determine the rainfall threshold for debris flood occurrences.
Depending on the local precipitation characteristics and the physiographic char-
acteristics of the basins, flash floods can lead to debris floods. Generally, deter-
mining the precipitation threshold along with a sufficient number of rain gauge
stations can be used as part of an early warning system to alert users to the
occurrence of flash floods and debris floods.

19.3.5 Comparing the Proposed Equation
with the Equations from Previous Studies

In this study, we used 40 debris flood events (70% of all data) to fit the empirical
equations and 17 debris flood events (30% of all data) to test the equations. The
previous studies’ equations describing the precipitation intensity threshold were
compared with the equation proposed in this study (Eq. (19.15)) using the labo-
ratory test data displayed in Table 19.3. It was thus found that the MARE coeffi-
cients for the equations proposed by Cogan and Gratchev (2019), Tanhapour and
Banihabib (2019), Caine (1980), and Zhuang et al. (2015) were 1.86, 0.81, 0.71,
and 0.43, respectively, while is the MARE coefficient was equal to 0.047 for the
equation proposed in this research. Thus, the equation proposed in this study is
better than the equations of previous studies, and the equation proposed here can
more accurately estimate the precipitation intensity threshold at which debris floods
are generated.

Table 19.3 Precipitation intensity thresholds from other studies with that obtained in this research

Study Study area MARE Equation

Zhuang et al. (2015) China 0.43 I ¼ 15:87 t�0:595

Caine (1980) Global 0.71 I ¼ 14:82 t�0:39

Tanhapour and
Banihabib (2019)

Northern areas of the
Alborz Mountains

0.81 I ¼ 6:14 t�0:536

Cogan and Gratchev
(2019)

Based on observed
landslides

1.86 I ¼ 80:07 t�0:596

This study Based on observed debris
floods

0.044 I ¼ 1421:3 g0:517 t0:034 d0:48350
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19.4 Conclusion

In the current study, a laboratory model was employed to determine the precipi-
tation intensity threshold at which debris floods occur using a set of factors,
including sediment layer thickness, bed slope, grain mean diameter, length of
sediment, precipitation intensity, and time of debris flood occurrence. Furthermore,
the equation developed in this study was compared with equations obtained in
former studies. To obtain the precipitation threshold at which debris floods are
produced, dimensional analysis was applied, and the influences of various dimen-
sionless factors on the precipitation intensity threshold were assessed separately. It
was found that dimensionless sediment length and dimensionless sediment mean
diameter were the most influential factors on the precipitation intensity threshold,
while the influence of the dimensionless sediment layer thickness was the lowest.
The results revealed that the equation proposed in this study can be used to estimate
the precipitation intensity threshold more accurately than the equations of previous
studies. The findings of this study can be used for identifying precipitation inten-
sities that produce debris floods and designing warning systems for debris floods.
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Groundwater Management



Chapter 20
Assessment of Groundwater Resources
in Water Spring Areas Using
Geophysical Methods, Northern UAE

Abdel Azim Ebraheem, Mohsen Sherif, Mohamed Al Mulla,
Khaled Alghafli, and Ahmed Sefelnasr

Abstract The Khatt, Madab, and Al Ghmour Springs are important springs in
UAE. They are located in the foothills of the Oman Mountains. The water tem-
perature of these springs is relatively high (approximately 39 °C). Overexploitation
of fractured aquifers negatively affected the waterflows from these springs. The
outflows from these springs are time-dependent and range from 10 to 50 L/s (until
1998) to 1–10 L/s (until 2010). To assess the current conditions of the spring areas,
relevant data were carefully reviewed, analyzed, and stored in a GIS database.
A 3D-geological model was developed for the Khatt Springs area, which allowed
different types of visualizations, calculations, and predictions. In addition, a 2D
earth resistivity imaging survey was performed to evaluate the available ground-
water resources, characterize the major faults/fractures feeding these springs, and to
determine the locations of saturated fractures and karsts and the thicknesses of the
unconsolidated materials in the wadis. Borehole and drilling information from
observation wells were utilized to enhance the analysis of the earth resistivity
imaging data. The described procedures and acquired results indicated that it was
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possible to determine the locations of two production wells for feeding Al Ghmour
Springs with water during drought periods to keep it alive.

Keywords 2D earth resistivity imaging � 3D geological modeling � Khatt
Springs � Madab Springs � Al Ghmour Springs � UAE

20.1 Introduction

There are wide applications of surface geophysical methods for studying water
resources in arid and semiarid environments. Geophysical methods allow for
continuous scanning of subsurface soils and water saturation, which are of high
importance in remote arid areas and wadi systems where information and mea-
surements are scarce or absent. To accomplish the same tasks with piezometers, a
large number of piezometers would be required because piezometers only allow
observations of conditions at discrete points. In addition, individual techniques for
estimating water fluxes in unsaturated zones usually have their own limitations.

The conductivity of water, which is an intrinsic property of the total dissolved
solids, indicates how well water conducts electricity. For example, the specific
conductivity (SC) of a clay-free gravel layer saturated with saline water could be as
high as 100 times the SC of the same gravel layer if it were dry (Hermans et al.
2017). This major difference in SC based on the degree of saturation and the water
quality makes geophysical methods very useful for tracing groundwater contami-
nations and saltwater intrusions in clay-free aquifers. The resistivity of fractured
rocks is controlled by the secondary porosity and groundwater salinity (Kalisperi
et al. 2018; Khalil et al. 2020). The application of electrical methods for ground-
water explorations and assessments has the following advantages (Ebraheem et al.
2014a, b).

• Reduced need for borehole drilling and direct sampling of groundwater,
• Uncostly data acquisition for quick monitoring of large areas as well as opti-

mizing the locations of monitoring wells,
• Electrical conductivity/resistivity is controlled by groundwater salinity, which is

readily interpreted in terms of groundwater quality.

The Khatt Springs area includes the most prominent springs in UAE and is
located at the western piedmont of the Oman Mountains (Fig. 20.1). These springs
are recognized by two main parts (the north Khatt and south Khatt), and the flows
from these areas were gauged in 1966. The south Khatt Spring flows directly from
the limestone hills, while the north Khatt Spring appears approximately 3 m west of
the foothills. Several constructions have been implemented to increase the flow
from each spring. The Madab and Al Ghmour Springs are located in the eastern
foothills of the Oman Mountains (Fig. 20.1). The water of these springs is char-
acterized by relatively high temperatures (approximately 39 °C) compared to the
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temperatures of all other existing groundwater (25–32 °C) within the northern
emirates that come from the same domain. The temperature of groundwater may be
assumed to increase with depth from a level approximately 20 m below ground
level at a gradient of approximately 1 °C per 30 m. The difference between the
temperatures of the spring waters and those of the groundwater in the surrounding
area suggests that the spring waters originate from a considerable depth, perhaps
approximately 300 m below the ground level (Halcrow and Partners 1969; IWACO
1986). The water of these springs has been traditionally used for bathing, medi-
cation, and irrigation. Since 1979, the Khatt and Madab Springs have gone through
further developments and have become major bathing and recreation sites.

Aflaj (plural of Falaj) is an Arabic term that describes a complex man-made
network of tunnels composed of vertical shafts that capture groundwater or base
flows at the foothills of mountains and direct the water to the land surface by the
force of gravity, without any intervention of machines, mainly for irrigation pur-
poses (Alshahran and Rizk 2020). Aflaj recharge depends on water sources in
upstream areas, including groundwater, natural springs, and rainfall (Al Amri et al.
2014). The well locations, channel gradients, aquifer types, and amounts of
recharge are the main factors affecting Aflaj discharge rates (Beckers et al. 2013).
The climates, geologic settings, and human activities are the main factors affecting
the water quality and water use of Aflaj systems (Al Tikriti 2015).

Water outflows from small springs and hand-dug wells are collected in Aflaj.
This water is then essentially used for cultivating palm dates and in other market
productions. The area of the springs (Ruus Al Jabal Peninsula) consists mainly of
highly karstified limestones and dolomites, the thicknesses of which reach 3000 m
(Hudson and Chatton 1959). Rainwater percolates through the limestone beds
following the joints, fractures, other secondary openings, and the general trend of
the folded strata. These strata have north-facing aspect (direction of slope), and the
groundwater outflows from these strata emerge through high-level overflow
springs, where impermeable rock layers encounter the flow paths of groundwater,
or at sea level.

The climate of UAE is generally characterized by hyperarid desert conditions
with two main seasons: very hot, sunny summers (May–September, when tem-
peratures often exceed 40 °C) and pleasantly mild, cool winters (October–April,
when mean annual average temperatures are approximately 27 °C). Rainfall events
are rare and unpredictable with irregular precipitation patterns; however, they occur
in the forms of showers or downpours that can sometimes be intense (Tourenq et al.
2011). The mean annual rainfall varies from 150 mm in the mountainous areas to
approximately 90 mm on the coast and less than 50 mm in the sandy desert areas.

Due to the drought conditions that prevailed in the period from 1998–2010 and
the necessity of intensive groundwater exploitation for irrigation purposes, which
has caused severe cones of depression (Fig. 20.2), the outflow from the Khatt
Springs was not enough to keep the temperature in the swimming pools at the
desired level (Mohamed et al. 2016). The relatively long water residence time in the
pools resulted in the deterioration of the environmental conditions in the recre-
ational park around the pools and in the spread of mosquitoes.
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Groundwater levels fluctuate considerably and are controlled by recharge events.
The maximum water table increase in this region (approximately 40 m) was
observed in March 1997 in well Khat-1 near Khatt Springs (Fig. 20.1).

The impacts of precipitation on fluctuations in the level, flow rate, and tem-
perature of groundwater in the limestone aquifer in the study area have been

Fig. 20.1 Map of the location of the study area showing the surface geology (Source British
Geological Survey and Ministry of Energy 2006). The map shows the locations of the cross
sections A-A’ and B-B’ and the 2D earth resistivity imaging profiles
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Fig. 20.2 Map illustrating the drawdown of up to 65 m that occurred in the period from 1969 to
2005. Major geomorphologic units and agricultural lands are also shown
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intensively studied since the late 1970s and are summarized in Table 20.1.
Groundwater depletion in the areas of the Madab and Al Ghmour Springs is severe,
to the extent that water has completely ceased to flow from the Al Ghmour Springs.
All the available borehole data, drilling information, and environmental data from
1979 to 2015 were reviewed, analyzed, and stored in a GIS database. Then, the
spatial analysis GIS algorithm, enhanced with graphic capabilities, was utilized to
analyze and reinterpret these data and to preliminarily assess the current conditions
of water resources (water availability and management challenges) in the northern
part of UAE. The processed results were implemented in the preparation of a
complete dataset as inputs to a 3D geological model for the Khatt Springs area. The
main objectives of the present study are as follows.

a) Determining the geological and hydrogeological setting of the Khatt, Ain
Madab, and Al Ghmour Springs areas; emphasis was given to the impacts of
geological structures on groundwater accumulation and flow patterns.

b) Evaluating the impacts of drought years and groundwater depletion caused by
intensive irrigation on the flows and water temperatures of the springs.

c) Application of 2D earth resistivity imaging techniques for mapping the karsts
and/or fractures feeding the springs.

d) Applying developed software for digital 3D geological modeling that utilizes
cross section-based networks for subsurface interpolation in heterogeneous
aquifers.

20.2 Geological and Hydrogeological Settings

The northern Oman Mountains in the Khatt Springs area are composed of Jurassic
to Cretaceous Musandam Group limestones. The western Jiri coastal plain consists
of Late Tertiary to recent alluvial sediments overlying the Late Cretaceous Juweiza
Formation (BGS and MOE 2006; Halcrow and Partners 1969; Sherif et al. 2006,
2018). The Juweiza Formation is composed of a sequence of marl and shale with

Table 20.1 Impacts of the 1999–2010 drought on Khatt Springs

North spring situation in the period from
1979 to 1998

North spring situation in the period from 1999 to
2010

Outflow ranged from 10 to 50 l/s Outflow ranged from 1 to 10 l/s

Rainfall rate ranged from 60 to 360 mm/
year

Rainfall rate ranged from 20 to 150 mm/year

Source water temperature ranged from 39
to 40 °C

Source water temperature from 33 to 37 °C

Irrigation Aflaj work without pumping Irrigation Aflaj only work with pumping from
hand-dug wells
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intercalations of debris of basic igneous rocks, chert, and limestone (Fig. 20.1).
Two major tectonic events have affected the area. The first was in the age of the
Upper Cretaceous, when the Hawasina Formations and the Samail Ophiolite were
thrust over the Musandam limestone; then, the Mid-Tertiary, the formation of the
Oman Mountains occurred due to folding, faulting, and thrusting (Fig. 20.1). As a
result of these major structural events, major northeast-trending anticlinal structures
were formed, such as the Hagab Mountains thrust fault along the Musandam
Mountains, the Jiri plain, the Dibba zone to the southeast, and the Batha Mahani
thrust that runs along the valley of the Wadi Tawiyean (Robertson et al. 1990).
Accordingly, the Musandam limestones are strongly faulted (Fig. 20.3), with major
trends running northeast (parallel to the Dibba zone thrusts), north, and northwest
(parallel to the Wadi Ham system).

The topographic setting and structural pattern generally control the thickness of
unconsolidated materials. Several subsurface geological cross sections along dif-
ferent directions were constructed using borehole data and drilling information.
Two examples of these cross sections in the areas of the Khatt and Ain Madab
Springs are shown in Figs. 20.3 and 20.4, respectively. The Masifi Mountains
dominate the upstream part of the east coast area, and alluvial plains prevail in the
downstream region, in which the sediments are composed of recent Pleistocene
wadi gravels. The alluvium gravel layer overlays the consolidated rocks of the
Semail Formation with fractured zones at some locations (Fig. 20.5). The two
hydraulically connected groundwater aquifers can be characterized as follows.

Fig. 20.3 A subsurface geological cross section in the east–west direction (Source IWACO 1986).
Location of the cross section is shown in Fig. 20.1
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Quaternary aquifer: This aquifer is composed of gravel plains of recent silts and
conglomerates and meets the mountain front at a high angle. This layer overlies the
thick Juweiza Formation on the west coast, which is generally characterized by low
permeability and thus acts as an aquitard rather than an aquifer (Fig. 20.3). On the
east coast, the aquifer overlies the consolidated rocks of the Semail Formation.

Fractured rock aquifer: The area of the fractured rock aquifer refers to the
exposed thick karstified limestone of Jurassic–Cretaceous age in the mountains of
the Khatt Springs area (Fig. 20.3) and to the fractured Semail Ophiolite in the areas
of the Ain Madab and Al Ghmour spring (Fig. 20.4).

The carbonate layers are composed of well-jointed dolomitic limestone and
limestone interbedded with calcareous shales. These beds dip at a very high angle,
up to 90°, to the west (Fig. 20.3). The ophiolite layer generally dips toward the east
and toward the wadi course (Fig. 20.4).

20.3 Digital 3D Geological Modeling

3D geological modeling is a state-of-the-art technique commonly used in the field
of economic geology. It is based on statistical or geostatistical interpolations
between stratified scattered boreholes. The method is adequate in areas with suf-
ficient borehole data because it leads to reduced heterogeneity and an inadequate
loss of the “real-world” settings of lithostratigraphic layers. The complex structural
setting of Quaternary sediments cannot be represented correctly by following only
the geostatistical approach (Wycisk et al. 2005). Therefore, the first 3D geological
model, comprising approximately 2000 km2, was developed for the Khatt Springs
area based on 39 borehole records. In addition to drilling information, a digital

Fig. 20.4 A N–S subsurface geological cross section across the Wadi Ham, approximately 3 km
from the Gulf of Oman
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elevation model (DEM), geophysical logging and profiling information, and geo-
logical and hydrogeological maps were also used to develop the 3D database. The
developed 3D geological model of the Khatt Springs area allowed different types of
visualizations, calculations, and predictions within the hydrogeologic model
(Fig. 20.6). Digital, subsurface 3D model results are of specific need in simulations
of water resource management options.

Fig. 20.5 Hydrogeological map of the northern part of UAE (Source IWACO 1986)
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20.4 DC Earth Resistivity Method

The DC earth resistivity method measures the electrical resistivity distribution in
the subsurface by transmitting a current into the ground using two electrodes (C1
and C2; Fig. 20.7) and subsequently measuring the resulting potential difference
between a second pair of electrodes (P1 and P2; Fig. 20.7). The apparent resistivity
of the subsurface can be calculated using Ohm’s law (R = DV/I, where R represents
the resistance, DV depicts the measured potential difference, and I stands for the
injected current). Assuming a homogeneous subsurface, these measurements, which
are geometrically corrected, can be recognized as apparent resistivity values rather
than true resistivity values.

The measured resistivity values are controlled by the earth resistivity, degree of
saturation, and groundwater quality (Cartwright and Sherman 1972; Ebraheem et al.
1990, 1997; Haeni et al. 1992). The resistivity value of a fractured zone is
dependent on the degree of rock fracturing and on the groundwater salinity. The 2D
DC-resistivity profiling method is conducted by applying several measurements
along a profile at different offsets (Fig. 20.7). Memory earth resistivity and IP
instruments and a switch box were used for eight channels. The switch box was
used to automatically control the distances between electrodes. The profiling data
were inverted by using an iterative smoothness-constrained least-squares inversion
method (deGroot-Hedlin and Constable 1990; Sasaki 1992; Loke 1997;
Aizebeokhai 2010) to create a tomogram-like model of resistivity. Linear zones of
low resistivity that were continuous with depth were interpreted as fracture zones.

Fig. 20.6 3D geological model constructed for the Khatt Springs area
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20.5 Data Acquisition and Interpretation

20.5.1 Khatt Springs

With the main purpose of determining the depths and extensions of the fracture
zones in the carbonate aquifer feeding the Khatt Springs, measurements of six earth

Fig. 20.7 A pattern of electrode arrays implemented in the DC resistivity method and the
associated geometrical factors (a–d) and e the arrangement of the electrodes for a 2D electrical
survey and the sequence of measurements used to build up a pseudosection (Source Ebraheem
et al. 2014a, b)
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resistivity profiles were conducted in the Khatt Springs area southeast of Ras Al
Khaimah City (Fig. 20.1). An example of an interpreted geophysical profile with a
total length of 2220 m (profile P-1; Fig. 20.1) is shown in Fig. 20.8; at this profile,
it was possible to determine the areas of saturated cavities and fractures in the
Musandam limestone. The obtained results were used to design a production well,
KP-1, near profile P-1 (Fig. 20.5). The drilling information of this well-confirmed
the obtained interpretation results (Ebraheem et al. 2014a, b).

20.5.2 Ain Madab Springs

Three earth resistivity profiles were conducted in the Madab Springs area
(Fig. 20.1). The interpreted results indicate the presence of two layers (an example
is shown in Fig. 20.9; profile P-2). The upper layer represents saturated alluvial
gravel with slightly brackish water. This layer has a true resistivity ranging from 33
to 100 Ω-m and a thickness ranging from less than 50 to 250 m. This layer overlies
the ophiolite layer, which has low permeability except in some places where is
fractured. The interpretation of this profile was constrained by comparisons with
available lithological logs of existing wells (Ebraheem et al. 2012, 2014a, b).

20.5.3 Al Ghmour Springs

The interpreted results of three resistivity profiles located in the Al Ghmour Springs
area also indicated the presence of two layers. As in the Ain Madab Springs area,
the upper layer has a true resistivity ranging from 33–100 Ω-m and a thickness
ranging from 60 to 250 m; this layer probably consists of alluvial gravels saturated
with slightly brackish water (an example of profile P-5 is shown in Fig. 20.10). This
layer overlies the ophiolite layer, which is generally a low-permeable or imper-
meable layer except in places where it is fractured.

Fig. 20.8 Results of 2D earth resistivity modeling for Profile P-1 in Khatt, Ras Al Khaimah. See
Fig. 20.1 for profile location
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20.6 Conclusion and Recommendation

A GIS-based comprehensive study was conducted to assess the current situation of
water springs in UAE. The investigations included field and laboratory components.
Based on the results of the study, the following conclusions could be made.

Fig. 20.9 Results of 2D earth resistivity modeling for Profile P-2 in Madab, Fujairah. See
Fig. 20.1 for profile locations

Fig. 20.10 Results of 2D earth sresistivity modeling for Profile P-4 in Al Ghmour, Fujairah using
the a dipole–dipole array and b Schlumberger array. See Fig. 20.1 for profile locations
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1. The potentials of limestone aquifers to serve as strategic resources are very high.
To develop additional production wells, new locations must be predicted by
geophysical investigations as well as by optimized location sites, which in turn
must be assessed by geological structure analyses of fractured zones within the
outcropping limestone formation. The maximization of expected cavity-building
as well as the clustering of fractures can be expected at the zones in which
structural elements cross inside wadi courses.

2. For a deeper understanding and long-term development in terms of prognoses,
ongoing monitoring of the pressure head of the main free-flowing well near
Khatt Springs is strongly recommended due to expected interfering hydraulic
effects. This monitoring can be done by flow rate measurements and, more
importantly, pressure head measurements.

3. The hydrogeological system in the east coast area is composed of two aquifers.
The first is the upper Quaternary aquifer, which is composed of wadi gravel and
represents the main aquifer. The second is the lower fractured ophiolite aquifer,
which has a low groundwater potentiality in general and modest to high
groundwater potentiality in the areas that are strongly affected by regional
faulting (e.g., the Wadi Ham).

4. It was possible to determine the locations of two production wells in the Wadi
Ham and Ain Madab Springs area for feeding the spring with water during times
of drought to keep it alive.

5. The rehabilitation of Al Ghmour Springs as a bathing pool looks very promising
and can be reasonably realized. To this end, the following topics must be taken
into account.

• The temperature and pH of the springs indicate a fault/fracture-bounded
situation at the higher flank of the wadi shoulder.

• The spring outlet must be traced toward the bedrock/solid rock position of
the morphologically incised depression. The spring outlet must be dug as
deep as possible into the unweathered solid rock formation to the deepest
position of the fall lines of the incised depression at the entry of the contact
zone toward the wadi sediments. To avoid losses of spring water, it is
recommended that the water is brought by pipe or by the construction of
sealed small canals toward the bathing pool.
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Chapter 21
Evaluation of the Effect of the Wadi Bih
Dam on Groundwater Recharge, UAE

Mohsen Sherif, Abdel Azim Ebraheem, Ampar Shetty,
Ahmed Sefelnasr, Khaled Alghafli, and Mohamed Al Asam

Abstract In Ras Al Khaimah, UAE, groundwater from the alluvial aquifer in Wadi
Bih was the only source of freshwater for various uses prior to the construction of a
seawater desalination plant in 1998. This study was conducted to evaluate the effect
of the Wadi Bih dam on groundwater resources and to increase knowledge of the
hydrodynamics of the aquifer. A local-scale numerical groundwater flow model was
developed and used to investigate the impacts of different groundwater management
options on groundwater resources. The calibrated and validated model was defined
as the base case, and subsequently, simulations were performed to analyze different
management scenarios. The simulations indicated that maximum recharge occurred
during years of high rainfall (1995–1998). Minimum recharge occurred in 2000,
2002, and 2004. The major contribution to the water balance was from subsurface
inflows from the upper wadi zone and the two tributaries. Overall, the annual water
balance was negative in most years, with an average net decline of 0.6 MCM per
year, indicating a slow but continuous depletion of groundwater resources. At the
end of the simulation, the total groundwater recharge due to rainfall and water
storage in the ponding area was 9.81 MCM.
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Keywords Managed aquifer recharge (MAR) � Recharge dam � Numerical
groundwater flow model � Wadi Bih � UAE

21.1 Introduction

Natural water resources are scarce in arid and semiarid regions where evaporation
significantly exceeds precipitation. Due to the absence of permanent surface water
sources in such regions, groundwater constitutes the main source of irrigation
water. Groundwater depletion poses a significant threat to water security in arid and
semiarid areas, where rivers are usually ephemeral and groundwater is the main
source of water. A growing population, rising standards of living, and
water-intensive diets lead to an ever-increasing demand for freshwater, which
causes considerable stress on groundwater resources. As a result, the overex-
ploitation of groundwater has led to declining water levels in many aquifers in arid
regions, such as UAE (Rizk and Alsharhan 2003). The groundwater pumped from
these aquifers is attributed mostly to aquifer storage, which typically is not com-
pensated through recharge processes. Generally, aquifer recharge in UAE is
restricted to mountainous areas and alluvial gravels at the foothills of mountains.
The natural aquifer recharge in UAE is estimated at 174 million m3, while the
agricultural sector only consumes approximately 2.9 billion m3 through ground-
water pumping (EAD 2018). In the mountains, floods are generated from heavy
rainfall. A small portion of rainwater percolates into the subsurface, and thus,
relatively large flood discharges are produced in wadi channels. The mean annual
runoff of major wadis in UAE is approximately 120 MCM (Sherif et al. 2018;
Murad et al. 2020). Factors affecting the recharge efficiency include, among others,
the geological conditions, hydrogeology, and hydrogeochemistry of the recharge
sites, physiography, hydraulic gradients, vegetation cover, types of soil, gravels and
loose sediments, fractures and joints, and the secondary porosity of consolidated
sediments and rocks. A number of issues are known to reduce recharge efficiency
over time, with the key issues being sedimentation and consistently high
evapotranspiration.

Consequently, strategies to conserve groundwater and augment the amount of
groundwater available for abstraction have gained growing attention over the last
decades, with managed aquifer recharge (MAR) being considered an important tool
in integrated water resources management (IWRM) (Dillon and Arshad 2016).

One type of MAR technology involves the construction of dams within wadi
systems to trap and store surface runoff from flood events for subsequent infiltration
to enhance groundwater recharge (Jaafar 2014; Missimer et al. 2015). Wadis are
ephemeral streams in arid and semiarid regions, including the Middle East, northern
Africa, and southwest Asia (Maliva and Missimer 2012). Typically, alluvial aqui-
fers that occur beneath wadi channels are frequently used to supply water to villages
and agricultural areas (Missimer et al. 2015).
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In Ras Al Khaimah City, UAE, groundwater abstraction from an alluvial aquifer
in Wadi Bih was the only source of freshwater for domestic and other uses before
the construction of a seawater desalination plant in 1998. In 1982, the Wadi Bih
dam was constructed with the purpose of reducing the risk of flooding and
increasing groundwater recharge to the aquifer. However, since the 1990s, a
deterioration of the water quality has been observed, which might be attributed to
the water mixing with a regional brine that may have increased in volume due to
declining water tables resulting from abstractions (Rizk et al. 2007). A growing
demand for new settlements and industrial activities as well as for agricultural
production puts additional pressure on the groundwater resources in Wadi Bih. The
main objective of this study was to assess the effect of the recharge from Wadi Bih
dam on the groundwater resources in Wadi Bih. The dam efficiency has not been
studied before; however, with increasing pressure on water resources and the
observed deterioration of water quality, an improved knowledge of the
dam-induced changes to the water balance and the available groundwater resources
was deemed necessary to improve groundwater management in the area. As no
groundwater-monitoring data from the predam period were available, a simple
comparison of pre- and postdam groundwater levels was not possible. Therefore, a
numerical groundwater flow model was developed with the additional objectives to
reconstruct predevelopment conditions (i.e., no dam and no groundwater abstrac-
tion) to assess the effect of groundwater abstraction and the mitigating effect of the
dam. These objectives will enable an evaluation of potential management scenarios
for the sustainable management of Wadi Bih’s groundwater resources.

21.2 Hydrogeological Setting of Wadi Bih

UAE lies in the southeastern part of the Arabian Peninsula, bounded on the north by
the Arabian Gulf, on the south and west by the Kingdom of Saudi Arabia, and on
the east by Oman and the Gulf of Oman (Fig. 21.1). A major part of the country is
covered by sand dunes, but the northern part, where Wadi Bih is located, is
characterized by mountains, gravel plains, and drainage basins.

Wadi Bih, in Ras Al Khaimah Emirate, is a large southwest-flowing wadi
complex comprising parts of the Ruus Al Jibal Mountains of Oman in its eastern
section and alluvial plains to the west and southwest. The drainage network of the
Wadi Bih basin is mostly controlled by geologic structures. The wadi comprises an
extensive network of valleys covering a surface area of 483 km2.

The catchment is marked by rough topography with steep slopes and very little
vegetation. Elevations range from 2087 m above mean sea level at the highest point
(amsl) to 65 m (amsl) near the outlet (Ebraheem et al. 2012; Sherif et al. 2018). The
Wadi Bih drainage basin is rectangular in shape, and its drainage basin perimeter
(water divide) is 113 km long. The upper portion of the basin consists of narrow
valleys with steep slopes leading to distinct channels down to the wadi floor, which
is composed of coarse alluvial gravels and boulders. The number and depth of the
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channels decrease toward the coast. The valley floor of Wadi Bih is a flat, gravelly
plain with a triangular shape leading to an alluvial fan.

The catchment of Wadi Bih is mostly dry throughout the year, but occasional
intense rainfall can lead to short-duration flash floods. The average annual rainfall
in the catchment is 119 mm/year, varying between 6 and 414 mm/year. Rainfall
records over the past 15 years indicate that the average annual rainfall has dropped
to less than 70 mm/year (Sherif et al. 2009). The surface water flow is estimated to
be approximately 1.72 MCM and 10.35 MCM at 3% and 18% of rainfall,
respectively. The total annual rainfall in the area is 74 million m3, of which
approximately 9% (6.7 million m3) recharges the karstified aquifer. This percentage
increased to 13% (17.6 million m3) after the construction of the Wadi Bih dam in
1982 (Rizk 2015). On the other hand, the groundwater extraction from the Wadi
Bih limestone aquifer decreased from an average of 9 million m3/y between 1991
and 1995 to 4.5 million m3/y between 2010 and 2014. The Wadi Bih dam is 18 m

Fig. 21.1 Location and catchment area of Wadi Bih in Ras Al Khaimah Emirate (Source
Ebraheem et al. 2012)
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high and 240 m long and has a reservoir area of 3.2 million square meters
(Ebraheem et al. 2012). The constructed storage capacity of the Wadi Bih dam is
7.5 MCM. However, the dam displayed a maximum storage of 6.50 Mm3,
encountered in July 1998 (Sherif et al. 2018), and the dam storage ranges from 0.5
to 2.7 MCM in normal cases. The reservoir of the Wadi Bih dam is filled from time
to time due to rain events; therefore, it acts as a mitigation measure and an MAR
technique (Fig. 21.2).

The geology of Wadi Bih has been described in detail by Ebraheem et al. (2012).
In short, Permian to Early Triassic dolomites and dolomitized limestones represent
the main characteristics of the Russ al Jibal group. The sediments were deposited on
the continental margin of Arabia as the Bih Formation, Hagil Formation, and Ghail
Formation. These formations consist of well-bedded dolomite that is light to dark
gray-colored and has frequent joints and fissures. A major fault runs through the
dolomite in the north–south direction. The available drilling information from
monitoring water wells was used to construct a subsurface geologic cross section, as
shown in Fig. 21.3b. The alluvial cover varies in thickness but generally exceeds
80 m and consists of two units. The upper unit consists of loose, superficial Wadi
gravels with a thickness ranging from 15 to 20 m. The lower unit is composed of
gravel- to boulder-sized debris and is partly cemented by calcite and silica. The
depth of this layer base ranges from 80 to 160 m below ground level over the Wadi
Bih area.

The aquifer system in the area around the Wadi Bih dam can be classified into
two aquifer units: alluvial wadi gravels and underlying weathered and karstified
limestone. The superficial gravel layer forms a highly permeable aquifer with
variable hydraulic properties. The gravels tend to be unconsolidated near the
ground surface, becoming more cemented and consolidated with depth. The wadi
sediments range in size from silts to boulders and are derived from rocks within the
catchment area. Drilling information from the study area indicates an average
thickness of the alluvial cover of 80 m. This alluvial cover can be divided into two
units: the upper unit consists of loose gravels with boulders, and the lower unit
consists of finer-grained gravels with clays and shales (Ebraheem et al. 2012). The
weathered and karstified limestone of the lower aquifer unit has a relatively high
groundwater potentiality. The estimated infiltration rate varies from 0 to 56 cm/h,
and the lateral hydraulic conductivity ranges from 32 to 67 m/d (Murad et al. 2017).
The transmissivity of sediments in the area of interest ranges from 580 to 2800 m2/
d, while the storage coefficient has been estimated at approximately 0.1 (MOEW
2010).

The aquifer system is underlain by consolidated rocks of the limestone
Musandam Formation. Several small villages and farms that are located within the
study area have their own wells and use groundwater for irrigation purposes. In
addition, two well fields have been constructed to supply water for domestic use.

A hydrologic assessment shows that flash flood hazards in the Wadi Bih drai-
nage basin are moderate. Flash flood events are repeated approximately every three
to four years. The Wadi Bih dam mitigates flash flood hazards and increases the
groundwater recharge potentiality in the vicinity of the dam. Floodwaters in wadis
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Fig. 21.2 Satellite images showing the Wadi Bih dam and reservoir in three successive time
periods illustrating the reservoir before, during, and after filling with water
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typically carry heavy sediment loads. As the floodwater is detained, these sediments
settle, leading to clogging of the pore spaces in the upper layers of the reservoir’s
subsurface and the deposition of silts and sediments on the reservoir bottom.
Periodic removal of these sediments enhances the percolation process of water.

Fig. 21.3 A figure showing a the Wadi Bih model domain and locations of observation wells and
b a cross section along selected wells
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21.3 Methodology

A numerical groundwater model of the Wadi Bih dam area was developed, cali-
brated, and validated using MODFLOW (McDonald and Harbaugh 1988). The
mathematical equations used to describe groundwater flow through a porous
medium are based mainly on Darcy’s law and the continuity equation, which can be
described as follows (Freeze and Cherry 1979):
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where Kxx, Kyy, and Kzz represent the hydraulic conductivity in the x-, y-, and z-
directions, respectively; h is the hydraulic head; qs stands for the source/sink term;
Ss refers to the specific storage; and t describes the time. This equation can be
further implemented using finite difference methods through a set of algebraic
equations (discrete model) to solve certain groundwater problems.

The model includes the effects of the dam in the form of increased recharge rates
across the ponding area and the effects of groundwater abstraction from well fields.
In subsequent simulations, the dam and well fields were deactivated to analyze their
effects. The methodology is described in more detail below.

21.3.1 Conceptual Model

The developed groundwater model focuses on the area downstream of the Wadi Bih
dam and covers an area of 9.60 km2, as shown in Fig. 21.3a. The model area is
bounded by limestone outcrops that act as no-flow boundaries. This boundary was
justified because the depth to the groundwater in the area of interest is relatively
high; hence, no horizontal flow occurs from the limestone to the Quaternary sed-
iments of the wadi. However, the no-flow boundary is dissected by the wadi
tributaries and the outlet of the wadi (green and red dotted lines in Fig. 21.3a,
respectively). These were considered inflow and outflow boundaries, respectively.
Available bore log information from 11 observation wells illustrated a distinct top
unit of gravels and boulders, a middle unit of fine gravels with clay or shale with
clay, and a bottom unit of fissured limestone. Three inflows to the modeled area
exist, representing the main channel of Wadi Bih, the inflow from Wadi Qadaah,
and the inflow from an unnamed tributary. The inflows were defined as specified
flux boundaries. The outflow moves through the alluvial fan into the Arabian Gulf;
this outflow was defined as a constant head boundary.

Localized recharge occurs through the ponding area of the dam, and diffuse
rainfall recharge occurs across the remaining surface area of the model domain.
Loss due to evapotranspiration from the water table was considered negligible as
the depth to the water table was greater than the extraction depth. Groundwater
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abstraction occurs from two well fields located downstream of the dam with a total
number of 38 pumping wells (Fig. 21.3a) and from several small farms located
within the study area. Figure 21.3b illustrates a subsurface cross section compiled
from the bore data of available wells in the area.

21.3.2 Numerical Groundwater Model Set up

A cell size of 100 � 100 m was selected for the numerical model, resulting in 90
columns and 60 rows. The net area of the modeled aquifer was then represented by
960 active cells. The aquifer system is composed of three units, which were rep-
resented by three model layers with a total thickness ranging from 80 to 160 m.
Specific yield and hydraulic conductivity values were obtained from pumping test
data from the monitoring wells (Table 21.1). For each layer, the initial values were
assigned through interpolation among the well locations, and the values were then
adjusted during calibration. The constant head boundary representing discharge
through the alluvial fan to the Arabian Gulf was set along the 0-m groundwater
contour line. The inflows through the flux boundaries were initially estimated from
water level fluctuations and were then adjusted during calibration.

Recharge to the aquifer was recognized in two zones corresponding to recharge
from rainfall and localized recharge from dam storage for the modeling period.
Rainfall recharge rates were assigned to all active cells in the model area by
applying a recharge factor (i.e., the percentage of rainfall that becomes recharge) to
the rainfall data obtained from the Bih rain gauge. These recharge factors were
adjusted during calibration. For localized recharge, the ponding area of the dam was
delineated for a medium water level, which summed up to an area of 0.31 km2.

Table 21.1 Calibrated hydraulic conductivity and specific yield values at observation well
locations

Well Hydraulic conductivity (m/day) Specific yield

Layer-1 Layer-2 Layer-3 Layer-1 Layer-2 Layer-3

BIH-1 150.0 10.0 75.0 0.008 0.0001 0.02

BIH-2 100.0 10.0 50.0 0.001 0.0001 0.0005

BIH-3 100.0 10.0 50.0 0.001 0.00001 0.0005

BIH-4 150.0 75.0 75.0 0.008 0.001 0.001

BIH-5 100.0 75.0 75.0 0.008 0.001 0.001

BIH-6 100.0 75.0 75.0 0.008 0.001 0.001

BIH-O.B-1 150.0 75.0 75.0 0.008 0.001 0.001

BIH-O.B-2 150.0 75.0 75.0 0.008 0.001 0.001

BIH-B.H-1 150.0 75.0 75.0 0.008 0.001 0.001

BIH-RK-6 150.0 75.0 75.0 0.008 0.001 0.001

GWR-11 150.0 10.0 50.0 0.001 0.00001 0.0005
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Recharge rates were assigned to the cells within the ponding area based on the
storage period and on a recharge factor applied to the rainfall data. The recharge
factor was adjusted during calibration. Abstraction rates were initially estimated
from abstraction data that was obtained from local authorities. As complete records
were not available for all wells, these abstraction rates were also adjusted during
calibration. Groundwater levels during December 1988 of all available observation
wells were used to derive the initial head distribution in the study area, as
groundwater extraction before 1990 was limited (Al Asam 1997; Rizk and
Alsharhan 2003).

21.3.3 Model Calibration and Validation

The model was calibrated for the period between January 1989 and December 1993 and
was subsequently validated with observed water level data from January 1994 to
December 2004. Monthly groundwater level data from 7 observation wells were
available for the comparison of the simulated heads with the observed heads. The model
calibration was achieved by manually adjusting the following parameters (through trial
and error): hydraulic conductivity, specific yield, recharge factors (percentage of rain-
fall), pumping rates, and inflow across boundaries. The model calibration and validation
were evaluated using the following standard error statistics (Sorooshian and Gupta
1995): mean error (ME), root mean square error (RMSE), coefficient of determination
(R2), and Nash–Sutcliffe efficiency or model efficiency (EF).

The mean error between the predicted values and observed values can be defined
as follows (i = 1 to N):

ME ¼ 1
N

XN
i¼1

ðOi � PiÞ

The standard deviation of the differences between the predicted values and
observed values was represented by the root mean square error (RMSE) as follows:
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Nash and Sutcliffe (1970) described model efficiency as one minus the sum of
the absolute squared differences between the predicted and observed values, nor-
malized by the variance of the observed values along the period under interest, as
follows:

EF ¼
PN

i¼1ðOi � �
OÞ2 �PN

i¼1ðOi � PiÞ2PN
i¼1ðOi � �

OÞ2

EF ¼ 1�
PN

i¼0 Oi � Pið Þ2PN
i¼0 Oi � �Oð Þ2

where N is the total number of observations, Oi is the observed groundwater level of
the ith observation, Pi is the estimated groundwater level of the ith observation, and
Ō is the mean of the observed groundwater levels.

21.3.4 Simulations

The calibrated and validated model, which comprises groundwater abstraction as
well as recharge from the dam and thus represents the actual conditions, was
defined as the base case. Subsequently, simulations were performed to analyze the
following cases.

21.3.4.1 Effect of the Dam on Groundwater Recharge

To study the effect of the dam on groundwater recharge, the model was run with the
localized recharge from the ponding area switched off. The total recharged volume
over the simulation period from January 1994 to December 2004 was computed and
compared with the base case. The dam efficiency was calculated as the ratio of
groundwater recharge from the ponding area to water storage in the reservoir, which
was obtained from field observations.

21.3.4.2 Impact of Present Exploitation

To analyze the impact of the present exploitation of the aquifer, the model was run
with all abstractions switched off, and the simulated water table was compared with
the water table of the base case over the validation period.
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21.3.4.3 Comparison of Predevelopment and Postdevelopment States

A predevelopment state is characterized by the absence of both recharge from the
dam and groundwater abstractions. To simulate this state, the recharge from the
ponding area and all abstractions were switched off, and the simulated water table
was compared with that of the base case representing the postdevelopment state.

21.4 Results and Discussion

21.4.1 Calibrated Model Parameters and Model
Performance

The calibrated hydraulic conductivity values ranged from 100 to 150 m/d in layer 1
and from 10 to 75 m/d in layers 2 and 3 (Table 21.1). The specific yield values were
approximately 0.008 in layer 1 and 0.001 in layers 2 and 3, with a total range from
0.00001 to 0.02 (Table 21.1).

The calibrated rainfall recharge factor is 20% of rainfall. This value falls within
the reported values for alluvial gravels in UAE (IWACO 1986; MGGS 1996). The
existence of sands and gravels in the studied aquifer system area permits such
aquifer recharge. Field observations also indicated the direct effect of rainfall events
on groundwater levels (Ebraheem et al. 2012). The localized recharge due to
storage in the ponding area was calibrated to 25% of rainfall. Calibrated ground-
water abstraction rates increased significantly from 1998. The highest abstraction
rates occurred in 2000. After 2001, abstraction rates were steady. The calculated
versus observed groundwater levels are represented in Fig. 21.4 for four selected
observation wells. As illustrated by the figure, the model very closely simulates the
groundwater levels that developed due to groundwater extraction and recharge from
dam storage and rainfall events. However, a few discrepancies are apparent, which
may be attributed to the accuracies of the observed groundwater levels that used to
be measured only once every month and not necessarily on the same day each
month. For the validation period, the simulated groundwater levels are also in good
agreement with the observed records (Fig. 21.4), confirming that the model can
represent the given conditions in the study area.

The predicted and observed water levels were evaluated with standard tests for
both the calibration and validation periods. Table 21.2 provides relevant statistics
related to the observed and simulated groundwater levels during the calibration and
validation periods. The differences between the means, maximums, minimums, and
standard deviations of the predicted and observed values are very small for both the
calibration and validation periods. The coefficient of determination, R2, is very
close to one in both periods. Apart from high R2 values, it is prudent to consider
additional information provided by the gradient and the intercept of the regression
on which the R2 is based. In the present case of the calibration and validation
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periods, good agreement of this intercept was observed (Fig. 21.5). The intercept is
close to zero, which means that an observed head of zero would also result in a
prediction near zero. The gradient is very close to one, showing that the observed
and predicted values are very close to each other (Fig. 21.5). Furthermore, the mean
error (ME) and RMSE values for the calibration and validation periods are
acceptably low (Table 21.2). The model efficiency (EF) estimates the error relative
to the natural variation in the observed values; the EF varies from −∞ to 1.00.
The EF becomes zero in the case that the square of errors between the predictions
and observations equals the variation of the observations. Values of
0.50 � EF � 1.00 are deemed satisfactory (Singh 2011). In this study, the EF
values are 0.997 and 0.987 for the calibration and validation periods, respectively,
showing good agreement between the predicted and observed groundwater levels.
This agreement indicates that the developed model is fit to use for long-term
predictions.

Fig. 21.4 Observed and simulated hydrographs at four observation wells
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21.4.2 Water Balance

Yearly water balances derived from the model results over the validation period are
shown in Fig. 21.6. Maximum recharge occurred during years of high rainfall
(1995–1998). Minimum recharge occurred in 2000, 2002, and 2004. The major
contribution to the water balance resulted from subsurface inflows from the upper
wadi zone and the two tributaries. The net constant head outflow was greater during
wet periods than during dry periods. The outflow storage component was also
greater during wet periods. Groundwater abstraction increased from 1998 and
peaked in 2000, which was a dry year. After that, abstraction remained relatively
steady at a rate of approximately 4.3 MCM (million m3) per year. Overall, the
annual water balance was negative in most years, with an average net decline of 0.6
MCM per year, indicating a slow but continuous depletion of groundwater
resources.

Table 21.2 Statistical parameters of observed and simulated groundwater levels

Parameter Calibration period Validation period

Observed
(m)

Calculated
(m)

Difference
(m)

Observed
(m)

Calculated
(m)

Difference
(m)

Max 28.15 29.10 0.94 38.38 41.59 3.20

Min −0.87 0.18 1.05 0.03 0.32 0.30

Mean 11.70 11.68 0.02 16.38 16.50 0.13

STDEV 10.81 10.67 0.14 11.49 11.17 0.32

ME 0.027 0.158

RMSE 0.041 0.030

EF 0.997 0.986

R2 0.997 0.987

Fig. 21.5 Observed versus simulated heads for the a calibration period and b validation period
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21.4.3 Effect of the Dam on Groundwater Recharge

To evaluate the effect of the dam on replenishing the groundwater aquifer, a model
simulation was conducted without the dam (i.e., no recharge from the ponding
area), and the results were compared with the base case representing the actual
conditions that included recharge from the dam. At the end of the simulation period
(December 2004), the total groundwater recharge due to rainfall and water storage
in the ponding area was 9.81 MCM (Fig. 21.6). Without the dam, the total simu-
lated recharge was 2.58 MCM. Thus, the extra groundwater recharge caused by
dam construction was 7.22 MCM over a period of 11 years and three months,
representing 74% of the total recharge. These results indicate that the majority of
groundwater recharge is due to infiltration from the water stored in the ponding area
of the dam. This result can mainly be attributed to the increased duration of infil-
tration, as the average duration of ponding was 60 days per year, while direct
recharge from rainfall only occurred during a few rain events per year.

The cumulative recharge curves shown in Fig. 21.7 further illustrate the effect of
the dam on groundwater recharge. The figure also shows that the majority of
recharge over the simulation period occurred throughout the wet period from 1995
to 1998. The total water storage in the ponding area was estimated to be 22.98
MCM over the simulation period. With the total recharge from the ponding area of
7.22 MCM, the efficiency of the dam, which is the ratio of groundwater recharge to
storage, is 31.4%. This result indicates that a major part of the water that infiltrates
through the ponding area is stored in the unsaturated zone, resulting in an increase
in the moisture content of the soil. Additionally, losses occur through evaporation
from the reservoir. The efficiency of the Wadi Bih dam is a medium value com-
pared to findings from other nearby dams. At Wadi Ham, approximately 100 km
from the study area, the efficiency of the dam was found to be 47%, and at Wadi
Tawiyean (50 km from the study area), it was approximately 22% (Sherif et al.
2017).
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Fig. 21.6 Annual water balances derived from the groundwater model
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21.5 Impact of Present Exploitation

The Wadi Bih model was employed to simulate the impacts of extraction from the
well fields in the study area. For this simulation, the extraction values were
excluded from the model, and the calculated water table was compared with the
base case (Fig. 21.8). The results indicate that without abstraction, water levels
would have reached much higher levels. The impact of groundwater abstraction is
greater during periods of low groundwater recharge and low water levels. The
minimum effects of abstraction are noticed during wet years (1995–1998).
Additionally, the minimum impacts of abstraction occur close to the alluvial fan and
away from the well fields (wells BIH-3 and GWR-11).

21.5.1 Predevelopment Versus Postdevelopment

A comparison between the predevelopment state (i.e., no abstractions and no dam)
and the postdevelopment state (base case) shows that the peaking responses of the
water levels in wells located near the ponding area of the dam are due to enhanced
recharge from dam storage (Fig. 21.8). Without the dam, the water level response
would be much smoother. The comparison also shows that the impact of the dam is
small compared to the impact of abstraction. The dam is only able to compensate
for a small proportion of the water table decline that occurs due to abstraction. After
the wet period, the water table would have stayed at a high level without
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abstraction. However, abstraction has led to a decline in the water table to a level
prior to that observed during the wet period, with a trend that indicates further
decline. At the wells located away from the dam and the well fields (BIH-3 and
GWR-11), there are only small differences between pre- and postdevelopment.
However, the postdevelopment groundwater levels approach sea level at these
wells, which means that further declines in water levels may lead to intrusions of
seawater and deterioration of the water quality.

21.6 Conclusion

A numerical groundwater model was developed to evaluate the effects of a
groundwater recharge dam in Wadi Bih (UAE) on recharge rates and volumes.
Furthermore, the model was employed to reconstruct predevelopment groundwater
dynamics to analyze the impact of current groundwater exploitation and the com-
bined impacts of abstraction and recharge from the dam on groundwater resources.
Dam-induced recharge was found to have a strong effect on the aquifer’s water
levels, particularly during years with large amounts of rainfall. Recharge from the
ponding areas of the dam was found to contribute 74% of the total recharge.
Approximately 31% of the water stored in the reservoir is infiltrated and thus
recharges the aquifer. However, the strongest effect on the water levels in the study
area is from groundwater abstraction from the well fields. This effect is particularly

Fig. 21.8 Simulated hydrographs at selected observation wells representing the base case, the
case without abstraction, and the predevelopment case (no dam, no abstractions)
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pronounced during dry periods when recharge is low. The present exploitation rate
leads to a negative water balance, indicating that the current groundwater use is not
sustainable. The dam-induced recharge is not sufficient to compensate for the high
abstraction rates. These results indicate that to achieve sustainable management of
the groundwater resources in Wadi Bih, an integrated solution must be pursued that
considers demand management as well as options to further mitigate the impacts of
abstraction.
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Chapter 22
Assessment of the Impacts
of Groundwater Overdrafting on Water
Quality and Environmental Degradation
in the Fares Area, Aswan, Egypt

Mohamed Saber, Omar Ahmed, Esmat A. Keheila,
Mohamed Abdel-Moneim Mohamed, Sameh A. Kantoush,
Mohammed Abdel-Fattah, and Tetsuya Sumi

Abstract Groundwater contamination and the environmental impact of ground-
water uprising due to overpumping are critical issues in Egypt. The main purpose of
this study is to evaluate the groundwater quality and the environmental impacts of
groundwater uprising in the Fares area of Aswan, Egypt. The environmental
impacts of the uprising groundwater level were investigated through field obser-
vations and chemical analyses of the surrounding water resources. The results
revealed that the use of flood irrigation systems in the upper, newly reclaimed land
area is the main cause of the uprising groundwater levels, which causes remarkable
environmental degradation in the urban area. Thirty-three samples were collected
and chemically analyzed from three groundwater wells. The chemical characteri-
zation of the groundwater at Well 1 drastically changed from NaHCO3 to NaCl
within a short period of time due to overdrafting. The chemical concentrations of all
parameters showed considerable increasing trends and exceeded the standard limits
at Well 1. The study stated that the groundwater overdrafting causes extreme
changes in the water quality within a very short period of time along with the
impacts on the environment. This condition requires attention from decision
makers, as the groundwater quality is continuously decreased and the environment
is degraded.
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22.1 Introduction

Groundwater is an important source of fresh water for agricultural, drinking, and
domestic uses in many regions of the world (Balachandar et al. 2010). It is esti-
mated that approximately one-third of the world’s population uses groundwater for
drinking (Nickson et al. 2005). The increase in the population and its needs have led
to the deterioration of surface and subsurface waters (Dhiviyaa et al. 2011). In 1999,
the United Nations Environment Programme (UNEP) reported that approximately
200 scientists in fifty countries had identified water scarcity as one of the two most
worrying problems for the new millennium (United Nations Environmental
Program (UNEP) 2002). Groundwater is a major source of drinking water world-
wide and plays a vital role in maintaining the ecological value of many areas (IPCC
2001). The reliability of groundwater for drinking lies not only in its widespread
occurrence and availability but also in its consistently good quality, all of which
makes it an ideal source of drinking water (UNESCO 2000).

In general, the motion of groundwater along its flow paths below ground sur-
faces increases the concentration of chemical species (Freeze and Cherry 1979;
Domenico and Schwartz 1990; Kortatsi 2007), and the concentrations of dissolved
ions in groundwater are controlled by the nature of geochemical reactions, lithol-
ogy, residence time, groundwater flow, solubility of salts, and human activities.
Moreover, groundwater quality is influenced by natural geochemical processes, ion
exchanges, and human activities such as agriculture, sewage disposal, and the
creation of industrial wastes. Recently, several studies have focused on monitoring
groundwater quality and evaluating domestic and agricultural activities worldwide
(Mitra et al. 2007; Jain et al. 2009; Hakim et al. 2009; Nagarajan et al. 2010). In
Egypt, groundwater quality evaluation and monitoring have received little attention;
therefore, these types of analyses are urgently needed in Egypt to understand the
hydrochemistry and quality changes of groundwater.

The World Health Organization calculated that up to 80% of all sicknesses and
diseases in the world are products of inadequate sanitation, polluted water, or water
scarcity (WHO 2004). Among fresh waters, only approximately 5% are readily
available for beneficial use (Usharani et al. 2010). The microbiological quality of
water is measured by analyses and enumerations of indicator microorganisms
(Briancesco 2005). Groundwater is a crucial source of drinking water, and its
quality has recently become vulnerable due to a combination of over-abstraction
and microbiological and chemical contamination (Pedley and Howard 1997; Reid
et al. 2003; Aydin. 2007). Additionally, worldwide, 780 million people do not have
access to high-quality water sources, and an estimated 2.5 billion people, half of the
developing world, lack access to proper sanitation (WHO/UNICEF 2012).
Approximately 88% of deaths due to diarrheal illness are attributable to low-quality
water, improper sanitation, or poor hygiene (Liu et al. 2010). Diarrheal diseases
(e.g., cholera) kill more children than AIDS and malaria, making them the second
leading cause of death among children under 5 years old (Liu et al. 2010). More
than 1.5 million children die every year from diarrheal diseases (Fenwick 2006).
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The most important pathogenic bacteria and viruses that might be transported in
groundwater are Salmonella sp., Shigella sp., Escherichia coli and Vibrio sp., and
the hepatitis virus, Norwalk virus, echovirus, poliovirus, and coxsackie viruses
(Corapcioglu and Haridas 1984; Craun 1984; Gerba et al. 1981).

Although water is a renewable resource, the population of Egypt tripled in
50 years, from 19 million individuals in 1947 to approximately 62 million indi-
viduals in 1996, and it is expected to be approximately 95 million by 2025.
Consequently, the water demand will increase daily; however, Egypt’s share of Nile
River water is fixed. Egypt’s quota of Nile River water is 55.5 billion cubic meters,
so the availability of surface water will become inconvenient, insufficient, or
infeasible for consumption with an increasing population, considering that
groundwater exhaustion occurs faster than its percolation back into the ground
(Trivedy et al. 1987); this effect leads to the increasing importance of groundwater
every day. In Egypt, 87.7% of the total water is consumed by agriculture and 5.4%
is consumed by industry, while the total human consumption accounts for 6.8% of
the total water use (Shalaby 2005). One important issue involves redistributing the
population over a large area because 99% of the population is concentrated in the
Nile River valley and delta. Therefore, the Egyptian government is determined to
increase agricultural production by increasing cultivated areas through the recla-
mation of new lands in the desert. This particular practice would not only increase
the total cultivated area in Egypt but would also relieve the population stress on the
narrow Nile Valley land and create new employment opportunities. This paper is a
part of a comprehensive study of groundwater quality evaluations and modeling
considering the environmental impacts that occur at different locations in Egypt due
to the vulnerability of the pollution and the importance of water resources;
hydrochemical and bacteriological analyses have been conducted in the Manfalut
District of Assiut, Egypt, and researchers have concluded that approximately 55%
of the local groundwater wells are not suitable for drinking due to the impacts of
chemical and bacteriological contamination (Saber et al. 2014).

During the last decade, a number of inhabitants (farmers) started to reclaim and
cultivate new lands in the Fares area of Aswan Governorate, Egypt, because these
inhabitants depend mainly on agriculture as a main source of income.
Consequently, most of the reclamation and irrigation systems in this region have
been implemented without any prior scientific or hydrological surveys. For
instance, flood systems are used for irrigation from groundwater wells, which could
be very risky for groundwater storage in this area. Therefore, the objectives of the
present study are (a) to evaluate the quality of the groundwater in the Fares area of
Aswan, which covers both the Nile floodplains and desert fringes, (b) to understand
the changes in groundwater chemistry that occur due to groundwater overdrafting,
and (c) to maintain the sustainability of groundwater, especially as the groundwater
demand in the reclaimed land increases continuously, which may influence the
efficiency of the water supply both qualitatively and quantitatively. The evaluation
of groundwater quality in the Fares area is challenging, mostly due to the low
numbers of existing groundwater wells and a lack of data. Additionally, in the study
area, the most critical issue is that the lowland areas suffer from groundwater
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uprising, resulting in the loss of many mango gardens and gardens of other fruits as
well as damage to the infrastructure of the city, such as houses and buildings.
Additionally, the uprising of groundwater has a large environmental impact in terms
of health threats and the spread of diseases due to the pollution of surface water.
Thus, one of the most important objectives of this study is to assess and evaluate the
environmental impacts in the target area that results from the excessive use of
groundwater for irrigation.

22.2 Study Area

The study region (Fig. 22.1) is located on the west bank of the Nile River,
northwest of Aswan city. The area extends between latitudes 24° 34´–24° 40´ N and
longitudes 32° 51´–32° 55´ E. It covers an area of approximately 25 km2. The total
population of the area is approximately 15,000 inhabitants, and most of the eco-
nomic activity in the study area involves agriculture. The irrigation system is mostly
fed by groundwater as well as the canal system. The selected area comprises an arid
region that is characterized by a hot and dry climate with no rainfall in summer and
a mild climate with rare rainfall in winter. In winter, the average temperatures range
from 11 °C at night to 25 °C during the day, and the average summer temperatures
range from 25 °C at night to 40 °C during the day.

(a)

(b)

(b)

Fig. 22.1 a Location and geological map of the Fares area in Aswan, Egypt (modified after the
new geological map of Egypt (Failed 1977; EGPC and Conoco 1987), b developed watershed and
stream network of the target
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22.3 Geological and Hydrogeological Setting

The study area is located in Aswan Governorate, in the western desert and east of
the El-Gallba plain (the western part of the Kom Ombo basin) and north of the
Wadi of El-Kubanyia. Geologically, it is situated within the African platform; thus,
its tectonic framework is related to the last African orogenic belt (Said 1962; Abd
El-Razik and Razavaliaev 1972). The borehole lithology in the Fares area collected
from a field survey indicates that Quaternary sediments comprising sands constitute
the upper layer and are underlain by shaley sand, sandy mud, and medium- to
coarse-grained sand, followed by coarse-grained sand and gravels saturated with
water.

The area is characterized by gentle northeast slopes oriented toward the Nile
River. Additionally, on the western side of the Nile River, there is a wide plain
occupying approximately 20 km2, which is bordered by the western high plateau as
well as some sand dunes and reclaimed agricultural land areas. There is also a
narrow flat area east of the Nile River bordered by a limestone plateau to the east
(Ministry of Water Resources and Irrigation (MWRI) 2007). The topographic
features were constructed from surface elevation data during a field trip, showing
that the average elevation varies from approximately 86 m above sea level in the
eastern part (urbanized city) to approximately 123 m above sea level in the western
part (reclaimed lands). The study area is occupied by sedimentary rocks (Fig. 22.1)
belonging to the Upper Cretaceous and Quaternary Periods, which represent the
main water-bearing unit in the Nile Valley region; these deposits belong to the
Proto-Nile River system occupying the present Nile basin and are made up of
gravels and coarse-grained sand embedded in a brown matrix (Said 1962, 1981;
Ministry of Water Resources and Irrigation (MWRI) 2007).

Climatologically, the area under investigation comprises a part of the arid belt of
North Africa, which is characterized by long, hot summers and short, warm winters
with rare rainfall. Based on the climatic data obtained from the Egyptian
Meteorological Authority and from previously published studies, the average
maximum air temperature during the period from 1998 to 2012 ranged between
28.8 °C in winter and 42.4 °C in summer, and the average minimum temperature
ranged between 10.7 °C and 27.1 °C in winter. The average annual rainfall value
over the area in winter is 0.1 mm and in spring is 0.5 mm; rainfall in autumn is rare.
The relative humidity differs from season to season: in the winter, it ranges between
33.9 and 40.3%; in the autumn, it ranges from 26.5 to 30.1%; and the relative
humidity decreases in both spring and summer to range between 15 and 20.7%. In
the spring and summer, the average wind velocities are 13.7 and 14.4 kt, respec-
tively, whereas in autumn and winter, they are 13.1 and 12.2 kt, respectively. The
calculated aridity degree for Aswan Governorate based on the Emberger formula
(Emberger 1951) is 0.0153, which indicates typical desert climatic conditions.
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22.4 Environmental Investigations

Predicting the environmental consequences of human development and planning
appropriate measures to eliminate or reduce these adverse effects and to augment
positive effects are formal processes (Dougerty et al. 1995). Groundwater plays an
important role in satisfying the water requirements of most arid and semiarid areas.
Thus, groundwater sustainability and the preservation of groundwater quality
should receive priority attention to enable countries to plan water and land use in an
integrated manner and to avoid irreversible environmental damage. Land recla-
mation projects have been undertaken to increase Egypt’s arable land area. In the
area of Fares, Aswan, the environmental situation is drastically represented by the
rising groundwater level, resulting in environmental impacts on agricultural fields
and the houses and property of humans. In this study, several field observations
were conducted to understand and determine the reasons for groundwater uprising.
The study area is suffering from groundwater uprising, which has affected the
urbanized Fares area by causing the collapse of approximately 64 resident homes;
500 homes have been damaged, and the tombs of the city have been affected,
forming swamps and covering the low-lying agricultural areas (Fig. 22.2A, B, C,
D, and E). Consequently, approximately 500 acres of farmland have been damaged,
and groundwater uprising has hindered the establishment of the Kalabsha Corridor
project (Fig. 22.2F), which is considered a vital project in Aswan Governorate.

During a field trip, we conducted observations of the affected regions as well as a
discussion with the people of Fares to see the extent to which they are suffering
from the problem of groundwater level uprising. We found that the impacts of
groundwater uprising in the Fares area started in 2010, one year after agriculture
activities such as flood irrigation began in the new reclamation areas (upstream
area) in the desert. This is also confirmed by the changes in land use and agri-
cultural lands observed from Google Earth images between October 2009 and
August 2010, showing the expansion of agricultural lands (Fig. 22.3) within one
year and, consequently, the expansion of development in the low-lying areas
(agricultural farms, houses, and most infrastructure).

Farmers are using flooding systems to irrigate the new reclamation lands, and
unfortunately, these systems are used unwisely and excessively and are undoubt-
edly a principal cause of the increase in the groundwater level. In addition, these
lands have no drainage system. The excessive water from the flood irrigation
systems flows directly to the downstream area, which is identified and confirmed in
the developed watershed of the area (Fig. 22.1b). The watershed of the study area
was developed by GIS and a digital elevation model and illustrates that the water
flow direction is from the reclamation area (upper lands, land elevation is 123 m)
toward the impacted area in the lowlands (land elevation is 86 m).

Chemical analysis was performed to determine the source of the uprising
groundwater in the affected regions and to determine whether this effect originates
from the surface drainage system (Nile River) or from the groundwater wells. Water
samples were collected and analyzed (Table 22.1) from the impacted areas and from
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drainage surface water to distinguish and identify the source of the leaching water.
It was found that the seepage water characteristics are mostly similar to the
groundwater well characteristics, which confirms that the uprising water in the
lowlands (the affected regions) is mainly sourced from groundwater wells.

The recommended solution for reducing groundwater uprising is the construc-
tion of a surface drainage system that collects excessive water resulting from sur-
face flood irrigation systems. These surface drainage systems may include land
smoothing or grading, field ditches, and open drains or channels that provide an
outlet for accumulated water (Ritter and Shirmohammadi 2001; Irwin 1997). The
construction of subsurface drainage (tiles) will remove the excess water from the
plant zone and lower the water table (Ritter and Shirmohammadi 2001). In addition,
dewatering wells can reduce groundwater levels in lowland areas. The most
important recommendation of this study is for both farmers and decision makers to
use new irrigation systems, such as drip or sprinkler systems, instead of flood

Fig. 22.2 Field observations show the regions affected by groundwater uprising: A graveyard in
the Fares area (15/4/2013), B affected mango tree farm (water depth approximately 75 cm),
C residents’ home in the Fares area, D dug hole showing groundwater uprising, E groundwater
uprising inside residential houses, and F bridge of the Kalabsha Corridor is hindered by
groundwater uprising (All photos were taken by Mohamed Saber, during the field survey on 2012)
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irrigation systems, especially on newly reclaimed lands in the desert region.
Consequently, the problem of groundwater level uprising would be solved, as well
as the sustainable management of the available groundwater in the desert.

22.5 Hydrogeochemical Characteristics

High-quality water is of basic importance to human life and its existence
(Lamikarna 1999). The chemistry of groundwater and its nexus to the dominant
hydrogeological circumstances have been considered, especially in arid and semi-
arid regions. In this paper, we attempt to address the following issues regarding the
hydrogeochemistry of the aquifer in the study region: the physical parameters of the

(a) (b)

Fig. 22.3 Google maps of the target area from October 2009 (a) to August 2010 (b), showing the
changes in reclamation areas that occurred within one year

Table 22.1 Chemical analysis of water samples collected from groundwater wells, the Nile River,
and seepage water (uprising water)

Parameter Surface (Nile
River)

Seepage (uprising
groundwater)

Well
1

Well 2 Well 3

pH 7.5 7.4 7.3 7.24 7.39

TDS 152.3 1180.7 937.2 1297.56 1267.1

HCO4- 116 300 190 220 209

Total
hardness

110 296 352.4 407.4 350

Calcium 28.8 67.2 95.1 97 85

Magnesium 9.12 30.7 27.9 39.6 33.5

Sulfate 18 265.5 256.6 338.8 335
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groundwater, chemical parameters of the groundwater, groundwater types, hydro-
chemical profiles, and hydrochemical genetic classification.

22.5.1 Methodology and Sampling

Thirty-three groundwater samples were collected from three groundwater wells
during the period of time from October 2011 to July 2013 and then analyzed for
major ions (Ca++, Mg++, Na+, HCO3

−, SO4
−−, and Cl−), minor components (Fe++,

Mn++, NH3, NO2
−, and NO3

−), and trace elements (Pb, Cd, and Cr). The techniques
and methods followed for the collection and preservation of the samples were in
accordance with the 20th edition of the Standard Methods of the American Public
Health Association (1998).

22.5.2 Physical Characteristics of Groundwater

In the study area, the groundwater temperature ranges between 27.3 °C (min.) and
31.5 °C (max.). The pH values of the collected groundwater samples ranged
between 7 and 8.3, which reflect that the water samples vary from neutral to slightly
alkaline groundwater.

22.5.3 Chemical Characteristics of Groundwater

According to Faust and Aly (1981), natural groundwater contains many chemical
species in the dissolved state. The occurrence of these constituents results from
many physical and chemical weathering processes on geologic formations and from
many chemical reactions. Furthermore, the nature of these constituents is a function
of the geological type comprising the surrounding area. Glower (1983) reported that
anthropogenic changes in groundwater are controlled by humanity’s influence,
geochemical, physical, and biological processes underground, and hydrogeological
conditions.

22.5.3.1 Electrical Conductivity

The electrical conductivity in the study area ranges from 698.78 to 1966 µS/cm.
Figure 22.4a illustrates that the EC in Well 1 is lower than that in Well 2 and Well 3.
As a result of intensive and prolonged agricultural practices (due to the overdrafting
from this well as the farmers use surface flooding systems), the EC exhibits a linear
increase from 698.78 µS/cm to 1420 µS/cm within approximately two years.
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22.5.3.2 Total Dissolved Solids (TDS)

Water with a high TDS level may taste salty and be corrosive, resulting in scale
formation, which decreases the efficiency of hot water heaters (Sawyer and
McCarty 1967). In the study area, the TDS values range from 447.22 to
1297.56 mg/L (Fig. 22.4b). In Well 2 and Well 3, the TDS concentrations are
higher than the limits of the WHO and the Egyptian standards. Well 1 water shows
a linear increase from acceptable levels to over-the-limit levels.

22.5.3.3 Total Hardness

The hardness of water mainly depends upon the amount of calcium or magnesium
salts in the water or both (Rao 2011; Meena and Bhargava 2012). The total
hardness concentrations of the sampled water range from 134 to 380 mg/L
(Fig. 22.4c), indicating that the groundwater in the study area can be considered

Fig. 22.4 a The EC values, b TDS values, and c total hardness values of the groundwater samples
in the study area
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hard water to very hard water. Additionally, in Well 1, the total hardness of the
water increases with time due to the overpumping of groundwater.

22.5.3.4 Alkalinity

The alkalinity of water is controlled by the presence of carbonate, bicarbonate, and
hydroxide compounds of sodium, calcium, and potassium (Pandey and Pandey
2012). The alkalinity values range from 178 to 226 mg/L. It was found that 85% of
the groundwater samples have a total hardness greater than their total alkalinity,
which indicates that the groundwater is characterized by permanent (non-carbonate)
hardness (Chow 1964).

22.5.3.5 Concentration of Major Ions

The analyzed major cations are calcium (Ca2+), magnesium (Mg2+), sodium (Na+),
and potassium (K+), and the major anions are carbonate (CO3

2−), bicarbonate
(HCO3

−), chloride (Cl−), and sulfate (SO4
2−). Regarding the calcium ion concen-

tration, in the study area, the calcium concentrations range from 32.19 to 97 mg/L
(Fig. 22.5a). The measured calcium concentrations in the three wells were within
the acceptable limit, but Well 1 showed an increasing trend with time. The sodium
concentration (Fig. 22.5b) ranges from 82 to 283 mg/L. Well 1 shows strong
changes with increasing trends due to the intensive and prolonged use of water for
irrigation purposes, which led to an increase in the salinity of the well water. Wells
2 and 3 have high concentrations of sodium due to leaching processes. The mag-
nesium concentrations in the groundwater range from 11.5 to 39.6 mg/L
(Fig. 22.5c). Low values of magnesium ions were observed in Well 1, and high
values were recorded in Wells 2 and 3; this may be attributed to the limestone
plateau, which contains magnesium-bearing minerals.

In the study area, the potassium concentrations range between 2.7 mg/L and
10.19 mg/L. The bicarbonate concentration in the groundwater ranges between
178 mg/L and 226 mg/L. The sulfate concentrations range from 68 to 360 mg/L.
Well 1 shows low concentrations at the beginning of the analysis, and due to
overdrafting, the sulfate concentration exceeded the limit of WHO standards. Wells
2 and 3 show high concentrations of sulfate because of the leaching processes of
highly soluble sulfate-bearing minerals such as gypsum and anhydrite (Fig. 22.5d).
Chloride concentrations in excess of approximately 250 mg/L can give rise to
detectable tastes in water and cause laxative effects (Chand 1999). The chloride ion
concentrations in the groundwater range from 63 to 356 mg/L. In most groundwater
samples containing high values of sodium, there is also a high concentration of
chloride ions. The chloride concentrations of Wells 2 and 3 are higher than the
WHO limits, and while the water in Well 1 is lower than the limit, there exists a
threat of dramatic increases in concentrations within two years due to overpumping
(Fig. 22.5e).
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Iron occurs in the minerals hematite, magnetite, pyrite, and siderite. The rec-
ommended iron level by the United Nations Food and Agriculture Organization
(FAO) for irrigation waters is 5 mg/L (American Public Health Association 1998).

Fig. 22.5 a Calcium concentrations, b sodium concentrations, c magnesium concentrations,
d sulfate concentrations, and e chloride concentrations in the groundwater samples in the study
area
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Based on the Secondary Drinking Water Standards and regulations recommended
by The United States Environmental Protection Agency (EPA), the acceptable limit
of Iron is 0.3 mg/L for drinking purposes. In the study area, the iron concentrations
range between 0.01 mg/L and 0.1 mg/L. The manganese ion concentrations range
from 0.11 mg/L to 0.47 mg/L.

22.6 Water Types

Classification methods are used to differentiate the chemical types of water and
identify the dominant types. One of these methods is the Kurlov formula (Kurlov
1928), which is a very useful method for the primary characterization of the
chemical composition of water. The ion dominance sequence in Well 1 changed
from HCO3

− > Cl− > SO4
2−/ Na+ > Ca2+ > Mg2+ to Cl− > SO4

2− > HCO3
−/

Na+ > Ca2+ > Mg2+ due to overdrafting withdrawal for flood irrigation. In Wells 2
and 3, the abundant sequences for both cations and anions are steady and follow the
order Cl− > SO4

2− > HCO3
−/ Na+ > Ca2+ > Mg2+.

22.7 Groundwater Genesis and Hydrochemical Facies

22.7.1 Hydrochemical Parameters

The hydrochemical parameters are calculated by hydrogeochemical indicators such
as ionic ratios. These ratios express the relationships between the different ions in
terms of mathematical ratios, which are helpful in determining hydrochemical
resemblances or differences among different water types. For instance, the ratios are
useful in detecting the previous hydrochemical processes that have affected water
quality, such as mixing, leaching, and ion exchange. In addition, such ratios may
also be useful in distinguishing between groundwater having paleosalinity char-
acteristics and mineralization characteristics resulting from evaporation processes or
by seawater contamination.

The ionic concentrations in these ratios are calculated according to their
equivalent concentrations (epm), and the ionic ratios are discussed. The value of
Na+ + K+/Cl− (meq/L), as a parameter, is very important, as it gives an indication
of the genesis and origin of groundwater (marine or fresh water). In marine or
seawater, this value ranges between 0.85 and 0.87, while in fresh meteoric water, it
is over one. The Na + K/Cl values in the study area range between 1.13 epm and
2.09 epm, indicating that the groundwater samples are of meteoric origin. The ratio
of sulfate to chloride (SO4

2−/Cl− (meq/l) is useful in determining any excess sulfate
content in the groundwater due to the dissolution of sulfate minerals or sewage
contamination. In the study area, it is obvious that all values of SO4

2−/Cl− are less
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than one, and thus, chloride ions predominate. Low values of this ratio (Ca2+/Mg2+

(meq/l)) indicate that the magnesium content exceeds the calcium content.
However, high values of this ratio indicate the evaporative dissolution of gypsum
and anhydrite or ion exchange. In the study area, all values of the ratio are more
than one because the calcium ion concentration is more than that of magnesium
ions, which indicates the leaching of calcium-rich sediments. The Na+/K+ (meq/l)
ratio gives an indication of the extent of the distance between the wells and the
recharging sources. If the ratio is less than 50, the wells are near the recharge
sources, and if the ratio is more than 50, the wells are far from the recharge sources.
In the study area, most of the Na+/K+ values of water in Well 1 are less than 50, and
this well is near its recharge sources (Fault). In Wells 2 and 3, the Na + /K + ratios
are more than 50 due to the long distance between these wells and recharge sources.
The ratio of Cl−/ sum anions (meq/l) reflects the groundwater sources (Hounslow
2018). When the ratio is > 0.8 and TDS > 500, the source is seawater or brine, or
evaporates; when the ratio is > 0.8 and TDS < 100, the source is rainwater; and
when the ratio is < 0.8 the source is rock weathering. This ratio is less than 0.8 in
the groundwater samples of the study area. The standard values for seawater are
rK+/rCl− = 0.0181, rNa+/rCl− = 0.8537, rMg2+/rCl− = 0.1986 and rSO4

2−/
rCl− = 0.103 (Ovchinnikov 1955). According to this method, approximately 85%
of samples belong to deep meteoric origin, and 15% belong to shallow meteoric
origin.

22.7.2 Hydrochemical Classification

Different methods have been suggested for the chemical classification of ground-
water. The trilinear diagram of Piper (1944) is one of the most widely used
graphical methods for the classification of natural waters. In the study area, the
plotting results of the chemical analysis of the groundwater samples over a period
of time illustrate that sodium ions represent the main dominant cations, while
chloride ions represent the dominant anions. This reflects that most groundwater
samples have sodium chloride facies (Fig. 22.6). In addition, the water type in Well
1 changed from sodium bicarbonate to sodium chloride. This might be attributed to
the impact of overdrafting withdrawal from this well.

According to the semilogarithmic diagram (Schoeller 1962), based on the plotted
chemical analyses of the groundwater for the periods 10/2011, 7/2012, and 7/2013,
the following patterns are recognized. In Well 1, the pattern changed from
HCO3

− > Cl− > SO4
2−/ Na+ > Ca2+ > Mg2+ to Cl− > SO4

2− > HCO3
−/

Na+ > Ca2+ > Mg2+, which means that the groundwater chemistry changed from
NaHCO3 to NaCl. However, in the other two wells, the main patterns are
Cl− > SO4

2− > HCO3
−/ Na+ > Ca2+ > Mg2+, where Na+ and Cl− are the dominant

ions.
Based on Stiff diagrams (1951), in 10/2011, we found that the alkali contents

(Na+ + K+) were higher than the alkaline earth contents (Ca2+ + Mg2+), and the
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Fig. 22.6 Piper trilinear diagrams in 10/2011 (a) and 7/2013 (b) showing the changes in
chemistry of water in Well 1 (green square) due to the impact of overdrafting withdrawal

22 Assessment of the Impacts of Groundwater Overdrafting … 543



strong acid contents (Cl– + SO4
2–) were higher than the weak acid contents

(CO3
2– + HCO3

–) in Wells 2 and 3. However, in Well 1, weak acids
(CO3

2– + HCO3
–) were more abundant than strong acids (Cl– + SO4

2–). In 7/2012
and 7/2013, all groundwater samples were characterized by the abundance of
chloride ions and sodium ions.

22.8 Future Prediction of Water Quality

The previous chemical characterization and analysis revealed that the chemistry of
groundwater in Well 1 changed from one phase to another phase due to the impact
of overpumping. Therefore, we attempt in this part to discuss and determine the
future circumstances of the groundwater of this well. The analyzed data collected
during the period of time from October 2011 to June 2013 are used to estimate the
linear trends of several chemical parameters at Well 1. We estimated the predicted
changes in the chemical characteristics of the groundwater. The TDS values at Well
1 increased with time from 447.2 mg/L to 937.2 mg/L (Fig. 22.7a). Based on the
trend line, we expect that the TDS level after 3.3 months (69 days, at 10/2013) will
exceed the standard limit (1000 mg/L) of TDS according to the Egyptian Standard
of 2007. The TH values at Well 1 also increased with time by a rate of approxi-
mately 0.88 mg/L/month (Fig. 22.7a), indicating that after 17.1 months (513 days,
at 12/2014), it will exceed the standard limit (500 mg/L). The sodium (Na + )
concentrations increased at a rate of approximately 0.144 mg/L/month (Fig. 22.7b),
indicating that after 10.4 months (nearly at 5/2014), the sodium (Na + ) concen-
trations will become over the limit (200 mg/L). The calcium (Ca++) concentrations
increased with a linear trend rate of approximately 0.144 mg/L/month (Fig. 22.7b),
indicating that after 42.2 months (approximately 3.5 years, at 1/2017), the Ca++

value will cross the maximum contaminant limit (200 mg/L). The magnesium
(Mg++) concentration increased with a linear trend rate of approximately 0.028 mg/
L/month (Fig. 22.7b), revealing that after 202.7 months (approximately 17 years, at
10/2030), it will cross the maximum contaminant limit (150 mg/L). The chloride
(Cl−) concentrations increased with a linear trend rate of approximately 0.28 mg/L/
month (Fig. 22.7b), indicating that after 6 months (nearly 1/2014), the chloride
concentrations will exceed the maximum contaminant limit (250 mg/L). The sulfate
(SO4

2−) concentration increased with a linear trend rate of approximately 0.33 mg/
L/month (Fig. 22.7b), indicating that after 34 months (approximately 3 years, at 7/
2016), it will exceed the 500-mg/L limit. It was found that there are dramatic
changes in the quality of the groundwater of Well 1, showing a noticeable increase
in parameter values from acceptable values to values over standard limits, resulting
in quality deterioration in the near future, within a few years. This may be attributed
to the overdrafting of groundwater from this well for agricultural activities, as
inhabitants of the area use flooding systems in irrigation.
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22.9 Bacteriological Analysis of Groundwater

It is well known that the main threat to human health related to drinking water is
microbial contamination. A risk assessment of pathogens and chemicals in drinking
water concluded (Regli et al. 1993) that the risk of death from known pathogens in
untreated water is 100 to 1000 times greater than the risk of cancer from known
disinfection byproducts in chlorinated drinking water, and that the risk of illness
from pathogens is 10,000 to 1,000,000 times greater than the risk of cancer from
disinfection byproducts in chlorinated drinking water; if the water treatment is
inadequate, or if the water distribution system is inadequate, drinking water may
contain sufficient numbers of pathogens to cause illness (O’Connor 2000). These
pathogenic microorganisms can cause diseases, and the detection of these organ-
isms such as dysentery and typhoid may take long time; in addition, special
equipment is required for these detections. For a long time, public health officials/
scientists assessed water quality by enumerating fecal coliform and E. coli levels in
rivers, estuaries, lakes, and coastal waters (Malakoff 2002; Pandey et al. 2012;
Pandey and Soupir 2013). Water that is free of coliform bacteria gives an indication
of the validity of that water for human consumption bacteriologically. In contrast,
the presence of these bacteria in water is considered proof of pollution and results in
the disqualification of that water for drinking. The prevention of waterborne dis-
eases lowers the disease burden in developing countries and improves health,
leading to poverty reduction.

In the study area, groundwater samples were collected at different times: 12/
2011, 8/2012, 3/2013, and 7/2013. These water samples were analyzed for total
heterotrophic bacteria (THB), total coliform, and fecal coliform levels. The spread
plate technique was employed to enumerate the bacteria, and the total number of
heterotrophic bacteria was determined using nutrient agar medium. The most likely
number (MPN) method was employed for the total and fecal coliform levels. In
drinking water, total coliform and E. coli should be absent (WHO 1994), so water
from most sources is unfit for immediate consumption without some sort of treat-
ment (Raymond 1992). The bacteriological quality of the sampled groundwater
samples indicated the absence of total heterotrophic bacteria and total and fecal
coliform bacteria, which means that groundwater samples are negative (free from
biological contamination) because the aquifer is far enough from the urban area and
exists in highlands in the desert.

JFig. 22.7 a The linear trends of TDS and TH in the water of Well 1, and b the linear trends of
Ca++, Mg++, Na+, Cl− and SO4

—in the water of Well 1
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22.10 Conclusions

In this study, chemical and biological analyses of groundwater aquifers were carried
out, in addition to environmental investigations of the impacts of the uprising
groundwater level in the target area. The environmental impacts of the uprising
groundwater level were discussed and confirmed by watershed analysis using DEM
and GIS techniques and by chemical analyses of water samples from uprising water,
groundwater wells, and the Nile River water in order to determine the water source
and the reason for the uprising water in the low-lying regions. We found that the use
of flood irrigation systems in the upper, newly reclaimed lands (in the desert), lakes
in agricultural drainage systems, and the absence of sewage networks are the main
causes of uprising groundwater levels. Therefore, it is recommended that the use of
flood irrigation systems is stopped and that another, new technology system for
irrigation is used, in addition to constructing sewage and drainage systems in the
whole city area.

A chemical analysis of the groundwater aquifer in the Fares area was conducted
and showed that the groundwater in the study area has normal physical properties
wherein the water samples varied from neutral to slightly alkaline groundwater.
The TDS values ranged from 447.22 to 1297.56 mg/l. It was obvious that water
from Well 1 had lower concentrations of TDS than did the waters in the other two
wells (Wells 2 and 3). The calcium concentrations ranged from 32.19 to 97 mg/L,
the magnesium concentrations ranged from 11.5 to 39.6 mg/L and the total con-
centrations of sodium and potassium ranged from 84.8 to 292 mg/L. The bicar-
bonate concentrations ranged from 178 to 226 mg/L, the sulfate concentrations
ranged from 68 to 360 mg/L, and the chloride concentrations ranged from 63 to
356 mg/L. Most groundwater samples contained high values of sodium and chlo-
ride ions. The most important finding from the chemical analysis is that there were
dramatic changes observed in the water quality of Well 1 groundwater, showing a
noticeable increase in parameter values from acceptable values to values over
standard limits, resulting in quality deterioration in the near future within a few
years. This may be attributed to the overdrafting of groundwater from this well for
agricultural activities, as inhabitants of the area use flooding systems in irrigation.

Different methods were suggested for the chemical classification of groundwater
such as the trilinear diagram of Piper, semilogarithmic diagrams (Schoeller), and
Stiff diagrams. They illustrated that sodium ions represent the main dominant
cations, while chloride ions are considered the dominant anions. This reflects that
most groundwater samples have sodium chloride facies. In addition, the water type
in Well 1 changed from sodium bicarbonate to sodium chloride. This might be
attributed to the impact of overdrafting withdrawal from this well. The chemical
patterns in Well 1 changed from HCO3

− > Cl− > SO4
2−/ Na+ > Ca2+ > Mg2+ to

Cl− > SO4
2− > HCO3−/ Na+ > Ca2+ > Mg2+, which means that the groundwater

chemistry changed from NaHCO3 to NaCl. However, in the other two wells, the
main patterns are Cl− > SO4

2− > HCO3
−/ Na+ > Ca2+ > Mg2+, wherein Na+ and

Cl− were the dominant ions. The groundwater origin samples show that all of the
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collected groundwater samples are of meteoric origin. A total of 85% of the samples
belong to deep meteoric origins, and 15% belong to shallow meteoric origins.

Furthermore, a microbiological analysis of the groundwater of the study area
was carried out, showing negative results, which means that the groundwater in the
study area is free from pathogenic organisms because the wells are far from
urbanization areas. Based on this study, we recommend that the people and gov-
ernorate in Aswan City, Egypt, control and manage the use of groundwater from
these wells because the current research states that the quality of the wells will
dramatically decrease within the next few years. Additionally, further groundwater
modeling analyses regarding the problem of groundwater uprising in the target city
constitute our near-future research.
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