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Abstract

Understanding the spatiotemporal dynamics of surface water in varied, remote and
inaccessible isolated floodplain lakes is difficult. Seasonal inundation patterns of these
isolated lakes can be misestimated in a hydrodynamic model due to the short time of
connectivity. The seasonal and annual variability of the Dinder River flow has great
impact on what is so called Mayas wetlands, and hence, on the habitats and the ecological
status of the Dinder National Park. This variability produces large morphological changes
due to sediment transported within the river or from the upper catchment, which affects
inflows to Mayas wetlands and floodplain inundation in general. In this paper, we
investigated the morphological dimension using a quasi-3D modelling approach to
support the management of the valuable Mayas wetlands ecosystems, and in particular,
assessment of hydrological and morphological regime of the Dinder River as well as the
Musa Maya. Six scenarios were developed and tested. The first three scenarios consider
three different hydrologic conditions of average, wet and dry years under the existing
system with the constructed connection canal. While the other three scenarios consider
the same hydrologic conditions but under the natural system without an artificial con-
nection canal. The modelling helps to understand the effect of human intervention
(connection canal) on the Musa Maya. The comparison between the simulated scenarios
concludes that the hydrodynamics and sedimentology of the Maya are driven by the two
main factors: a) the hydrological variability of Dinder River; and b) deposited sediment
plugs in the connection canal.
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1 Introduction

Floodplain inundation and connectivity research in surface hydrology and geomorphology has
experienced substantial evolution in the last decade (Heckmann et al. 2018). Previous studies
concerned with hydrology (e.g., Bracken and Croke 2007) and geomorphology (Bracken et al.
2015; Brierley et al. 2006; Heckmann et al. 2018), consider hydrological and sediment
connectivity as a degree to which rivers facilitates the transfer of water and sediment into its
floodplain.

It is well known that wetlands located in floodplains play a crucial role in maintaining the
ecological functioning of the river ecosystem. They are characterized by high biodiversity, and
hence, have attracted attention for preservation and restoration worldwide (Rebelo et al. 2012).
The riverine wetlands reduce flood peaks and provide habitats for endangered species
(Popescu et al. 2015). Ramsar Convention on wetlands recognizes wetlands as elements that
need to be treated as part of the river system, and not as standalone units.

Floodplain wetlands are the most productive and valuable lands in terms of storage of flood
water, groundwater recharge, retention of nutrients and unique habitat for wildlife (Li et al.
2019). Fernandes et al. (2018) emphasized that in compound channels, the velocity gradient
between the main channel and the floodplain flows leads to a flow structure more complex
than in common single channels.

The role of flow and channel morphology in determining the structure of river ecosystems
received little attention until the early 1980s (e.g., Nowell and Jumars 1984). River rehabil-
itation and restoration requires good understanding and precise modelling. This includes the
relationships between hydrological patterns, morphological processes and ecological responses
in the river and its floodplain (Arthington et al. 2010).

Floodplain wetlands are existing all around the world. Inundation of floodplains by a
combination of surface water and groundwater is not common (Bradley 1997). Previous
studies on hydrological connectivity between river and its floodplain have considered such
habitats as oxbow lakes (e.g., Glifiska-Lewczuk 2009; Gumiri and Iwakuma 2002; Zeug and
Winemiller 2008), floodplain lakes/wetlands (e.g., Fernandes et al. 2018; Lew et al. 2016;
Santisteban et al. 2019; Tan et al. 2019), seasonal wetlands (e.g., Li et al. 2019; Yu et al. 2015)
and depression wetlands (e.g., Cook and Hauer 2007; De Steven and Toner 2004).

These previous studies of hydrological connectivity focused mainly on wetlands and small
lakes that are either permanently connected to rivers or lakes or are isolated from major water
bodies, and therefore, have only subtle water-level fluctuations.

Assessment of the temporal and spatial morphological changes of floodplain and Mayas
wetlands of the Dinder River in Sudan is very complex. Therefore, it is important to
understand the hydrological processes of such ecosystem. A few studies have been conducted
on watershed management and climate variability of the Dinder basin (e.g., AbdelHameed
et al. 1997; Basheer et al. 2016). However, the available literature does not show studies on
inundation and flooding mechanism of Mayas wetlands.

The Mayas wetlands of the Dinder River represent homes of very rich flora and fauna
system of the Dinder National Park (DNP). DNP is in the eastern part of Sudan, close to its
border with Ethiopia. The Dinder River is a seasonal river. It provides about 6% of Blue Nile
annual flow. Wetland inundation dynamics exert a strong control on processes for wildlife
animals during the dry season, such as plant productivity and water availability (AbdelHameed
et al. 1997). The inundation pattern of Mayas wetlands affects the vegetation pattern and type,
and it governs the life cycle of the biota. Flood inundation allows for circulation of organisms
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and mineral substances. It also enriches waters with dissolved oxygen, which in turn will
enrich the nutrients that feed aquatic plants.

Dinder River rises in the Ethiopian highlands. The land use and land cover changes
(LULCCs) in the Ethiopian highlands (as reported by Bewket and Sterk 2005; Hassaballah
et al. 2017; Hurni et al. 2005; Teferi et al. 2013; Teferi et al. 2010; Zeleke and Hurni 2001)
have apparently contributed to the existing high rate of soil erosion and land degradation in
these areas (Bewket and Teferi 2009). According to an estimate by FAO (1986), some 50% of
the highlands of Ethiopia are already significantly eroded. Therefore, understanding the
consequences of soil erosion in the Ethiopian highlands, and integrating that into the sediment
transport processes are very important for better management of the DNP ecosystems. The
Mayas wetlands feeders play a significant role in ecosystem conservation in view of the fact
that it serves to route water and sediment across and out of the Mayas wetlands.

The hydrological processes of the Dinder and Rahad basins are not well understood; in
particular, the predictions of hydrological and morphological dynamics have not been studied
before. Therefore, in-depth hydrological and morphological studies of the basins and their
interactions with the ecosystem are very essential to inform better management of water
resources and ecosystem of the Dinder and Rahad basins. The ecologically wealthy DNP
depends mainly on the ecosystem services provided by the Mayas wetlands particularly during
the dry season. During the past two decades, the areas of some Mayas wetlands inside DNP
have radically decreased. Such Mayas wetlands can no longer store enough water to satisfy the
needs of the wildlife populations throughout the dry season. Some Mayas wetlands were
completely dry up, and the causes are not understood. The drying of Mayas wetlands could
have serious impacts on wildlife populations that depend on them for water and food in the dry
seasons. Thus, the entire ecosystem of the DNP seems vulnerable to hydrological and
morphological changes because it largely depends on the Mayas wetlands.

The management plan of the DNP identifies a number of measures for conservation of the
park, which focus on human activities such as control of poaching inside the park, control of
mechanized agriculture around the park and adaptation of biosphere reserve concept. Ad hoc
clearance of sediment from the feeders of Mayas is also practised to rescue wildlife in some
years, which may not be sustainable. Only a few measures have been implemented due to lack
of funds (Mutasim and Frazer 2004). Construction of connection canals to enhance the filling
of the Maya complicates its hydrology (Hassaballah et al. 2016). The practice of constructing
diversion canals is a common practice in many wetlands to facilitate drainage and improve the
functioning of wetlands (Tooth et al. 2014).

In addition to the human influences, the major driving force for changes in the Mayas
system is the hydrological regime of the water supply system of Mayas wetlands, particularly
seasonal floods. Gomoiu (1998) reported that the hydrological regime of a river system allows
for the exchange between aquatic and terrestrial habitats, ensuring that all components of the
system are functioning. In the long-term, decision-makers in the area need to know which
measures to implement for ecosystem rehabilitation or conservation, and how these will impact
or improve the water system. There is no information on the hydrology or morphology of the
Dinder River except of discharge measurement at the station located just before the confluence
with the Blue Nile. New field measurements within the DNP has been conducted as part of this
study from 2013 to 2016.

This article presents an attempt to apply hydrodynamic and morphological modelling to
support decision making for the conservation of Mayas wetlands within the DNP. A quasi-3D
numerical model using Delft3D software was built to simulate the behaviour of the Mayas
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system as a response to hydrological variability. Musa Maya was chosen as a pilot Maya for
applying the hydrodynamic and morphology modelling approach.

2 Regional Setting

The Dinder and Rahad are the most downstream tributaries of the Blue Nile and meet the Blue
Nile inside Sudan. There are additional eight major tributaries of the Blue Nile located further
upstream in Ethiopia. The Dinder River joins the Blue Nile at the village Al-Rabwa, approx-
imately 115 km downstream of Al-Gewisi town (Fig. 1).

The total catchment area is about 34,964 km? and its catchment in Ethiopia is about
16,000 km2. The monthly precipitation records indicate a summer rainy season, with highest
totals in the months of June—September (Block and Rajagopalan 2006).

The flow records of the Dinder between (1972-2015) show an annual average flow of
about 2.20 x 10° m3/year. Figure 2 shows the high variations in the annual flow of Dinder
during the period (1972-2015). Considering the seasonal flow behaviour of the Dinder, the
river brings a considerable discharge in only four months of the year (July—October). The flow
duration extends from July to December. For about half a year, from January to June the river
bed is left with only a few pools which may hold water until the next rainy season.

2.1 Dinder National Park (DNP)

The DNP (10,291 km?) is a vital ecological area in the arid and semi-arid Sudan-Saharan
region. It was proclaimed as a national park in 1935 following the London Convention for the
Conservation of African Flora and Fauna (Dasmann 1972). The park is located in the South-
east of Sudan near the Ethiopian border between longitude 34°30" E and 36°00" E and latitude
11°00” N and 13°00” N (Fig. 1). The water system of the park includes the Dinder and the
Rahad rivers, their tributaries and the Mayas. Mayas are wet meadows (wetlands) and oxbow
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Fig. 1 The study area of the Dinder River basin and the Dinder National Park (DNP)
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Annual flow (10° m3/Year)

Fig. 2 The annual flow of the Dinder River at Al Gewisi station

lakes naturally formed along the floodplain of the river and connected to the main river via
feeders. During the wet season, Mayas are flooded if the water level in the river is high enough
to flow into the Mayas.

The ecological water requirements from the Dinder River support the rich ecosystem of the
DNP, both the aquatic species and animals in the park. The river is also the main source of
water for the diverse ecosystems of the Mayas in the DNP. The river flood plays a key role in
hydrological and ecological integrity as a connectivity corridor between the river channel and
the Mayas floral and faunal habitat. The absence of flood leads to dryness and degradation of
the Mayas and loss of biodiversity.

It was noticed that some of the Mayas wetlands do not receive water in recent years. The
hydrology of the Mayas is very complex and not fully understood. The sediment load that
builts upon the feeder channels and on the bed of the Mayas is claimed to have an influence on
the Mayas hydrology. Or there may be just natural changes which keep the balance of the
natural river system, nobody knows.

2.1.1 Description of the Pilot Musa Maya

Musa Maya is situated about 10 km northwest of the Gelagu camp (Fig. 3). In 1970s, it was
one of the most productive Mayas and an important source of water and pasture during the dry
season. During the last three decades, the Maya has experienced consecutive years of drought
and observed to be dominated by grass tolerant to drought. There is no distinct channel which
connects the Maya to the Dinder River. However, in 2012, a connection canal was constructed
to supply water to the Maya after consecutive years of drought.

3 Data and Methods
3.1 Collected Data

A quasi-3D numerical model has been built to cover the river and the wetlands area, using
Delft3D software. This model requires a topography grid map, surface roughness grid map,
observed discharge data and cross sections of Dinder River. STRM (Shuttle Radar Topogra-
phy Mission) DEM of 90 m resolution, produced by the National Aeronautics and Space
Administration (NASA), was used. The data was expressed in geographic coordinates (lati-
tude/longitude) and was horizontally and vertically referenced to the WGS84. The model
extent covers an area of about 105 km? inside the DNP (Fig. 3). Since the vertical accuracy of
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the 90 m resolution DEM performs poorly in areas of moderate topographic variation and
forestry area, a field topographic survey was conducted using an ordinary level and GPS to
generate a DEM with higher accuracy for the model domain within the DNP.

3.1.1 Water Level Data

Due to the absence of water level measurements within the pilot area inside the DNP, a Divers
network was established in June 2013 to collect data for this study. The network consists of
two Mini-Divers that measure water level, temperature and atmospheric pressure and one
Baro-Diver for atmospheric correction. The divers were set to take measurements automati-
cally on an hourly basis. The divers were reasonably installed as follows: the first Mini-Diver
was installed just upstream of the confluence of the Dinder River with the feeder of Musa
Maya to measure the Dinder River water level, and the second Mini-Diver was installed in the
middle of the pilot Musa Maya to measure the Maya’s water level. The Baro-Diver was
installed near the other two Mini-Divers. This diver measures atmospheric pressure and is used
to compensate for the variations in atmospheric pressure measured by the other two Mini-
Divers. The locations of the water level monitoring points (WLMP) are shown in Fig. 3.

3.1.2 River Cross Sections

During June 2013 (dry period), a topographic survey was conducted to measure river cross
sections. The survey covered 23 cross sections; 18 of them in the Dinder River covering a
reach of 20.0 km inside the DNP; 3 cross sections in Khor Gelagu; and 2 in the connection
canal of Musa Maya. Each cross section was surveyed from the highest flood level on the left
bank of the river and crossing the river to a reasonable mark above the highest flood level on
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the right bank of the river. Ordinary land levelling was used for measuring the elevations and a
GPS for position fixing. The same cross sections were repeated in 2016 to examine morpho-
logical changes.

3.1.3 Sediment Data

Sediment data for the Dinder (suspended sediment concentration, no grain size analysis) are
available for the years (1992—1995). The study site (within the morphological model domain)
is completely inaccessible during the rainy season. Thus, no suspended sediment data were
collected from the study site. The average suspended sediment concentrations were derived
from the available daily data at Al-Gewisi station (1992—1995) and used for this study. Soil
samples were taken from the pilot Maya and the Dinder River banks and bed during the field
campaign in June 2016. Only suspended sediment can enter the Maya. Therefore, the grain
size distribution of the deposited sediment on the bed of the Maya is assumed to be equal to the
grain size distribution of the suspended sediment of the Dinder River.

3.2 River Channel Data Analysis

River channel sinuosity in the study reach is low (P~ 1.28). Analysis of the surveyed cross
sections indicates that the river width within the study area varies between 180 m and 800 m
with an average bank-full depth of 4 m during the survey period. Comparison of the cross
sections measured in 2013 and 2016 at the same locations (Fig. 4) shows that the changes vary
from erosion to a deposition with maximum bank erosion reaching 63 m on the right bank at
cross section 12 less than 1.0 km downstream of the constructed connection canal.

Figure 5 shows that the water level in the Musa Maya has similar pattern to that of the
Dinder River during the flood season. This indicates that the Maya received its water from the
river through the connection canal, while the contribution of direct rainfall and sheet flow from
the surrounding area is very small.

The analysis of the daily average sediment data for the period 1992 to 1995 showed that the
suspended silt concentrations ranged between a maximum of 3339 mg/L at the beginning of
the flood season (July) and a minimum of 140 mg/L in October (Fig. 6).

The analysis of the bed sample taken from the middle of the Maya (during the survey of
2013) shows fine particles with a D5y of 22 pum. Silt is the dominant type of sediment in
suspension, and it represents about 59% of the samples. Sand represents 32% and clay
represent the remaining 9% of the suspended sediment materials (Fig. 7).

The analysis of the bed materials (Fig. 8) at the upstream boundary shows a Dsy of
420 pum, decreased to 290 pum at the downstream boundary of the model domain.
Averaging results in Dsy of 355 um for the model river reach. Thus, a D5y of 355 um
was adopted for the Dinder River within the model domain. The bed sample taken from a
location just downstream of the confluence of Khor Gelagu (tributary of the Dinder) shows
coarse materials with a D5y of 2600 um. This can be attributed to the upstream contribu-
tion of coarser bed materials from Khor Gelagu tributary. We have also taken three
samples from the river bank at the upstream boundary, downstream of the junction with
Khor Gelagu and at the downstream boundary of the model domain. Analysis of the grain
size distribution (Fig. 8) of these samples shows Dso of 57, 29 and 43 pum for the upstream
boundary, the middle part of the river reach and the downstream boundary, respectively
resulting in an average Dsq of 43 pum.
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Fig. 6 The daily average suspended sediment concentration at Al-Gewisi station in Dinder River

3.3 Method

Since the objective of this study is to assess the hydrological and morphological regime of the
Dinder and Musa Maya, the hydrodynamic and morphological simulation is a plausible
approach despite data limitation to at least understand the mechanism of water flow and
sedimentation of the connection canal and Musa Maya.

In this study, we developed a quasi-3D morphological model of the Musa Maya wetland in
order to understand the flooding mechanism and the morphological changes in the area. Bathym-
etry of the model is shown in Fig. 9. The measured flow data at Al-Gewisi station were provided
by the Ministry of Irrigation and Water Resources of Sudan. The model has been set to a
combination of grids, distributed over the area of the wetland. The grid cell size varies based
on the topography and model domain with a total number of computational cells of 47,124.

Delft3D software was used to simulate both the hydrodynamics and the morphology of the
Dinder River system and the sediment processes in Musa Maya. Delft3D software is devel-
oped by Deltares (http://oss.deltares.nl/web/delft3d) to simulate hydraulic phenomena in river,
estuarine and coastal areas. A detailed description of the open-source code of the model is
reported by Lesser et al. (2004). The overland flow and channel flow module in Delft3D that
was set for the study area included a topography grid map, surface roughness grid map,
observed discharge data and the surveyed cross sections of the Dinder River.
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Fig. 7 Grain size distribution for Musa Maya (bed sample)
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3.4 Setup of the Hydrodynamic Model

We applied Delft3D to a 20 km reach of the Dinder River between Gelagu camp and up to few
kilometres downstream of the pilot Musa Maya (see Fig. 3). Topography data were available

Bathymetry [m]
m<-479.0
m<-478.0
m<-477.1
m<-476.1
m<-475.2
<-474.3
"w<-473.3
m<-472.4
m<-471.4
m<-470.5
1< -469.5
< -468.5
< -467.6
< -466.6
<-465.7
w<-464.8
w<-463.8
m<-462.9
= <-461.9
m<-461.0

Fig. 9 Bathymetry of the study area, computational grid and bed elevations in 2013, in m.a.s.1
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from 90 m resolution DEM data from the Shuttle Radar Topography Mission (SRTM). Mukul
et al. (2015) reported that SRTM data over Africa have a mean absolute height accuracy of
16 m (with 90% confidence)/RMSE ~10 m. SRTM requires processing to remove vegetation
effects in order to obtain ‘bare earth’ DEM as the X and C band radars used do not fully
penetrate vegetation canopies (Wilson et al. 2007). To achieve this, we used the ground survey
data to correct the DEM and to create a first-order ‘bare earth” DEM for this reach. Channel
topography was approximated using the measured cross sections of the Dinder River reach
upstream and downstream of the pilot Maya. These data were also used to obtain bank-full
depth in the river channel, which may drive performance in river/Mayas water exchange. We
assumed that direct runoff and rainfall inputs to the Mayas balanced losses due to evapotrans-
piration and infiltration. Thus, detailed floodplain hydrologic processes were not considered.

3.5 Boundary Conditions

Three boundaries were set, two upstream boundaries of discharge inflow into the model, and the
downstream boundary contained a discharge-stage relation. The water entered the Dinder
system through the upstream boundaries that were set as a river channel in the model. The
model was run for the wet season of year 2013 with a computational time step of 12 s starting
from the dry condition. A constant Manning roughness coefficient n was used. The n value was
changed during the calibration process to obtain the best hydrodynamic calibration. Al-Gewisi
station, approximately 130 km downstream of the DNP, is the only hydrological station on the
Dinder River. Therefore, the computed flow at a location just upstream of Gelagu camp through
rainfall-runoff modelling (Hassaballah et al. 2017) was used as an upstream boundary condition
for the model domain. The downstream boundary condition was set as a Q-H relation which
was calculated based on the cross section geometry of the Dinder River at a location approx-
imately 10 km downstream the gauge measuring station. The measured water levels (2013—
2014) at two locations just upstream of the pilot Maya and inside the Maya were used for model
calibration. The selection of the simulation time step depends on several parameters, such as the
grid size of the model, the water depth, the required accuracy and the stability of the model
during simulation. The Courant number (Cr) is defined as:

_ Ary/gh
Cr = [Ax, Ay.] m

For model stability, the C, should not exceed a value of 10. (Deltares 2010). In the hydrody-
namic model and the selected schematisation of the grid cells, the time step used is 0.2 min and
the value of Cr varies in space and time. The values of other numerical parameters adopted in
the model coincide with the default values of the Delft3D software. During the model setup
phase, inaccuracies due to the large size of the computational grid cells were compensated for
by manual adjustments of topographic levels, ensuring that the “thalweg” elevation in the
model is close to the measured one.

3.6 Calibration of the Hydrodynamic Model

Estimation of model parameter values is difficult even with highly specialized laboratory
experiments. A practical approach is to estimate such parameters from available process data
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or from the literature. Typically, only a subset of the parameters can be estimated due to
restrictions imposed by the model structure, lack of measurements, and limited data.

In this study, the various model parameters were adopted from previous literature from the
region (e.g., Omer et al. 2015). Then, manual calibration through adjusting the model
topography and the Manning roughness parameter in an iterative way until the observed water
level exhibited an acceptable level of agreement with model output.

Many simulations have been conducted using variable bed roughness until the modelled
water level closely fitted the observed water level. This was obtained with a Manning
roughness value of 0.035. Then, a systematic adjustment of the topography was made to
improve the calibration fitting. The model results were compared with the water levels
measured at the pilot Musa Maya and the Dinder River just upstream the pilot Maya.

The calibration results of the water levels are shown in Fig. 10. The RMSE and the NSE
(Nash and Sutcliffe (1970) were used to evaluate the model performance. Figure 10a,b show
best values obtained for NSE 0.61 and 0.73 associated with RMSE values of 0.39 m and
0.27 m for the Dinder River and Musa Maya, respectively. Figure 10c,d show the calibration
results after a systematic adjustment of the topography is made. The best values obtained for
NSE are 0.89 and 0.67 associated with RMSE values of 0.14 m and 0.30 m for the Dinder
River and Musa Maya, respectively. The modelled water levels matched closely for the Dinder
gauge and were under-predicted by a maximum value of 0.26 m at high water level. While, at
Musa Maya, the model is over-predicting the stage at low water levels and under-predicting
the stage at high water level by a maximum value of 0.81 m. This is likely due to an error in the
floodplain topography resulted from the combination of the DEM and the surveyed
topography.
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Fig. 10 Results of hydraulic model calibration, (a, b) Dinder River and Musa Maya before topography
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Despite the availability of digital elevation models plus extensive field surveys carried out
in 2013 through 2016 in a very harsh forested environment, the topography of the Mayas
wetlands floodplain might not be very accurate to model flood propagation. However, it is
satisfactory to demonstrate how filling and emptying of Mayas wetlands occurs. For seasonal
isolated Mayas, it is difficult to determine boundary conditions due to the complex flow
patterns and limited in situ observations. Uncertainties in the hydrodynamic model might result
in smaller defined Mayas wetlands boundaries, bathymetric variations and unconsidered
groundwater recharge/discharge.

In general, the calibration results indicate that the Delft3D performance is reasonably good
to understand the inundation mechanism of the Maya. Then, the model was used to simulate
the filling mechanism using variable river flows with wet, average and dry hydrological years
and keeping other model parameters without change. Model validation with different data set
is the second step after the calibration if another subset of data is available to perform this step.
A substantial effort has been made to collect and gather data from a very harsh and
inaccessible environment. These data for only two years were used for model calibration.
Due to time and cost limitations, we were not able to repeat some of the measurements (e.g.,
water level and cross sections) needed for model validation.

3.7 Setup of the Morphological Model

The calibrated hydrodynamic model is updated to include the morphological setup. The
morphological model is based on the hydrodynamic model, with the aim to simulate sediment
process inside the pilot Maya and morphological changes in the river reach during the two
flood seasons of 2013 and 2016. For non-cohesive sediment (sand), the Van Rijn (1984)
transport formula is used to calculate the erosion and deposition. Whilst, for cohesive sediment
fractions (silt) the fluxes between the water phase and the bed are calculated with the well-
known Partheniades-Krone formulations (Partheniades 1965). The model was calibrated on
the measured cross sections changes during these two periods derived from the field survey
data. There were no data available on soil stratification. The morphological computations were
excessively time-consuming due to a large number of computational cells. These large
numbers of cells were unavoidable due to the complexity of the processes to be simulated,
such as 2D hydrodynamics, bed change and suspended load transport, and sediment
deposition.

The daily average sediment concentration of the river available for the period (1992—
1995) is used as an upstream morphological boundary condition. Due to lack of mea-
surements and limited morphological data in the study area, estimation of model param-
eters is difficult even with highly specialized laboratory experiments. A practical
approach is to estimate such parameters from available process data or from the litera-
ture. Therefore, the various morphological model parameters were adopted from previous
literature from the region (i.e., Omer et al. 2015). The adopted parameters are presented
in Table 1.

The critical bed shear stress for deposition of suspended solids is kept at 1000 N m-2 which
means that below this value, any particle was free to deposit according to its fall velocity and
depending on the computed bed shear stress. On the other hand, the critical shear stress for
erosion is increased to 1 N m-2 which means unless the bed shear stress exceeds this value, no
bed erosion takes place; in addition, the erosion parameter rate is reduced to 2 mg m-2 s-1.
These values are defined from the calibration process trials.
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Table 1 Values of physical parameters adopted from (Omer et al. 2015)

Physical parameter Calibrated value
Spiral flow — (5) 0.5 (-)
Horizontal eddy viscosity 1.0 (m2 s
Horizontal eddy diffusivity 1.0 (m? s71)
Specific density of sediment 2650 (kg m=3)
Cqoi (reference density of hindering settling) 1600 (kg m3)
D50 355 Hm

Dry density of sand 2000 (kg m3)
Dry density of silt (deposited suspended solids) 1200 (kg m=)
Ws,0 (settling velocity of suspended solids) 0.005 (mm s71)
T.(critical shear stress for erosion of silt) 1 (N m?2)

7,4 (critical shear stress for deposition of suspended solids) 1000 (N m2)
M (erosion rate of deposited silt) 2 (mg m2s7!)
Manning roughness (1) 0.035

4 Results and Discussion
4.1 Floodplain (Mayas Wetlands): Hydrological and Morphological Connectivity

To understand the hydrological and morphological connectivity of the Maya with the river in
terms of filling/emptying, six scenarios were investigated. The first three scenarios consider
three different hydrologic conditions of average, wet and dry years under the existing system
with the constructed connection canal. The other three scenarios consider the same hydrologic
conditions, but under the natural system without the connection canal. This should help to
understand the effect of human intervention (e.g., connection canal) on the Musa Maya. In
other words, it clearly explains the validity of the quasi-3D modelling approach to support
decision making in Mayas wetland management. The average, wet and dry years were defined
based on the long-term annual average flow for the years 1900-2016. The long-term annual
average flow (1900-2016) is about 2.70 x 10% m3. This represents over 5% of the Blue Nile
basin’s annual flow. All years +15% of the average are considered as average years. Years
with an annual flow that is 16% above the average are considered as above average years, and
years with an annual flow that is 50% above the average are considered as wet years. While
years with an annual flow that is 16% below the average are considered as below average, and
years with an annual flow that is 50% below the average are considered as dry years.

4.1.1 Scenario 1: Average Hydrologic Year under the Existing System
with the Constructed Connection Canal

In this scenario, the system was simulated using the flow of the year 2013 as representative for
average hydrologic years (2.36 x 10° m3/year) in the existing system (with constructed con-
nection canal). The model results show that the constructed connection canal conveys and
maintains the water flow from the river to the Maya ‘filling phase”. This phase begins usually
at the end of July when the water level in the main river at the cross section just upstream of the
connection canal rises to a level of 469 m (bed level of the connection canal). This phase
continues until the water level reached its maximum levels during the first two weeks of
September (Fig. 11a-b). With such average flow, the Maya is partially inundated with variable
water depths according to the Maya’s topography with a maximum depth of 3.5 m. Other parts
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of the floodplain remain dry with no connection with the river water. This phase is considered
as the wet condition of the Maya. As the river water level falls, the “drainage phase” begins
through the same connection canal and it continues until the water level is low enough that
stagnant (lentic) and dynamic (lotic) waters are completely isolated “isolation phase”
(Fig. 11c-d). In this stage, the Maya and the river waters are completely disconnected. The
Maya is left with an average water depth of 1.75 m and estimated water volume of 2.10 x 106
m3. In late November and early December, the river falls to its minimum water level until it
runs down to its dry condition.

Due to the construction of the connection canal, a low rate of sediment is transported into
the Musa Maya with flood and decreases gradually (Fig. 12a-b). The sediment transport
process continues at a low rate until the Maya and the river waters are completely discon-
nected. The remaining stagnant water in the Maya remains with low suspended sediment
concentration (Fig. 12¢). Within the river cross section just downstream of the connection
canal, high bank erosion on the right and deposition at the middle of the cross section are
observed (Fig. 12d). No morphological changes are observed in the connection canal.

4.1.2 Scenario 2: Wet Hydrologic Year under the Existing System with the Constructed
Connection Canal

In this scenario, the system was simulated using the flow of the year 2012 as a representative for
the wet hydrologic years (5.59 x 10° m3/year) in the existing system. Similar to scenario 1, the
results show that the constructed connection canal conveys the water flow and maintains the input
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Fig. 11 Inundation mechanism of the Musa Maya through the constructed connection canal considering average
hydrologic year a) and b) filling phase, ¢) drainage phase and d) isolation phase
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Fig. 12 sediment concentartion (kg/m?), (a) at the beginning of the flood season (b) at the end of the flood season
and (c¢) and (d) sedimentation in the Maya and along the connection canal.

of water from the river to the Maya ‘filling phase” (Fig. 13a). The large magnitude of the river
peak flood results in a complete inundation of the Maya and flooding of the river floodplain
(Fig. 13b). The large magnitude of the river peak flood results in a complete inundation of the
Maya and flooding of the river floodplain. The Maya is inundated with variable water depths
according to the Maya’s topography with a maximum depth of 4 m. As the river water level falls,
the drainage phase begins, and it continues until the water level is low enough that stagnant and
dynamic waters are completely isolated (Fig. 13c-d). The Maya is left with an average water depth
of about 2 m and estimated water volume of 2.40 x 10° m3. In addition to Maya’s inundation, the
floodplain is also left with many small water pools. This water is normally consumed by wild
animals, evaporates or infiltrates to recharge groundwater.

The model has shown that sediment is transported into and out of the Musa Maya at a rate
of 3 kg/m? during July and decreased gradually to less than 0.3 kg/m3 in October. This
situation can be maintained for years or decades, depending on the morphological changes of
the main river channel and the connection canal as a result of changes at the upstream part of
the catchment. These changes were found to be strongly accelerated during extreme floods.
Within the river cross section just downstream of the connection canal, very high bank erosion
on the right and deposition at the middle of the cross section are observed (Fig. 14a). The result
was the formation of an island. On the left bank, the river bed was silted up. Morphological
dynamics within the connection canal itself is another important factor in the evolution of the
Maya and its aquatic components. Results show the siltation process at the connection canal
outlets. The deposition at the inlet of the connection canal and the formation of the small delta
at the tail of the connection canal at its connection with the Maya is another evidence of the
siltation process (Fig. 14b).
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Fig. 13 Inundation mechanism of the Musa Maya through the constructed connection canal considering wet
hydrologic year (a) and (b) filling phase, (¢) drainage phase and (d) isolation phase

4.1.3 Scenario 3: Dry Hydrologic Year under the Existing System with the Constructed
Connection Canal

In this scenario, the system was simulated using the flow of the year 2015 as a representative
for the dry hydrologic years (0.95 x 10° m3/year) in the existing system. Same as scenario 1
and scenario 2, the results show that the constructed connection canal conveys the water flow
from the river to the Maya. But with such small flow magnitude, the Maya is inundated to
shallow water depth with a maximum depth of about 2.3 m (Fig. 15a-b) before the drainage
and isolation phases begin. The Maya is left with an average water depth of 1.12 m and
estimated water volume of 1.344 x 10° m3 (Fig. 15¢-d).
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Fig. 14 Total cumulative erosion and sedimentation (a) at the cross section just downstream of the connection
canal, and (b) along the connection canal
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Within the river cross section just downstream of the connection canal, bank erosion on the
right bank and deposition at mid cross section were observed. Considering the small volume of
water that remains in the Maya, Fig. 16a has shown that the sediment deposition in the Maya is
very low (4 mm yr™'). No morphological changes were observed in the connection canal
(Fig. 16b).

4.1.4 Scenario 4: Average Hydrologic Year under the Natural System
without the Connection Canal

In this scenario, the system was simulated using the flow of the year 2013 as a representative
for the average hydrologic years under the natural system (without the connection canal). The
results show that during average years, water is only flowing within the river channel (Fig. 17).
Floodplain including the pilot Maya remains dry with no connection with the river water. This
result was supported by our observation during the years 2009, 2010 and 2011 and our
investigation with wildlife personnel on the inundation history of the Maya.

4.1.5 Scenario 5: Wet Hydrologic Year under the Natural System without the Connection
Canal

In this scenario, the system was simulated using the flow of the year 2012 as a representative
for the wet hydrologic years under the natural system. The results show that when the river
water overflows the bank-full level, the floodplain is inundated through the lowest area and the
flood wave rises to a water level enough to inundate the Maya “filling phase”. The Maya is
completely inundated if the level in the river at the cross section just upstream of the Maya
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Fig. 15 Inundation mechanism of the Musa Maya through the constructed connection canal considering dry
hydrologic year (a) and (b) filling phase, (¢) drainage phase and (d) isolation phase
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Fig. 16 a the sediment deposition in the Maya, and b the morphological changes in the connection canal.

rises to 471.75 m (Fig. 18a-b). As the water level falls, the drainage phase begins which
continues until reaching the isolation. The drainage and isolation are occurring at the end of
September and the floodplain remains with isolated Maya and many small water pools
(Fig. 18c-d). The Maya is left with relatively high water-depth of about 2.7 m and estimated
water volume of 3.240 x 106 m3. At this stage water in the Maya becomes stagnant and the
suspended sediment carried by the remaining water starts to deposit.

Sediment is transported into the Musa Maya through overland flow during mid-September
to late September (period of low sediment concentration) at a flow rate between 0.2 to 0.7 kg/
m3 (Fig. 19a). By the end of the isolation phase, the stagnant water in the Maya is left with
sediment concentration of less than 0.4 kg/m? (Fig. 19b). Considering the low sediment
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Fig. 18 Inundation mechanism of the Musa Maya under natural system through overland flow (a) and (b) filling
phase, (¢) drainage phase and (d) isolation phase

concentration in water entering the Maya, Fig. 19¢ shows that the sediment deposition in the
Maya is very low (less than 8 mm yr1).

4.1.6 Scenario 6: Dry Hydrologic Year under the Natural System without the Connection
Canal

In this scenario, the system was simulated using the flow of the year 2015 as a representative
for the dry hydrologic years under the natural system. Similar to scenario 5, the model results
show that during dry years the water only flows within the river channel. Floodplain including
the pilot Maya remains dry with no connection with the river water (Fig. 20). Summary of the
six scenarios is presented in Table 2.

5 Conclusions

This article presents the inundation mechanism and the morphological dynamics of the Mayas
wetlands using a quasi-3D model. The study aims to improve our understanding of the filling
mechanism of the Mayas wetlands and the effect of morphological change on filling of the
Mayas. Shuttle Radar Topography Mission data was used to generate the topography.
However, since the vertical accuracy of the 90 m resolution DEM performs poorly in areas
of moderate topographic variation and forestry area, a field topographic survey was conducted
using an ordinary level and GPS to generate a DEM with higher accuracy with vertical error of
0.008 m and horizontal error of +3 m within the model domain. Channel topography was
approximated using the measured cross sections of the Dinder river reach upstream and
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downstream of the pilot Maya. The approximation of the topography creates uncertainty to the
bed topography. This is reflected by the morphological predictions.

In conclusion, this study highlighted the value of integrating results from field
observation and modelling in understanding the flooding and sediment transport pro-
cesses in the Mayas wetlands. The development of a quasi-3D numerical model im-
proved our understanding of the hydrological functioning of the Mayas wetlands,
allowing the quantification of the effects of possible future hydrological changes on
Mayas inundation. However, considering the uncertainty in the model input data beside
unavailability of required data for model validation, the hydrodynamic and morpholog-
ical quantification in this study could be less or more than the actual values. Despite that,
the model helped to understand the expected morphological impact and trends of the
Maya development.

The methodology applied in this study can be applied to other Mayas wetlands, in
particular, the wetlands that are located along Dinder River. The findings of this study
present how Mayas wetlands are inundated and drain, and how the constructed con-
nection canal has changed the hydrology of the Musa Maya and the morphology of the
Dinder River.

Conservation of the Mayas wetlands ecosystems is crucial for sustainable develop-
ment and utilization of the rich natural resources in the Dinder National Park. This issue
requires the integration of models that include both hydrodynamic and morphological
models such as those presented in this study. As is often the case, the use of integrated
modelling, besides the lack of reliable data introduces model uncertainties. Unfortunate-
ly, such unavoidable uncertainties are difficult to quantify in integrated modelling in
general and were not quantified in this study.

Furthermore, effective management of the Dinder basin-wide requires international coop-
eration as the basin is shared between Ethiopia and Sudan. Though the present study looks at
the wetland flooding mechanism and sediment transport processes, it is important that this
analysis is further expanded to include indicators associated with the ecological status of the
Mayas wetlands ecosystem, which will be part of our next investigation.
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