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Abstract

Assessing areas prone to flash floods is crucial for effective disaster management and miti-
gation. This study proposes a framework for mapping flood-prone areas by integrating geo-
graphic information system (GIS), remote sensing data, and multi-criteria decision-making
(MCDM) techniques. The hybrid MCDM model combines the decision-making trial and
evaluation laboratory (DEMATEL) with GIS-based analytic network process (ANP) to
evaluate flood vulnerability in Golestan province, Iran. Fourteen criteria related to flood
potential, including elevation, slope, aspect, vegetation density, soil moisture, flow direc-
tion, river distance, rainfall and runoff, flow time, geomorphology, drainage density, soil
type, lithology, and land use, were considered. In areas where official data was lacking,
a questionnaire was administered to gather information from 15 specialists, experts, and
20 local managers. The relationships between criteria were analyzed using the DEMA-
TEL method, and their weights were determined using the ANP method. Topography was
found to have the greatest impact on flood risk, followed by the type of surface and vegeta-
tion cover. Hydrographic, soil and geology, climatic also influence flooding in the region.
The study identified the northern and central parts of the study area being at higher risk
of flooding compared to the southern part. Based on the flood intensity map, 68 villages
(50% of all villages in the Qarasu watershed) with a population of approximately 83,595
were identified as at risk of flooding. The proposed GIS-DANP model provides a valuable
tool for flood management and decision-making, aiding in risk reduction and minimizing
casualties.
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1 Introduction

Floods are catastrophic natural disasters that endanger human life and result in approxi-
mately 60 billion USD in economic losses worldwide annually (Convertino et al. 2019;
Nguyen-Huy et al. 2022). In general, there are two main types of floods: riverine floods and
flash floods (Memon et al. 2015). Flash floods are frequent occurrences that happen when
a large amount of water is rapidly released, typically within three to 6 h, due to excessive
rainfall, ice collapse, or dam failure (Taherizadeh et al. 2023).

Climate change projections indicate that rainfall intensity may increase in certain parts
of the world, potentially leading to more severe flash flooding (Prasad et al. 2021). Further-
more, shifting demographics, such as growing urbanization, will expose a larger portion of
the population to flash flooding (Hapuarachchi et al. 2011). By adopting a comprehensive
vulnerability assessment approach, it is possible to identify areas that are most susceptible
to flooding and develop effective strategies to mitigate risks and protect local communities
(Badraq Nejad et al. 2019). Determining flood-prone zones facilitates informed flood con-
trol and helps reduce losses.

The occurrence of flash flood disasters has been extensively investigated. Ren et al.
(2007) concluded that flash flood disasters are the primary caused by rainfall, topography,
geology, and human activities, taking into account a variety of natural and societal factors.
A correlation was also found between the weight index and the severity of flash floods
using a theoretical model of flash flooding developed based on climate and environmental
factors (He et al. 2018). Comprehensive watershed management also requires the creation
of flood susceptibility maps (Tehrany et al. 2014b). These maps enable the identification of
at-risk areas such as cities, villages, bridges, factories. By comparing vulnerability maps
with land use maps, necessary measures can be taken to protect these areas. Flood hazard
zoning maps can also be used to deal with potential future hazards, strengthen buildings
and prevent construction in high-risk areas.

Due to diverse climatic conditions and varying temporal and spatial rainfall patterns,
many regions in Iran, particularly in the north, experience frequent and severe floods. Cre-
ating flood susceptibility maps is among the preventive measures taken to mitigate flood
risks (Shahiri Tabarestani and Afzalimehr 2021). The province of Golestan, located in the
northeast of Iran, is particularly known for its severe flash floods. Factors such as climate
change, geographical location, deforestation, excessive construction, and the presence
of numerous rivers have contributed to the occurrences of over 100 flash floods in this
province over the past two decades. Approximately 65% of rivers in Golestan experience
flooding, some of which cause significant damage due to their high volume and intensity
(Mamashli et al. 2021).

One notable flash flood event in the east part of Golestan province occurred on August
10, 2001, resulting in nearly $400 million in damages and the loss of 500 lives (Sharifi
et al. 2012). Infrastructure, houses, pastureland, and agricultural areas have been exten-
sively damaged by debris flows triggered by excessive rainfall over time. The most recent
catastrophic flood in Golestan province happened on March 20, 2019, and its aftermath
continues to affect the local population (Mamashli et al. 2021).

The analysis of natural disaster risks significantly relies on geographic information
system (GIS) and remote sensing techniques (Haq et al. 2012; Patel and Srivastava
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2013). Numerous studies have suggested GIS and remote sensing techniques to evalu-
ate flood hazard zoning (Kazakis et al. 2015; Pradhan et al. 2010; Sadeghi-Pouya et al.
2017). Leveraging GIS and remote sensing techniques enable the processing of enor-
mous amounts of spatial and temporal data, resulting in the generation of flood inven-
tories and other valuable information (Shahiri Tabarestani and Afzalimehr 2021). The
multi-criteria decision analysis (MCDA) approach has been developed to analyze com-
plex decisions involving unparalleled data or factors (Malczewski 2006).

The analytic hierarchical process (AHP) and the technique for order of preference
by similarity to ideal solution (TOPSIS) are examples linear multi-criteria decision-
making (MCDM) models. These techniques establish hierarchical and linear relation-
ships between decision criteria (Teniwut et al. 2019). However, real-world challenges
often involve a network model that connects decision criteria (Saaty 2004). The DEMA-
TEL-based analytic network process (DANP) method builds upon the analytic network
process (ANP) by using the complete correlation matrix computed through the deci-
sion-making trial and evaluation laboratory (DEMATEL). By applying the DEMATEL
methodology to design the network modeling approach for each criterion and dimen-
sionality, the DANP method addresses interdependence between criteria and dimen-
sions, making it suitable for real-world issues (Gigovi¢ et al. 2017). Saaty (2004) intro-
duced the ANP model as an improvement over linear models (Azizi et al. 2014). In the
ANP model, the weight of the dimensions or decision criteria is calculated suing pair-
wise comparison to create the network structure and an unweighted supermatrix (Arab-
sheibani et al. 2016; Malmir et al. 2016; Seyedmohammadi et al. 2019).

The integration of MCDM techniques with GIS software facilitates planning and
decision-making processes (Vafaie et al. 2015). Various studies have confirmed the ben-
efits of employing MCDM approaches in a GIS framework for these purposes (Ali et al.
2020; Franci et al. 2016; Kanani-Sadat et al. 2019; Vafaie et al. 2015). ANP assumes
that all groups have a weighting factor, despite potential variations in the impact of one
group on another (Vafaie et al. 2015). The DEMATEL method, based on graph theory,
can address this limitation (Arabsheibani et al. 2016; Biiyiikozkan and Giileryiiz 2016;
Layomi Jayasinghe et al. 2019; Trivedi 2018). For example, Chukwuma et al. (2021)
evaluated the vulnerability of the Anambra region in Nigeria using the DEMATEL
method. Their results showed that the area is highly vulnerable to floods, with 73% of
the province falling into the high and medium vulnerable categories. In the Kurdistan
province of Iran, Kanani-Sadat et al. 2019 employed this approach to produce a classi-
fied map of flood susceptibility, revealing that approximately 85% of the region is highly
susceptible to flooding. Ekmekcioglu et al. (2022) prioritized flood-risk areas in Istan-
bul and developed a comprehensive flood risk map to aid the decision-making process
for flood risk reduction. Their results highlighted that the densest and most populated
areas of Istanbul face serious flood risk.

Considering these factors, we propose a new hybrid technique for assessing land suit-
ability in GIS, which is centered on the DANP method. In this study, ANP and DEMA-
TEL were utilized in conjunction with GIS to evaluate flood adaptation for flood man-
agement and aid in the reduction of risks and losses in Golestan Province, Iran. The
DEMATEL method was employed to measure the relationships between each criterion,
while the ANP method was used to determine their weighting. The hybrid MCDM
model developed in this study, combining the DEMATEL and ANP methodologies, ena-
bles the examination of interdependent linkages across dimensions and criteria. The rec-
ommended GIS-DANP technique serves as a beneficial tool for planning and decision-
making processes.
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2 Materials and methodology
2.1 Study area

The Qarasu river stretches for 160 km and has a catchment area of 1762 km?. The
basin’s drainage volume is estimated to be 54.9 million m®. Originating from the Qaleh
Maran mountain, this river eventually flows into Gorgan Bay in the Caspian Sea. The
Alborz Mountain range serves as the primary source of many rivers in the Qarasu
watershed. These rivers flow from the north to the south, eventually merging with the
Qarasu river in the southern part of Golestan province. The higher areas of the water-
shed, up to an elevation of 1000 m, are covered with forests, while the lower elevations
consist of agricultural land with diminishing forested areas. Located near the Qarasu
village (54°02'23" east and 36°50'52" north), the Qarasu river flows towards Gorgan
Bay, which lies to the southeast of the Caspian Sea (Masoudi et al. 2022). The eleva-
tion in the vicinity of the Caspian Sea ranges from a minimum of —57 m on shores to a
maximum of around 3220 m in the highlands of the southern basin. Therefore, the aver-
age elevation of the watershed is approximately 624 m above sea level. The information
of the study area is illustrated in Fig. 1.

2.2 Physical characteristics of the watershed

The hypsometric curve of the basin is used to investigate the geomorphic processes in
the watershed and landforms. This curve shows the non-dimensional measurement of
the proportions of the watershed (Harsha et al. 2020). The height of 50% of the area is
determined to be 225 m above sea level, indicating that 50% of the total area is below
this height, while the other 50% is above it. These findings indicate the prevalence of
low and flat lands in the study area (Fig. 2).
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Fig.1 Map showing the study area of the Qarasu watershed with its river network and DEM (C) located in
the Golestan Province (B) in the southeast of the Caspian Sea (A)
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Hypsometric curve in Qarasu basin
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Fig.2 The hypsometric curve in the Qarasu watershed. The corresponding lines are drawn based on the
cumulative percentage of the area of each height class and its symmetry line

2.3 Data and processing methods

Considering the nature of the subject being investigated, this study is a descriptive-ana-
lytical and applied survey that focuses on quantitative methods. This study aims to iden-
tify areas vulnerable to natural hazards, with a specific emphasis on flash floods. Fourteen
potential flood criteria have been taken into account, including elevation, slope, aspect,
vegetation density, soil moisture, flow direction, river distance, rainfall and runoff, flow
time, geomorphology, drainage density, soil, lithology, and land use (Fig. 3).

The digital elevation model (DEM) with a resolution of 12.5 m was used to analyze the
physiographic characteristics of the Qarasu watershed (https://search.asf.alaska.edu/). First,
the elevation model errors were eliminated using the ArcGIS10.5 software platform. Sub-
sequently, the HEC-GeoHMS extension was employed to extract the rank streams, deter-
mine flow direction, calculate gradient slope, stream length, and flow trend. Also, regional
changes in rainfall within the watershed were modeled and estimated based on data from
the Meteorological Organization’s stations (synoptic and regional water) over a statistical
period of 15 years (2007-2021). The precipitation factor for each station was calculated
using interpolation methods such as inverse distance weighting (IDW), radial basis func-
tion (RBF), polynomial, and kriging. The changes in rainfall zones across the study area
were then mapped. Geostatistical distribution (spherical), root-mean-square error (RMSE),
and mean absolute error (MAE) were utilized to determine the best interpolation method.

Examining the results obtained from the error evaluation of interpolation methods, it can
be seen from Table 1 that the RBF and kriging interpolation methods exhibit lower error
rates compared to the IDW and Polynomial methods. However, it should be noted that the
RBF method normalizes the data, potentially altering the upper and lower threshold limits
of the stations. Consequently, the use of this method for zoning is not recommended in
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Fig.3 The flowchart of actions taken in this study

Table 1 Evaluation of rainfall

. ; Interpolation methods
zoning with the amount of error

of interpolation methods using Inverse distance Radial basis Polynomial Kriging

the RMSE index weighting function
313 305 496 255
217 113 320 170
210 170 476 190
270 198 734 180
257 237 613 192
288 102 217 141
173 101 398 235
260 130 512 140
177 158 612 176
267 216 479 192
238 116 243 141

the present study. In other words, a low error rate does not necessarily equate to increased
accuracy. According to the mentioned points, all layers in this study were prepared using
the kriging method. The reasons for choosing this method as the most suitable approach
are twofold: (1) low error rate compared to other methods and (2) no change in the range of
climatic indicators.

2.3.1 Status of hydrometric stations and rainfall
Figure 4 presents the monthly average rainfall recorded by rain gauge stations in the Qar-

asu watershed from 2007 to 2021. In general, the study stations indicate that the highest
average annual rainfall values are observed in November, with a measurement of 70.9 mm,
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Fig.4 Monthly average rainfall of rain gauge stations in the Qarasu watershed from 2007 to 2021

and in March, with a measurement of 69.9 mm. On the other hand, the lowest average
annual rainfall values are recorded in June with 31 mm, in July with 21 mm, and in August
with 33 mm. In some cases, the average rainfall in March coincides with the arrival of
the Siberian high-pressure system and the influence of Mediterranean air masses, and the
resulting currents in the Caspian Sea, contributing to an increase in rainfall, sometimes
reaching up to 100 mm. These findings suggest a variation in the amount of rainfall across
different months, with November to April receiving the highest average annual rainfall and
June, July, and August experiencing the lowest average annual rainfall.

Due to the unavailability of 24-h rainfall data, certain long-term rainfall stations located
in the main rivers of the Qarasu catchment were used to determine and generalize the rain-
fall amount for stations that have similar topographic and land use conditions within the
basin. Consequently, a zoning map depicting the average rainfall over a 15-year period has
been generated, as shown in Figs. 5 and 6. These figures provide a visual representation of
the spatial distribution of average rainfall across the study area, allowing for a better under-
standing of the regional variations in precipitation patterns.

2.3.2 Selection of criteria/factors influencing flood potential in the study area

There is no consensus on the specific criteria to be used in flood susceptibility assessments
(Tehrany et al. 2014a). However, numerous researchers commonly utilize certain variables,
which play an essential role in flood mapping. In this study, the influential flood poten-
tial factors were selected, including elevation, slope percent, aspect, soil moisture, distance
from rivers, rainfall and runoff, land use/land cover, lithology, flow time, drainage density,
and geomorphology. For the DANP approach, all key parameters were converted to a raster
grid format with 30X 30 m pixels.

— Vegetation density: The normalized differential vegetation index (NDVI) is extensively
used as a vegetation condition index to distinguish healthy land cover from unhealthy
and uncovered areas. The numerical values of this index range from—1 to+ 1. Areas
with dense vegetation display positive numerical values, while areas without vegetation
have numerical values close to zero (Orimoloye et al. 2021) (Fig. 7).
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Fig.5 Annual rainfall in the study area from January to June from 2007 to 2021
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Fig.6 Annual rainfall in the study area from July to December from 2007 to 2021

— Elevation: Generally, there is an inverse relationship between flooding and elevation.
Low-elevation areas are more susceptible to flooding (Chapi et al. 2017; Chen et al.
2019). Elevation is an important factor in flood probability (Tehrany et al. 2014b; Tien
Bui et al. 2019). In this study, an elevation map with five classes was generated from
the DEM (Fig. 7).

— Slope: Various factors influence catchment hydrologic characteristics, which, in turn,
affect surface runoff generation. Surface slope is a significant factor in controlling run-
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Fig.7 Maps of flash flood conditioning factors including: NDVI, elevation, slope, soil moisture, aspect-
DEM, and flow direction

off (Tehrany et al. 2013). Steeper slopes have less infiltration and more runoff, while
flat areas downstream of high slopes are prone to flash flooding due to excessive runoff
(Li et al. 2012). In this study, a slope map with five classes was created from the DEM
(Fig. 7).

— Aspect: The aspect map shows both slope and the direction relative to the sun as signifi-
cant factors in small areas. It can delineate areas near lakes and foothills with varying
slopes. Flat areas are more susceptible to flooding than steep areas due to water accu-
mulation potential (Hoang et al. 2018; Tien Bui et al. 2019). In this study, the aspect
map with nine classes was derived from the DEM (Fig. 7).

— Soil moisture: Flooding risk is also affected by saturation levels. Changes in evapotran-
spiration and precipitation rates impact soil moisture, limiting the ratios of infiltration,
groundwater recharge, and runoff (Ahlmer et al. 2018). Several studies have found that
initial soil moisture conditions can differentiate between minor and major flooding
effects (Berthet et al. 2009; Brocca et al. 2008; Crow et al. 2005). Accurate and timely
soil moisture content information is crucial for improving flood predictions (Kerr et al.
2010). Therefore, we processed the NASA/GLDAS/V021/NOAH/G025/T3H product
in the Google Earth Engine system, implementing a programming algorithm from 2000
to 2021 to measure soil moisture (Fig. 7).

— Flow direction: The flow direction on the elevation model indicates the potential path
of water runoff. A flow direction raster was created using the depression-less DEM gen-
erated from the fill (Korah and Lopez 2015) (Fig. 8).

— River distance: The “distance from rivers” factor is crucial in determining the areas
prone to flooding. Previous research has showed that areas closest to rivers are the most
vulnerable to flooding (Rahmati et al. 2016). However, changes in meteorological and
topographical conditions can also lead to flash floods at considerable distances from
water bodies. In this study, ten buffer classes were developed at varying distances from
the river (Fig. 8).
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Fig.8 Maps of flash flood conditioning factors including: distance from the road, hydrographic, distance
from the river, rainfall and runoff, flow time, and geomorphology

Rainfall and runoff: Flooding occurs in low-lying areas due to runoff formation on the
land surface, primarily caused by rainfall. Runoff happens when the ground, whether
soil or rock, cannot absorb abundant rainfall. Heavy, short-duration rainfall can trigger
flash floods. Rainfall is the most important component in flood events (Li et al. 2012).
Flooding can also result from ice melting. An annual precipitation map was developed
over a 15-year period, divided into eight classes (Fig. 8).

Flow time: This model estimates rainfall and provides a flood alert index using only the
flow scheme (Tomassetti et al. 2005) (Fig. 8).

Geomorphology: The understanding of dynamic landscape processes and their potential
effects on natural and anthropogenic elements depends heavily on the contribution of
applied geomorphology (Brandolini et al. 2008). Floods have intricated geomorphological
effects on the landscape that affect it at various temporal and spatial scales. Floods influ-
ence the dynamics of geomorphic processes and shape river and valley systems (Baker
1994; Magilligan 1992). In other words, floods in a particular environment are constrained
and influenced by geomorphologic controls (KiiZek and Engel 2003; Poole et al. 2002).
Therefore, to identify fluvial system behaviors and reduce risks, it is crucial to observe
geomorphic responses in specific environments where flooding has occurred (Fig. 8).
Drainage density: Drainage density is an important factor in controlling the occurrence
and flow of floods. Drainage characteristics such as drainage density are determined by
the cumulative flow network extracted for each basin. The ratio of the total length of
the hydrographic network, including both secondary and main streams, to the area of
the basin, shows the drainage density. This feature indicates the condition of runoff and
erosion in its various parts of the basin (Shafizadeh-Moghadam et al. 2018) (Fig. 9).
Soil: The volume of a flood is highly dependent on the type and texture of the soil.
Clay soils tend to result in more rapid and significant surface runoff compared to
sandy soils. Impermeable soils, mostly composed of clay, are more susceptible to
flooding, whereas sandy soils are permeable and have a higher capacity to absorb
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Fig.9 Maps of flash flood conditioning factors including: river density, soil, lithology, and land use

surface water. Generally, the soil type can influence the amount of water that per-
meates the soil (Lappas and Kallioras 2019) (Fig. 9).

— Lithology: This factor plays an important role in increasing or decreasing the occur-
rences of floods in a region, as it can affect the capacity for water infiltration and flood
control. In the current study, lithological units were considered as one of the relevant
factors (Allafta and Opp 2021). The lithology map used in this research was created
using data from the Geological Survey of Iran and divided into fifteen groups (Fig. 9).

— Land use: The intensity and severity of floods in an area are influenced by different
land use types (Benito et al. 2010; Garcia-Ruiz et al. 2008). The type of land use/
land cover plays a significant role in determining the areas susceptible to floods
(Norman et al. 2010). Vegetated areas are generally less vulnerable to floods, as
there is an inverse relationship between vegetation and flood risk. Conversely,
impervious surfaces such as residential areas, roads, and bare land increase storm
runoff (Tehrany et al. 2013). The land-use/land-cover map used in this research was
obtained from the Golestan Province Department of Natural Resources in 2021.
The map was updated using Google Earth images and field surveys (Fig. 9).
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2.4 Flood hazard potential mapping using MCDA
2.4.1 Problem description and method framework

Drawing on a geographical investigation of MCDM, this study develops a combined
model for identifying flood-prone areas. The approach aims to establish interdependen-
cies between dimensions and criteria by integrating spatial data and expert opinions. The
determination of flood zones incorporates both factual geographic data (such as vegetation
density, elevation, slope, soil, river distance, rainfall, drainage density, lithology, geomor-
phology, land use, and land cover) and value-based information (such as expert opinion,
environmental characteristics, and standards). GIS is an essential tool for analyzing geo-
graphic data, as it offers robust spatial analysis capabilities. The MCDM enables the evalu-
ation and ranking of decision options, facilitating the identification of flood-prone areas.

2.4.2 DANP multi-criteria decision analysis process

In this research, component modeling was performed using the weighted overlay method,
which is considered an appropriate modeling technique. In many proportional and location
analyzes, certain criteria possess greater significance and importance than others. In this
method, numerical weights are assigned to each layer, and the criteria are overlapped based
on their respective weights. The output layer is then influenced by the weights of the input
layers. Weighting is typically performed by comparing pairs of criteria using the inputs of
experts specializing in environmental sciences. The analysis involves the following steps
executed in the ArcGIS software:

—_

Each raster or vector layer is assigned an appropriate weight for the analysis.

2. The values in raster layers are classified according to the appropriate scale.

3. The raster layers are stacked on top of each other, and the values of the raster pixels
are multiplied by the weight of the corresponding layer. The resulting values are then
summed to obtain a suitable value.

4. These calculated values are written as new pixels in an output layer.

By assigning weights to each raster in the overlay process, it becomes possible to control
the effect of different criteria on the model (iEsri 2022).

Based on the aforementioned points, the weight overlay method is used to multiply each
sub-criterion of the main criteria by its respective weights. Subsequently, after the overlay
of each criterion, the overlapping layers are multiplied by the weight of the main criterion,
ultimately yielding the final output in the form of a flood map.

The DEMATEL-based ANP method was used to rank the parameters. At the descrip-
tive level, one-dimensional tables and the DANP model were employed to rank the factors
affecting flash floods.

— Step 1: Compute the matrix of direct connections.
The relationships between the criteria, indicating the impact of one criterion on another,

are determined using the opinions of decision makers. These relationships are rated on a
numerical scale from 0 to 4, representing the following levels of impact: O (no impact), 1
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(low impact), 2 (moderate impact), 3 (high impact), and 4 (very high impact). In this step,
the average opinion of the experts is computed.

dl..dY
D=|d' ..dl ..d" (1)

nl nj nn
o dY

— Step 2: Normalize the direct relationship matrix

The direct communication matrix D is obtained using the following normalization relation
and the N matrix.

N=VD

] o 1 o 2)
V= min{1/max ) d’,1 /fmax ) &’ |, ije(,2,...,n)
i / J ; ¢ / J l; ¢

— Step 3: Compute the criteria’s entire communication matrix

After normalizing matrix D and obtaining matrix N, the entire communication matrix can
be computed using the provided equation, which involves the unit matrix.

Tc=N+N*+ - +N'=NI-N)", when lim N* 3)

— Step 4: Compute the total correlation matrix of the parameters and determine the sever-
ity and direction of influence

First, the total correlation matrix is generated from the complete correlation matrix of the
Tc criterion. As a result, every matrix element is computed by taking the average of the
components in the doors:

D, D; D,
D, 3 T(nm‘ }Zl jﬂ‘ . ;:»ln"m
T =" T ...oTi ...oT™m (4)
T:'j Tlnn
11 1n
tD tD
Ty = :1 ol &)
n nn
tD ZD

Formulas 6, 7, and 8, are used to separately compute the sum of rows and columns of
the total correlation matrix:
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T=1l, ijef{l.2,..n} (6)

r={[rls = Ztij (7
L=l daxi

e=16lha = | 20 )
Li=l 1 ixn

The indices r; and ¢; represent the sums of the i-th row and j-th column, respectively.
The index r; + ¢; indicates the significance (intense) of the i-th criterion, while r; — ¢;
indicates the effectiveness or influence of criterion i. When r; — ¢; is positive (i=)), cri-
terion i is one of the causative or influencing factors. When r; — ¢; is negative (i=)),
criterion { is one of the impressionable factors. Similarly, the weights of indices R and C
are computed. The index Ri shows the sum of the i-th row, and the index Cj represents

the sum of the j-th column of the TD matrix.
— Step 5: Normalize the full relational dimension matrix (T7)
The matrix T}, is normalized by calculating each row and dividing each element by

the sum of elements in its respective row. Finally, the row and column of the obtained
matrix are replaced.

Dy, Dy Dy, < D,;
a L; U |—> di = L
. . . . . Jj=1 -
oo : n m
— Dy Dy Dy, = D — Dy . _
Tp=|t" = 1’ = 1" |= d; = thlj , 4= thu Ji=1,..,m
. . J= J=
: m
N : : D
tDml tDm/' tDmm d dm = t '.n/
ml mj mm =1 mj
tD“/d] tD.lj/d] tD””/dl i /d, alj aln
11 1 m t, R e
a _ | Du/d Dy/d, Dy, /dy | — ¢7;i1 ) f;ij ) a‘in
T,=|1, 1 Lo =| 15 Iy 15 9)
D, /d, D,;/d D,/ d) pnl L tanj cen ponn
- Lyj Lt b D D

— Step 6: Normalize the criteria for total correlation of criteria

This step involves computing the sums of rows, dividing each element by the sum of elements
in its own row, and performing normalization using the provided formulas:
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Step 7: Formation of unweighted w matrix

CuloCom,

Tfl't!
ro (10)
o
.my 11
11
tclnzl/dill
11 ’
tciml/dclil
11 )
t
cmlml/d(l"il1 (12)

To obtain the matrix w, the displacement matrix is entirely normalized. An empty or zero
matrix indicates that the criteria are independent.

D,

o
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Step 8: Formation of a weighted supermatrix

13)

The complete normalized communication matrix is transposed and multiplied by the
unweighted supermatrix to form the weighted supermatrix.
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WS =TywW
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— Step 9: Limit the weighted supermatrix

To ensure stability and convergence of the supermatrix, it is necessary to limit the
weighted supermatrix until a significant value of z is reached. This process yields effective
DANP weights for the results (Chiu et al. 2013).

Zlirgo(W“)Z 5)

Due to the complexity and potential for computational errors, it is advisable to use soft-
ware such as Matlab to facilitate the matrix operations. In this research, Matlab software
was used to limit the weight matrix. The process involved designing and preparing the
initial Dematel matrix, criteria, and sub-criteria in an Excel file using a Matlab process-
ing code. This programmed analytical code encompasses the steps of the combined DANP
method.

The initial processing was performed, and the outputs were calculated and stored in
a file. This file includes various matrices such as normal matrix, TC matrix or general
communication, normalized TC, primary supermatrix, TD matrix, normalized TD, and
weighted decision matrix.

In the second stage, the final weighted matrix needs to reach an appropriate power for
convergence. To accomplish this, the generated matrix is prepared as an Excel file. Sub-
sequently, the Matlab file is used to conduct convergence analysis by iteratively adjust-
ing the numbers until they reach an accuracy of 0.00005. In other words, when the differ-
ence between two consecutive numbers becomes smaller than this threshold, the output
is printed. The power of 3 is applied during this analysis. Finally, the final weights and
prioritization of each sub-criterion are extracted.

3 Results

Floods are a significant and recurrent natural hazard in Iran. The identification and deline-
ation of flood-prone areas play a crucial role in flood risk management. Flood risk zoning
enables a quantitative assessment of flood risk, and evaluation is essential for the develop-
ment and quality assessment of flood risk zoning maps. Among the various factors influ-
encing flood zoning, rivers and water bodies such as lakes act as natural barriers and are of
utmost importance. Their shape, natural characteristics, pathways, width, depth, and inten-
sity significantly affects the distribution patterns of floods.

In this study, twelve criteria were identified to achieve the research objectives, encom-
passing meteorological, geomorphological, hydrological, geophysical, and geographical
aspects. These criteria were integrated within a GIS environment to generate the final flood

@ Springer



Natural Hazards (2023) 118:2309-2335 2325

Table 2 Determining preference under topographic factors

Main factors Slope Slope curvature Slope aspect Elevation Weight of the factors Compat-
ibility coef-
ficient

Slope 1 3/1 5 269,048/0

Slope curvature 3 1 7 564,623/0 0822/0

Slope aspect 3/1 5/1 2 076831/0

Elevation 5/1 7/1 2/1 1 089497/0

susceptibility maps. To acquire objective information and comprehensive insights into the
study region, a questionnaire was designed and administered to gather data for the criteria
lacking registered and official information. A total of 15 specialists and experts in the field,
along with 20 local managers, were involved in completing the questionnaire. Their exten-
sive knowledge of the region ensured the provision of accurate and unbiased information,
enabling a thorough review and analysis of the research.

The DEMATEL and ANP methodologies were employed, incorporating the insights
and opinions of the reviewed experts. The relative importance and interdependencies of
the criteria were determined through pairwise comparisons conducted by the experts, as
presented in Tables 2, 3, 4, 5, and 6. The final weights of the main factors were reclassified
from fuzzy comparison according to their importance, as outlined in Table 7.

Based on the final weights, topography emerges as the most influential factor con-
tributing to flood risk in this area. The topography of a region undoubtedly plays a
significant role in shaping the flow and accumulation of water, as well as the speed
and direction of floods. Steep slopes, narrow valleys, and canyons facilitate the rapid
collection and forceful movement of water, rendering these areas more susceptible to
flash floods. Moreover, the type of surface and vegetation cover present in a region can
impact the intensity of flash floods. Regions characterized by impervious surfaces such
as concrete or asphalt tend to experience greater runoff and faster flooding compared to
areas with permeable surfaces like grass or forests, which have the ability to absorb and
regulate the flow of water. Consequently, land use and vegetation density were identified
as the second weighting factors influencing flood dynamics. Following these, the hydro-
graphic, soil and geology, and climatic factors, respectively, contribute to the flood
characteristics in the region.

The overall findings indicate that the northern part of the study area is at higher risk
of flooding compared to the southern part. Approximately 62.39% of the northern and
middle part of the watershed have a slope ranging from zero to 5 degrees. Additionally,
around 33.64% of these areas are located within 100 m of the river, which indicates a
high-risk zone. These regions receive approximately 37% of the total rainfall, which is
450 mm.

The central part of the watershed, comprising about 62.28% of the area, is situated at
an altitude ranging from 1130 to 1500 m. This central region is characterized by a pre-
dominantly flat terrain with a significant lack of vegetation cover. Due to its proximity
to the river and the considerable amount of rainfall it receives, these factors collectively
contribute to increased rainfall, river flooding, and subsequent runoff.

After applying weights to the suitability classes and criteria, the individual layers were
combined, resulting in the preparation of a final suitability map. The obtained results were
then presented. Figure 10 depicts the final map, which highlights unfavorable areas and
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facilitates better control and planning of flood-related crises. It can be inferred that a major-
ity of the villages are situated within one kilometer of the river, where the flood intensity
is particularly high. This indicates that most rural settlements in the Qarasu watershed are
highly susceptible to flooding, particularly during events of maximum intensity. The zon-
ing analysis also reveals that out of the total 134 villages in the Qarasu basin, 31 villages
are classified as high-risk, 17 villages fall under the moderate-risk category, and 20 villages
are located in low-risk areas, representing 50% of all the villages in the basin. According to
the zoning outcomes, approximately 83,595 individuals residing in rural areas within this
catchment area are exposed to the risk of flash flooding.

Table 3 Determining preference under hydrographic factors

Main factors River density Rainfall Weight of the factors Compat-
ibility coef-
ficient

River density 1 5 833,333/0 0000/0

Runoff 5/1 1 166,667/0

Table 4 Determining preference under climatic factors

Main factors Distance from the Distance from Weight of the factors Compat-
road residence ibility coef-
ficient
Soil moisture 1 4 800,000/0 0000/0
Rainfall 4/1 1 200,000/0

Table 5 Determining preference under Land use and Vegetation density factors

Compatibility coefficient Vegetation Land use Weight of the factors Main factors
density

Vegetation density 1 3 750,000/0 0000/0

Land use 3/1 1 250,000/0

Table 6 Determining preference

under soil and geology factors Cgmpat— Geology Soil  Weight of the factors  Main factors
ibility coef-
ficient
Geology 1 5 833,333/0 0000/0
Soil 5/1 1 166,667/0

@ Springer



Natural Hazards (2023) 118:2309-2335 2327

Table 7 Matrix for determining the priority of the desired values of the main criteria in the event of a flash
flood

Main factors Topographic Land use and Hydrographic  Soil and Geol-  Climatic Weight

Vegetation ogy
density
Topographic 1 3/1 5 2 3 308,737/0
Land use & 3 1 1 3 3 320,247/0
Vegetation
density
Hydrographic 51 1 1 3 5 208,043/0
Soil & Geology 2/1 1 3/1 3/1 3/1 071233/0
Climatic 3/1 3/1 5/1 3 1 091739/0
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Fig. 10 Threshold of flood risk in the Qarasu watershed

4 Discussion
4.1 Flash flood analysis and method validation

Many studies have examined the reasons behind people’s decision to reside in crisis-prone
areas, focusing on the dangers of floods, hurricanes, earthquakes, and other devastating cli-
matic and environmental disasters. These studies also explore how individuals perceive and
understand the associated risks. Most research in this field has primarily focused on physi-
cal and financial losses, as well as human aspects and casualties (Berkes 2007). Notably,
in 1989, the United Nations General Assembly presented the International Risk Reduction
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Program, declaring the 1990s as the International Decade for Natural Disaster Reduction.
The primary objective of this initiative was to reduce the loss of life and property, as well
as mitigate the devastating effects of natural disasters through social and economic efforts.
Environmental hazards, including earthquakes, hurricanes, tsunamis, floods, and other nat-
ural disasters, were the key focus (The Energy and Resources Institute 2006).

Since then, extensive research has been conducted on natural hazards and strategies to
reduce their detrimental impacts, mainly through the approaches of "reducing vulnerabil-
ity" and "increasing resilience." It is worth noting that most of these studies have focused
on urban areas, emphasizing crisis management and urban planning, while research spe-
cifically related to rural areas remains limited. However, considering that global and Ira-
nian experiences in urban planning studies can also contribute to rural research, a detailed
discussion on the research background at both national and international levels will be
presented.

Today, one of the most effective aspects of flood damage management and reduction is
providing information and raising awareness among the public (Kellens et al. 2011). It is
widely accepted within the scientific community that extreme natural hazards like floods
cannot be entirely prevented. However, through efficient flood susceptibility modeling, a
significant portion of human lives and socio-economic impacts can be mitigated (Khosravi
et al. 2019). Therefore, access to flood vulnerability maps can help managers obtain perti-
nent information about flood-risk areas and making informed decisions.

Several researchers argue that the MCDM methodology has advantages over other tech-
niques that rely on historical and reliable data. It plays a crucial role in effectively iden-
tifying, integrating, or ranking factors in natural hazard assessment (Sahraei et al. 2022).
Compared to other MCDM approaches, the DEMATEL-ANP method proves to be efficient
in solving decision-making problems. The key benefit of this hybrid approach is its ability
to identify the most critical components influencing flash flood risk, from a complicated
multi-criteria decision structure, by converting the causal relationship between decision
criteria’s interdependency into matrices (Ali et al. 2020). The analysis of both direct and
indirect relationships between these factors allows for a more comprehensive understand-
ing of flash flood risk. Furthermore, the use of satellite data can provide additional infor-
mation on the characteristics of specific areas and historical information that can be used to
identify patterns and trends in flash flood risk.

In network analysis, evaluating the validity and consistency of pairwise comparisons
is crucial as it enhances our knowledge of network analysis, component interactions, and
prioritization for improved decision-making (Ozdemir 2005). Considering the inherent
uncertainty associated with expert judgments in determining the importance and influence
of conditional factors, the combination of the DEMATEL-ANP method has demonstrated
high accuracy in flood susceptibility assessment. For example, a research conducted by
Ali Azareh et al.’s in the Haraz watershed in Iran, with an accuracy of approximately 89%
(Azareh et al. 2021). The ANP method that calculates interdependence between factors
through network analysis, when combined with the DEMATEL method, allows for the
determination and filling of gaps in understanding the interdependencies between factors,
thereby facilitating well-documented flood vulnerability analysis (Hosseini et al. 2021).
This approach has been effectively utilized by planners, as demonstrated in Manas Mon-
dal et al.’s research on assessing the risks of severe hydro-climatic events, such as coastal
flooding in the West Bengal delta in India. Similarly, Ali et al. used this method to assess
flood susceptibility in the Topla basin in Slovakia, with their research reporting a high
accuracy of 92% (Ali et al. 2020).
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However, it is important to acknowledge the limitations of the discussed method.
Mahmoud and Gan (2018) suggested that at least six weighted factors should be considered
to avoid overestimation of certain factors. The accuracy of satellite data can vary depend-
ing on resolution and sensor quality, and its availability may be limited in some regions.
Furthermore, the approach assumes fixed and known relationships between factors, which
may not hold true in reality as these relationships may change over time, potentially reduc-
ing the accuracy of the approach. Thus, the risk assessment should be continuously updated
and validated with new data, and the approach should be used as a decision-making tool
rather than an absolute truth. Another limitation is the temporal aspect of flood vulner-
ability, which was not considered in the present research focused on spatial flood suscep-
tibility analysis (Azareh et al. 2021). Future studies in flood modeling should address this
limitation.

4.2 Relationship between flood hazard and planning

The relationship between flood hazard and planning is an important issue to discuss, par-
ticularly because many parts of the world are experiencing an increase in the frequency and
severity of floods due to climate change (Wilson and Chakraborty 2013). Climate change will
have the greatest impact on the future evolution of floods, influenced by numerous other fac-
tors, including the human factor. However, estimating its trend can be challenging due to the
numerous influencing factors. The accuracy of current global flood risk projections is con-
strained due to these complex factors. Therefore, accurate analysis and modeling of floods can
greatly aid in forward-thinking and planning (Mez&si 2022). In order to develop efficient flood
management measures, planners must have a complete grasp of the flood threat in their region.
Once flood-prone areas are determined, this knowledge can guide decisions on land use plan-
ning and development.

Planning can also help reduce the likelihood of flooding in previously established areas.
This could entail taking steps like constructing levees or flood barriers, installing retention
ponds or other drainage infrastructure, or upgrading structures to be more flood-resistant
(Bathrellos et al. 2016, 2018). In flood-prone areas, runoff is often intense, resulting in more
severe damage due to restricted infiltration. Hence, the construction and routine maintenance
of drainage systems with sufficient cross sections are required in impacted settlements. In
mountainous enclosed valleys where flood prevention levees are typically absent, the use of
mobile dams has been successful in many cases since the early 2000s (Mezdsi 2022). Careful
land use planning and proper building design are crucial in flood-prone areas to prevent and
minimize the impact of flood hazards. This practical approach can be applied to both new and
existing land use planning projects, as well as floodplain control. Flood spreading is a tech-
nique used to manage water resources in areas that receive low rainfall. It involves capturing
floodwaters and diverting them to low-lying areas where they can be stored in the soil or used
for groundwater recharge. This technique is particularly effective in arid and semi-arid areas
where water is scarce and where the risk of flash flooding is high (Ziaiian Firouz Abadi et al.
2020).

Wherefore, before a flood affects a community, the local mayor holds the position of
authority and has the power and authority to determine if an emergency has occurred based on
the expertly prepared results and information from the early warning system.

In a book titled "Cooperation with Nature: Dealing with Natural Hazards with Land Use
Planning for Sustainable Communities," which is divided into three general parts, the authors
aim to present a comprehensive vision of sustainable societies and provide suggestions for
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reforming policies and planning methods (Burby 1998). The research findings show that local
governments should use land use management tools to carry out comprehensive plans. By
predicting and handling risk reduction programs, they can provide a basis for achieving the
goals of risk reduction and enhancing community resilience in the face of disasters and natural
hazards. Accordingly, community engagement is necessary for successful flood planning to
ensure that their needs and concerns are considered. This may involve stakeholder consulta-
tions, public education, and outreach initiatives to develop flood management strategies that
align with the community’s requirements.

Overall, the relationship between flood hazard and planning is vital to ensure that com-
munities can manage flood risks. By incorporating flood hazard information into planning
processes and actively engaging with the community, planners can contribute to the develop-
ment of more resilient and sustainable communities that are better equipped to withstand the
impacts of climate change.

5 Conclusion and recommendations

Decision-making (DANP) integration with GIS and remote sensing could serve as an effi-
cient method for zoning flash flood-risk areas. This approach allows decision-makers to
investigate and assess multiple factors that impact the incidence and severity of flash floods.
Based on the final weights obtained, topography was found to have the greatest impact on
flood risk in the area. Undoubtedly, the topography of an area can significantly influence
the flow and accumulation of water, as well as the speed and direction of the flood. Steep
slopes, narrow valleys, and canyons can facilitate the rapid and forceful collection of water,
making these areas more vulnerable to flash floods. Additionally, the type of surface and
vegetation cover in a region can affect the intensity of flash floods. Regions with impervi-
ous surfaces such as concrete or asphalt may experience higher runoff and faster floods
than regions with permeable surfaces such as grass or forested areas, which can absorb and
moderate the flow of water. For this reason, land use and vegetation density were chosen
as the second weighting factor influencing flood risk. Subsequently, hydrographic, soil and
geology, climatic were identified as the factors affecting flood in the region, respectively.
The purpose of this research was to evaluate the main factors contributing to flash floods
and identify hotspots and vulnerable populations. The general results of the flood intensity
map in the Qarasu watershed indicate that most villages are located within one kilometer
of the river, with high flood intensity. In other words, the majority of rural settlements in
the Qarasu watershed are at a high risk of flooding with maximum intensity, significantly
increasing the likelihood of damage and casualties due to flash floods. During heavy rain-
fall, the river can overflow its banks and inundate nearby areas, causing extensive damage
to infrastructure and posing risks to lives. Based on the authors’ knowledge from numer-
ous field visits, most of the lands within a one-kilometer distance from the river are used
for agricultural purposes. This land use pattern can increase the risk of flooding due to
reduced water absorption and increased runoff. Furthermore, due to the development of
facilities for the dynamism of the villages in this region, the population has grown, and
many lands have undergone changes in land use. As a result, the flooding of these villages
causes more damage and leads to the disruption of vital infrastructures such as health cent-
ers, schools, and existing power plants in the area. According to the zoning, out of 134
villages in the Qarasu basin, 31 villages are classified as high-risk, 17 villages as moderate-
risk, and 20 villages as low-risk areas (which account for 50% of all villages in this basin).
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Consequently, approximately 83,595 rural residents in this catchment area are at risk of
flash flooding.

For future research, it is necessary to examine the resilience of people living in flood-
prone areas. Specifically, the relationship between environmental-physical factors in the
risk points of the Qarasu watershed (such as the quality of constructions, materials, and
building standards, etc.) and the resilience of communities facing floods needs to be deter-
mined. Furthermore, it is important to identify the connection between economic factors in
the Qarasu watershed communities (such as type of job, income levels, capitals, and assets)
and their level of resilience against floods.

To enhance crisis management in the study area, based on the materials provided, it
is recommended to conduct more comprehensive studies on the flood potential of the
basin by involving more stakeholders and layers of analysis. In the northern and central
parts of the watershed, efforts should be made to plant vegetation in the natural environ-
ment and prevent construction in the riverbed. The flood susceptibility model devel-
oped in this study can serve as a valuable resource for future research and can contrib-
ute to promoting the integration of GIS-based DANP and remote sensing techniques.
This, in turn, may foster the development and application of hybrid strategies to further
enhance flood forecasting and management practices. In comparison to other integrated
approaches, there is currently limited published literature on the application of the
DANP and GIS-based DANP model, highlighting the potential for further research and
exploration in this field.
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