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The Fogera Plain, Ethiopia, is affected by recurrent flooding of the Ribb and Gumara Rivers. A large dam on the Ribb River
is under construction for irrigation, but also to reduce flooding. We investigated the effects of the dam on the flood regime of
the floodplain wetlands using a combination of hydrodynamic and a rainfall-runoff models. The model was calibrated based
on inundation maps retrieved from Landsat images. Pre- and post-dam model comparison for 10 years shows that the dam
will reduce the flooding extent by 11%, as it only regulates 23.8% of the upstream watershed. The flood extent and duration
necessary to maintain ecologically significant water depths ( ≥ 0.5 m) show no notable changes. The developed hydrologic
and hydrodynamic models can be used to analyze other dam operation and climate change scenarios even though there are
uncertainties related to terrain resolution and analysis of hydrological data.

Keywords: Dam impact study; Blue Nile Basin; Fogera Plain; Ribb River; Gumara River; wetlands ecology

1. Introduction
Flooding is a natural phenomenon that occurs when river
channels do not have enough capacity to handle the dis-
charge generated from their watersheds (Leon et al. 2014;
Teng et al. 2017). Among the so-called natural disasters,
flooding caused more than half of the fatalities (Opperman
et al. 2009) and accounts for one-third of economic losses
(Pilon 2002). In recent decades, the frequency of floods and
associated damage have increased rapidly due to economic
activities in fertile flood-prone areas and climate changes
(Svetlana et al. 2015). According to the international dis-
aster database report cited by Hu et al. (2019), on average
85 million people were affected per year between 2007 and
2016, with an annual economic loss of 36.7 billion US dol-
lars. It is believed that flood disasters cannot be avoided;
however, the associated impacts can be reduced by aware-
ness and preparedness. Floods also provide benefits for
the ecology of floodplains, rivers, wetlands, and estuaries
(FitzHugh and Vogel 2011). This includes the replenish-
ment of soil nutrients, promoting the upriver migration of
fishes for spawning, and support of aquatic habitats.

Dams reduce flooding by attenuating peak discharge
(Petts 1980; Kondolf 1997; Petts and Gurnell 2005; Graf
2006; Mei et al. 2017). The immediate hydrological effects
are a change in frequency of high and low flows and their

∗Corresponding author. Email: chalachew1@gmail.com, c.mulatu@un-ihe.org

time of occurrence, reducing the peak and often increasing
the low flows to produce a new hydrograph (Williams and
Wolman 1984; Magilligan and Nislow 2005; Graf 2006;
Ronco et al. 2010; Grant 2012). These changes affect the
flooding extent of downstream floodplains and lower the
groundwater table, which may adversely impact habitats
of endemic floodplain species (Talukdar and Pal 2019; Li
et al. 2020).

Peak discharge attenuation promotes vegetation encroa-
chment and growth on river banks, which controls the
river width by reducing bank erosion. Discharge attenua-
tion affects downstream wetlands and agricultural activity
(Kondolf 1997) by decreasing lateral connectivity between
floodplains and river channels, which is important to
maintain wetland habitats in the floodplain (Ward et al.
2002; Talukdar and Pal 2019). The blockage of sediment
and debris to the downstream floodplain also affects soil
fertility, habitat complexity and reduces food for aquatic
species (Qicai 2011).

The replenishment of fertile, clay soils by recurrent
flooding of the Ribb and Gumara Rivers makes the vast
agricultural land of the Fogera Plain suitable for enhanced
agricultural production. However, flooding often results
in fatalities and displaced people, which adversely affects
the local economy. A dam is under construction in the
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headwaters of the Ribb River to impound 234 million m3

of water that will be used to reduce flooding and irrigate
15,000 ha of command area (BRLi and MCE 2010). The
construction of the Ribb irrigation system will affect the
direct supply of water and nutrients from the river to the
wetlands in the Fogera Plain. Hence, the floodplain may
face important changes in the near future, which on one
hand are expected to improve the local economy and safety,
but on the other hand may negatively impact the floodplain
ecosystem.

The main objective of this study is to analyze the
potential effects of Ribb Dam operation on the river dis-
charge regime and the extent and duration of flooding
in the Fogera Plain. It also assesses the potential impli-
cations of hydrological alteration on floodplain ecolog-
ical dynamics. We applied the HEC-HMS (Hydrologic
Engineering Center-Hydrologic Modeling System) hydro-
logical model (version 4.3) to determine the discharge
time-series of the major rivers entering the Fogera Plain,
as the existing discharge measurement stations are unable
to gauge the overbank flow, and for the Ribb reservoir
flood routing. The model output was used as input for
a HEC-RAS 2D (Hydrologic Engineering Center-River
Analysis System) hydrodynamic model (version 5.0.7) to
compute the pre- and post-dam Fogera Plain flooding
extent. Historical inundation maps were retrieved for 01
August 2010 from the spectral difference of the ground
objects reflectance values of Landsat satellite images using
the cloud-computing-platform of Google Earth Engine
to calibrate the hydrodynamic model. Even though the
approach in this study does not present a novel under-
standing of the effect of dams on downstream flooding
and ecological changes, it provides important new knowl-
edge to apply specifically in the Upper Blue Nile Basin.
Moreover, the approach and findings of the work can be
used as a baseline to study similar river basin planning
efforts, especially in ungauged and scarcely gauged river
basins.

This paper first describes the study area, including the
hydrological condition of the major rivers and the sta-
tus of the Fogera Plain wetlands. It then presents the
materials, methods general workflow and model integra-
tion (Section 3), including the sources and required input
data for the hydrologic, hydrodynamic, and remote sens-
ing methods. Section 4 presents the results, followed by
the discussion in Section 5. Finally, Section 6 presents the
conclusions and limitations of the study.

2. Study area and data sources
The Fogera Plain is located on the eastern periphery of
Lake Tana, the source of the Blue Nile River, Ethiopia.
The Ribb and Gumara Rivers are the two major perennial
rivers that pass through the Fogera Plain and cause flooding
due to their reduced local channel capacity (SMEC 2008b;

Dessie et al. 2014; Mulatu et al. 2018). The rivers originate
in the Guna Mountains, flow westward receiving additional
discharge from tributaries, and finally enter Lake Tana
(Figure 1). Sixty-four percent of the Ribb and Gumara
watersheds are dominated by cultivation, while 11% of the
Gumara and 10% of the Ribb watersheds are covered by
shrubs and bushlands. Ungauged watersheds surrounding
the Ribb and Gumara Rivers contribute water to the Fogera
Plain either by ephemeral tributaries or by overland flow.
The central part of the ungauged watershed has an area of
200 km2 (Figure 1), in which 76% and 10% of the area are
dominated by cultivation and farm villages, respectively.
Near the Lake Tana shore, the average monthly maximum
temperature varies from 17°C to 37°C and from 19°C to
39°C for the Gumara and Ribb watersheds based on data of
Woreta and Addis Zemen meteorological stations (1995–
2015), respectively. In December, the temperature in the
headwaters of the Gumara and Ribb watersheds falls below
0°C (Debre Tabor meteorological station). The Ribb and
Gumara watersheds receive an average yearly rainfall of
1300 and 1320 mm, respectively, with higher precipitation
in their upper mountainous areas and less near the lake
shore. The rainfall is unimodal and 80% falls in the rainy
season (June to September).

2.1. The Ribb River watershed
The Ribb River has two gauging stations: the Lower and
the Upper, which encompass a watershed area of 1501 and
844 km2, respectively (Figure 1). The watershed eleva-
tion varies from 4081 m a.s.l. near the source to 1786 m
a.s.l. near Lake Tana. Terrain analysis shows that 18.3%,
42.0% and 49.7% of the watershed area have a slope of less
than 10%, between 10% and 20% and greater than 20%,
respectively. The river slope is relatively steep (0.3%) near
the source and becomes gentle ( ∼ 0.037%) in the Fogera
Plain. In an attempt to reduce the impacts of recurrent
flooding of the lower river reach (downstream of the road
connecting the cities of Bahir Dar and Gondar), embank-
ments along the river were constructed (SMEC 2008b;
Mulatu et al. 2018). The Ribb Dam is located 3.5 km
upstream of the Upper Gauging Station with a watershed
area of 715 km2. Ribb Dam construction was started in
2010. Consequently, the time-series of river discharge after
this period may not represent the natural flow as it may
be affected by the construction process. The project is not
yet operational, as the construction of the irrigation canal
system is not complete.

2.2. The Gumara River watershed
The Gumara River has one gauging station near the
Gumara Bridge, on the road connecting Bahir Dar and
Gondar, with a watershed area of 1412 km2 (Figure 1). The
watershed is characterized by undulating topography with
an elevation that varies from 3704 m a.s.l. at the source



Journal of Applied Water Engineering and Research 3

Figure 1. Geographical setting of the Fogera Plain and the Ribb and Gumara watersheds with rivers and wetlands indicated.

to 1786 m a.s.l. near Lake Tana. 25.7% of the watershed
area has a slope less than 10%, mainly in the Fogera Plain,
while 33.2% of the area has a slope between 10% and 20%
and the remaining 41.1% is characterized by steep slopes
greater than 20%. Like the Ribb River, the Gumara River
reach below the bridge is affected by recurrent flooding
(Abate et al. 2015).

2.3. The Fogera Plain
The Fogera Plain experiences recurrent flooding, mainly in
August and the beginning of September (SMEC 2008b).
Flooding events in 2006 and 2010 were exceptional for
their long duration and a high number of fatalities and dis-
placed people, affecting farmlands, houses, health centers,
water facilities and other infrastructure (ENTRO 2010).
The 2006 flooding displaced more than 30,000 people,
killed 45 people, damaged a thousand hectares of agricul-
tural lands, and demolished infrastructure (ENTRO 2010).
The average flooding extent of the Fogera Plain was stud-
ied by SMEC (2008b) using satellite images of the years
from 2001 to 2006 and was estimated to be about 275 km2

during the month of July. Flooding of the Fogera Plain
is mainly caused by: (i) overbank flow from the Ribb
and Gumara Rivers due to insufficient channel conveyance
capacity (SMEC 2008b; Abate et al. 2015; Mulatu et al.

2018); (ii) direct rainfall and local runoff on the clay
soil of the plain in combination with low gradients and
poor drainage to the main river systems (Liu et al. 2008;
SMEC 2008b); (iii) backwater from Lake Tana due to lake
level regulation at its outlet (SMEC 2008b); and (iv) addi-
tional water flow to the plain from ungauged watersheds
surrounding the Ribb and Gumara Rivers (Figure 1).

Of the 383 km2 of the Fogera Plain (Figure 1), 288 km2

are dominated by cultivated land followed by 56.2 km2

of water bodies and wetlands, 31.1 km2 of scattered farm
villages, and the remaining 7.3 km2 is shrub, bushlands,
forest, and grasslands. Soil texture analyses show that 91%
of the plain is dominated by clay with low infiltration
rates. The dominant soil type of the two major wetlands
(the Welala and the Shesher) is gleysol, characterized by
prolonged saturation and a low rate of infiltration.

The wetlands are located in the active flooding
zone. They are the spawning and breeding places of
locally important fish species (Francis and Aynalem 2007;
Mohammed and Mengist 2019), in which Clarias gariepi-
nus and Labeobarbus are the dominant species (Anteneh
et al. 2012). These species migrate upriver during the rainy
season (July to October) to spawn in the well-oxygenated,
clear and fast flowing water, and return to Lake Tana when
the flooding recedes (October to December) (Anteneh et al.
2012; Abebe et al. 2020). The wetlands are an attractive
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Figure 2. Ribb irrigation boundary with primary, main and secondary canal layouts, and marshlands to be used as a collection chamber
for irrigation drainage water (Source: AutoCAD drawing of the feasibility and detail study of Ribb Dam Irrigation system (2010)).

area for birds feeding on fish, insects, cereals, vegetables
and fruits (Mitsch 2005; Aynalem 2017). The wetlands
provide shelter and roosting places for globally endan-
gered and endemic birds (Mundt 2011; Negash et al. 2011),
and serve as an important stopover and breeding place for
migratory birds like the Egyptian Goose, Curlew Sand-
piper, Common Crane, Black Crowned Crane, and Spur-
winged Goose (Francis and Aynalem 2007; Negash et al.
2011; Aynalem 2017).

The wetlands are a source of economic activities like
cattle watering and grazing, fishing, farming, and sand
mining (Negash et al. 2011; Wondie 2018). In the dry
season, water extraction for irrigation and conversion of
wetlands to agricultural lands are common practices that
have affected both the quantity of water and the biodiver-
sity composition (Wondie 2018; Mohammed and Mengist
2019). Studies by Wondie (2018) and Mohammed and
Mengist (2019) indicated that the wetland surface area
has been greatly reduced due to intensive agriculture, free
grazing, and population density.

The implementation of the Ribb irrigation system will
cover a gross area of 16,700 ha, of which 85.7% is in
the Fogera Plain located along the Ribb River (Figure 2).
The wetlands (including the Welala and Shesher) and the
marshlands of the floodplain are planned to serve as a

collection chamber/detention basin for the excess irrigation
water from the farmlands in the dry season.

2.4. Data sources
The data required for the study were obtained from dif-
ferent sources (Table 1). This includes the collection of
time-series discharge data of the Ribb and Gumara Rivers
and Lake Tana water levels from the Ethiopian Ministry
of Water, Irrigation, and Electricity (MoWIE), and rain-
fall data at the nearby meteorological stations from the
Ethiopian National Meteorological Agency (NMA). Liter-
ature such as SMEC (2008a), Dessie et al. (2014), Abate
et al. (2015), Mulatu et al. (2018), and Mulatu et al. (2020)
were reviewed to understand the current state of river
discharge, anthropogenic effects, and geometric character-
istics. The data needed for the Ribb reservoir flood routing
were extracted from the Ribb Dam feasibility study and
design documents of WWDSE and TAHAL (2007).

3. Material and methods
This study applied a combination of hydrologic and hydro-
dynamic numerical models. The integration of the models
and the general workflow are shown in Figure 3.
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Table 1. Collected data and their sources. TM for Landsat 5 satellite image stands for Thematic Mapper, indicating the type of earth
observing instrument mounted on the satellites.

Data type Data period Resolution Source

Digital Elevation Model
(DEM)

2014 30 m by 30 m https://earthexplorer.usgs.gov/

Ribb and Gumara River
discharges

2007–2010 Daily Ministry of Water, Irrigation, and Electricity of Ethiopia (MoWIE)

Ribb and Gumara River
cross-sections

– – MoWIE (collected during the study and design of Ribb irrigation project)

Lake Tana water level 2007–2019 Daily MoWIE (Bahir Dar station)
Rainfall at the nearby

meteorological stations
2007–2019 Daily Ethiopian National Meteorological Agency (NMA)

Landsat 5 satellite images
(L5-TM)

2010 and 2011 30 m by 30 m http://landsat.gsfc.nasa.gov/

Figure 3. Work flow and model integration.

3.1. Discharge analysis
3.1.1. Pre-dam
The Lower Gauging stations of the Ribb and the Gumara
Rivers are located within the floodplain where the peak dis-
charges that cause flooding are not confined by the banks
(SMEC 2008b; Dessie et al. 2014; Mulatu et al. 2018). For
example, Dessie et al. (2014) indicated a peak flood reduc-
tion, relative to the rated discharge, of the Ribb River at
the Lower Gauging station up to 71% between December
2011 and December 2012. Therefore, the discharge data of

the rivers derived from gauging stations’ rating curves can-
not be used for flood flow analysis in this study. Instead,
a HEC-HMS rainfall-runoff model was developed for the
Ribb and Gumara River watersheds to determine the daily
time-series discharge data. HEC-HMS is developed by the
United States Army Corps of Engineers (USACE) and can
simulate the rainfall-runoff process of dendritic watershed
systems (Scharffenberg and Fleming 2016). It is selected as
it has been successfully applied to simulate both short- and
long-term rainfall-runoff events in Ethiopia (Zelelew and
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Melesse 2018; Tassew et al. 2019). Moreover, data avail-
ability, the ability of the model to operate large tasks, and
modeling experience were considered.

Using the Thiessen Polygon (TP) method (e.g. Shaw
et al. 2010), the average rainfall over the area (RFaerial) is
computed by Equation (1).

RFaerial =
n∑

i=1

(
Ri ∗ Ai

At

)
(1)

where Ri is the rainfall at the i-th meteorological station
(mm day−1), Ai is the polygon area of the i-th meteorolog-
ical station (km2), At is the total watershed area (km2), and
n is the number of stations.

The initial (Ia) and constant (Ca) loss method and
the Clark Unit Hydrograph (UH) transformation method
were selected to compute the rainfall depth and the direct
runoff for the watersheds, respectively. These methods are
selected based on data availability and used mostly to sim-
ulate short-duration events (Jin et al. 2015; Zelelew and
Melesse 2018). The Clark UH method requires the time
of concentration (Tc, h), which is the maximum travel
time in the watershed, and the storage coefficient (Ra) that
accounts for the temporary storage of excess precipitation
(Feldman 2000). The Tc was estimated using the Kirpich
(1940) equation, written as Equation (2). The lag chan-
nel routing method, which determines the required time to
translate the inflow hydrograph to outflow without atten-
uation, is selected as it is widely used for the analysis of
drainage channels (Scharffenberg and Fleming 2016).

Tc = 0.00013 ∗ Lm
0.77 ∗ SL

−0.385 (2)

where Lm is the maximum flow length (ft) and SL is the
channel slope (-).

The HEC-HMS hydrological model was calibrated and
validated against the daily time-series discharge data of the
Lower Gauging stations for ‘dry-years’ in which the river
discharge does not breach the banks (Table 2). The avail-
ability of continuous discharge and rainfall data for the
respective hydrological and meteorological stations were
also considered.

The model performance was measured using the Nash-
Sutcliffe Efficiency (NSE) (Equation (3)) and coefficient
of determination (R2) methods (Equation (4)). Also, the
comparison between the simulated and observed volume
and peak discharge values and date of occurrences were
considered. Watershed (the Ca and Ia loss scale factors,
and the Tc and Ra transform methods) and reach (the lag
time) parameters were automatically optimized during the
calibration process by maximizing the NSE and R2 values.

NSE = 1 −
∑n

i=1 (Qm,i − Qs,i)
2

∑n
i=1

(
Qm,i − Qm

)2 (3)

R2 =
[∑n

i=1

(
Qm,i − Qm

) (
Qs,i − Qs

)]2

∑n
i=1

(
Qm,i − Qm

)2 ∑n
i=1

(
Qs,i − Qs

)2 (4)

where Qm,i and Qs,i are the measured and simulated daily
discharge values (m3 s−1), respectively, and Qm and Qs are
the measured and simulated average daily discharge values
(m3 s−1), respectively. Model performance can be consid-
ered very good, good, satisfactory, and unsatisfactory if R2

and NSE vary from 0.75 to 1, 0.65 to 0.75, 0.50 to 0.65,
and < 0.5, respectively (Moriasi et al. 2007).

The calibrated and validated watershed model for dry-
years (Table 2) was run from 2010 to 2019 to generate
daily pre-dam river discharge time-series data for the
Ribb and Gumara Rivers at their Lower Gauging stations
including peak discharge values. Sub-watersheds, which
are an important input parameter for the HEC-HMS model
(Figure 4) were generated from the DEM of the watershed
using HEC-GeoHMS.

The sensitivity of the peak discharge and discharge vol-
ume values to the watershed and reach parameters was
determined by varying the parameters between − 30%
and + 30% with respect to the calibrated values. Sensi-
tivity analysis informs how the model output is affected
by changing the model simulation parameters (Rauf and
Ghumman 2018). Moreover, watershed and reach param-
eter uncertainty analysis was done using a Monte Carlo
analysis of HEC-HMS 4.3 manager for 1000 trials. As
described by Oubennaceur et al. (2018) and Shamsudin
et al. (2011), this is used to provide an insight into how
well the model is calibrated and to identify the possible
range of model parameters.

3.1.2. Post-dam
The Ribb Reservoir will impound 234 million m3 of water
and inundate an area of 10 km2 at the Normal Pool Level
(NPL) elevation of 1940 m a.s.l. (WWDSE and TAHAL
2007). Sufficient runoff is produced in the rainy season
to fill the reservoir fairly quickly; the excess water will
pass through the spillway. However, due to the large sur-
face area of the reservoir, the incoming instantaneous peak
discharge will be attenuated during outflow.

The HEC-HMS model was developed to determine
the time-series outflow discharge using the Modified Puls
flood routing method that assumes the reservoir water sur-
face is horizontal. The basic relation for the reservoir flood
routing is the continuity of flow, which states that during
any time interval the inflow volume is equal to the outflow
volume plus/minus change in storage (Fenton 1992; Yang
and Cai 2011), given by Equation (5).

Iavg − Oavg = �S
�t

(5)

where Iavg and Oavg are the average daily inflow and
outflow discharges (m3 s−1), respectively, over a daily
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Table 2. HEC-HMS model calibration and validation periods for the Ribb
and Gumara watersheds.

Model calibration Model validationName of
Watershed From To From To

Ribb 1-Jun-2007 30-Sep-2007 1-Jun-2008 30-Sep-2008
Gumara 1-Jun-2008 30-Sep-2008 1-Jun-2009 30-Sep-2009

Figure 4. Watersheds for Ribb and Gumara Rivers and reaches (Rs) with river networks with nearby meteorological stations. The
abbreviations SB and J stand for sub-watersheds and the junctions of the reaches, respectively.

time step �t ( = 86400 s), and �S= (St+1 − S1) is the
daily change in storage (m3). HEC-HMS approximates
Equation (5) as Equation (6).

(
2St+1

�t
+ Ot+1

)
= (It + It+1) +

(
2St

�t
− Ot

)
(6)

where the subscripts t and t + 1 refer to variable values
at the beginning and end of a time step, respectively. To
solve for Ot+1, we selected the reservoir Elevation-Area-
Discharge and the ogee-shaped spillway equations to relate
storage to outflow discharge at time t + 1.

The time-series discharge data of the Ribb River at the
dam site, which is one of the inputs for reservoir flood
routing, is not available for the study period. Hence, the
drainage area proportion method was used to calculate
the time-series discharge data at the dam site from the
simulated pre-dam values of the Lower Gauging station

from 2010 to 2019 (Section 3.1.1), assuming the water-
shed receives uniform rainfall and generates uniform unit
discharge. Other modeling inputs, such as irrigation water
requirement, average environmental outflow, elevation-
storage characteristics of the reservoir, spillway crest ele-
vation, crest length, and approach depth were obtained
from the Ribb Dam feasibility study and design documents
of WWDSE and TAHAL (2007). The post-dam discharge
at the flood starting point of the Ribb River (2010–2019)
was obtained by combining the dam outflow discharge and
the discharge from the watershed downstream of the dam.

3.2. Google Earth Engine application for the pre-dam
Fogera Plain flooding

Applications of remote sensing techniques to determine
open water surface area have increased over the last decade
(Teng et al. 2017), even though the precise estimation
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remains a challenge due to topography, atmosphere, land
cover, and sensor limitation (Donchyts et al. 2016). Most
of the radiation beyond and inside the near-infrared wave-
lengths is absorbed by water, enabling the detection of
surface water using reflectance spectral index (Donchyts
et al. 2016). We used the Modified Normalized Difference
Water Index (MNDWI ) (Equation (7)), which removes the
reflectance values of built-up features (Xu 2006; Ji et al.
2009), to determine the open water surface area for the
Fogera Plain. The method is applied largely for data-poor
regions (Komi et al. 2017; Teng et al. 2017).

MNDWI = Green − SWIR1
Green + SWIR1

(7)

where Green and SWIR1 represent the surface reflectance
values for the green and the shortwave infrared wave-
lengths, respectively. The MNDWI value was calculated
using surface reflectance values obtained from Land-
sat imagery collections within the Google Earth Engine
(GEE), and it ranges between − 1 and 1.

The determination of open water surface extent by
GEE is mainly dependent on the selection of threshold
reflectance values (Ji et al. 2009; Donchyts et al. 2016;
Tang et al. 2016), which vary with image acquisition time
and location (Ji et al. 2009; Feyisa et al. 2014). The
Otsu (1979) method was used to determine the thresh-
old reflectance value from the MNDWI histogram for the
selected time interval of the study area. For MNDWI val-
ues that range from X to Z, the Otsu method divides
these values into a water class (X, . . . , T) and a non-water
class (T, . . . , Z), where − 1 ≤ X ≤ T ≤ Z ≤ 1 and T is the
threshold value (Li et al. 2013). The method employs sta-
tistical analysis to determine the probability of the pixel
being in the water (pw) and the non-water (pnw) classes.
The optimal threshold value is obtained by the in-between
class variance of pw and pnw classes (Li et al. 2013), which
is given by Equation (8).

T = arg max
X ≤T≤Z

{pw(Mw − M )2 + pnw(Mnw − M )2} (8)

where M is the mean of MNDWI, and Mw and Mnw are the
mean MNDWI values for the water and non-water classes,
respectively.

The methodology was applied to a cloud-free Landsat
5 satellite image for 01 August 2010, as (1) it represents
well the flooding period of the study area and (2) the
effect of dam construction on the nature of river flow and
Fogera Plain flooding is assumed minimum as it was dur-
ing the starting phase of dam construction. The obtained
inundation extent was used as a base-map to calibrate
the HEC-RAS 2D hydrodynamic model. Furthermore, the
spatial and temporal variation of inundation over the flood-
plain was studied for the year 2011, in which cloud-free
satellite images were available for 26 June, 19 July, 20
August, 21 September, and 23 October.

3.3. HEC-RAS 2D modeling for the pre- and post-dam
Fogera Plain flooding

For this study, the freely available HEC-RAS 2D (ver-
sion 5.0.7), developed by the USACE, is selected based
on data availability, nature of the problem and study objec-
tives. The model was applied successfully for flood studies
(Knebl et al. 2005; Mohammadi et al. 2014; Quirogaa
et al. 2016) and the 1D version shows good predictive
power if calibrated against inundated area or discharge
(Horritt and Bates 2002). Quirogaa et al. (2016) also sat-
isfactorily calibrated the 2D version of the model for the
historical inundation area. The model can simulate steady
and unsteady flow for supercritical, subcritical, or mixed
flow conditions using the 2D Saint Venant or the 2D diffu-
sion wave equations (Brunner 2016). The 2D Saint Venant
equations combine the continuity (Equation (9)) and the
momentum balance equations in the x (Equation (10)) and
y (Equation (11)) directions.

∂H
∂t

+ ∂(hu)

∂x
+ ∂(hv)

∂y
+ q = 0 (9)

∂u
∂t

+ u
∂u
∂x

+ v
∂u
∂y

= −g
∂H
∂x

+ vt

(
∂2u
∂x2 + ∂2u

∂y2

)

− cf u + f v (10)

∂v

∂t
+ u

∂v

∂x
+ v

∂v

∂y
= −g

∂H
∂y

+ vt

(
∂2v

∂x2 + ∂2v

∂y2

)

− cf v − fu (11)

where u and v are the depth-averaged velocities in x and y
directions (m s−1), respectively, q is the source/sink flux
term (m s−1), H is the water surface elevation (m), h is
the flow depth (m), g is the acceleration due to grav-
ity (m s−2), vt is the horizontal eddy viscosity coefficient
(m2 s−1), cf is the bottom friction coefficient (s−1), given
as ((η2g|V|)/R4/3), f is the Coriolis parameter (s−1), |V| is
velocity magnitude (m s−1), R is the hydraulic radius (m),
and η is the Manning’s roughness coefficient (s m−1/3).

The diffusive wave equations are obtained when assum-
ing the inertial terms are negligible compared to the friction
and pressure terms in Equations (10) and (11). The above
set of equations is then reduced to Equation (12).

∂H
∂t

+ ∇.β∇H + q = 0 (12)

where β = (−(R(H))2/3/η) and ∇ is the differential oper-
ator (∂/∂x, ∂/∂y).

The stability of the diffusive wave model can be
achieved by selecting a time step that satisfies the Courant
condition (Equation (13)).

Cr = Vw
�t
�x

≤ 2.0 (13)

where Cr is the Courant Number with a maximum value
for model stability of 2 (-), Vw is the flood wave velocity
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(m s−1), �t is the computational time step (s), and �x is
the average cell size (m). The model allows using varying
time steps for the range of Courant Number conditions to
give more stability and faster computation time (Brunner
2016).

3.3.1. Model setup
A high-resolution DEM showing the river channel details,
one of the main input parameters for the model, was lack-
ing. A separate DEM for the river channels was developed
using the reach-averaged river cross-sections and this was
combined with the existing DEM using HEC-RAS map-
per to produce an improved DEM that includes the river
channels. A similar procedure was followed for the major
roads. However, a separate DEM was not developed for
secondary channels, which will affect the spatial simulation
of water entering the floodplain.

Flood inundation analysis using the hydrodynamic
model has a certain degree of uncertainty related to the
quality of the time-series discharge data, DEM resolu-
tion, and model simulation techniques (Oubennaceur et al.
2018; Pinos and Timbe 2019). Sayama et al. (2012) and
Komi et al. (2017) indicated that uncertainty analysis that
combines hydrologic and hydrodynamic modeling is com-
putationally expensive as it requires the analysis of many
uncertain variables. Moreover, our study mainly focuses on
the comparison of the pre- and post-dam inundation param-
eters, for which both models may have similar uncertainty
as they are developed for similar boundary conditions and
simulation parameters. Hence, this study is limited to the
sensitivity analysis of model parameters such as grid spac-
ing, computational time step, and equations to understand
the behavioral change of the model output for different
values of model parameters.

HEC-RAS allows using large grid spacing as the model
extracts detailed elevation values of the cell face like a
cross-section from the underlying DEM (Brunner 2016)
(see Figure 10(A)). However, model sensitivity was exam-
ined for grid spacings of 60, 90, and 120 m. The working
domain of the floodplain was defined using the HEC-RAS
mapper as a closed polygon to develop the 2D model grids
for the specified spacing. Breaklines along the major rivers
were included to adjust the cell face, align the mesh, and
to have a smooth mesh transition from the rivers to the
floodplain. Moreover, the model was simulated for the 2D
diffusion wave and 2D Saint Venant equations for com-
parison of results even though Brunner et al. (2015) and
Quirogaa et al. (2016) indicated that the 2D diffusive wave
equations are computationally more efficient than the full
2D Saint Venant equations with similar results and greater
stability. The model was also simulated for 30 min, 1, and
2 h computational time steps to determine its stability and
sensitivity related to inundation extent. The final model
simulation parameters were selected based on stability and
the required time for model simulation.

Table 3. Manning’s roughness coefficient for different land
uses.

Land use

Area based
on land use

(km2)

Average
Manning’s

η (-) Source

Cultivated
land

297.28 0.04 Chow (1959)

Farm village 24.54 0.1 Rendon et al.
(2012)

Forest land 3.64 0.15 Chow (1959)
Grassland 1.01 0.03 Chow (1959)
Shrub and

bushland
1.11 0.1 Chow (1959)

Water body 18.33 0.042 Rendon et al.
(2012)

Wetland 37.09 0.15 Rendon et al.
(2012)

The HEC-RAS 2D model with selected modeling
parameters was simulated for the 2010 pre-dam time-series
discharge of Ribb and Gumara Rivers, generated by the
HEC-HMS model, and using the Lake Tana water level
as the upstream and downstream boundary conditions,
respectively. The model was calibrated against the flood
inundation surface area determined from 01 August 2010
Landsat imagery reflectance values. Manning’s roughness
coefficient (η) (Table 3) was selected as the calibration
parameter and the hydrodynamic model was simulated by
changing the average roughness values until the best model
prediction was obtained. The performance of the hydrody-
namic model to capture the retrieved flood inundation area
was analyzed using the measure of fit (Bates and De Roo
2000) given by Equation (14).

F = AHEC ∩ AGEE

AHEC ∪ AGEE
∗ 100 (14)

where AHEC and AGEE are the wet areas predicted by HEC-
RAS and GEE, respectively, ∩ and ∪ are the mathematical
operators for intersection and union, respectively, and com-
puted using the ArcGIS software. The value of F ranges
from 0% to 100% representing no and perfect matches,
respectively.

The HEC-RAS model does not explicitly simulate infil-
tration and evaporation of flooded areas (Brunner 2016).
This affects the simulated flooding characteristics of the
wetlands and the dam impact on their ecological condi-
tions as flood water cannot recede from such depressions.
For this, the rate of seepage and evaporation across the
Shesher and Welala wetlands was determined based on
literature and generated as a source/sink discharge time-
series. The rate of evaporation was equated to the monthly
average water surface evaporation of Lake Tana from
SMEC (2008a), while the rate of infiltration was taken
as 0.5 mm h−1 based on soil characteristics described by
Berhanu et al. (2013). The computed time-series data were
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used as an internal boundary condition for model sim-
ulation. Note, the discharge contribution of the central
ungauged watershed to the Fogera Plain (Figure 1) was not
included for the hydrodynamic model simulation as it does
not have a defined channel outlet.

3.3.2. Model application
The calibrated hydrodynamic model was simulated from
2010 to 2019 for the pre- and post-dam scenarios to deter-
mine the inundation extent, water depth and flood duration
at the floodplain and the wetlands. For each year, the model
simulation period ranged from 01 April to 30 November
to study the inundation dynamics. The pre- and post-dam
flooding characteristics of the Fogera Plain were deter-
mined using ArcGIS 10.5.1 on 01 August of each year
for comparison and to determine the effectiveness of the
dam to reduce the flooding parameters. The hydrodynamic
model was also used to simulate only for the Ribb and
the Gumara River discharge time-series to understand the
connectivity of the wetlands to these rivers.

3.4. Effect of the Ribb Dam on the Fogera Plain
wetlands

The pre-dam ecological condition of the Fogera Plain,
especially the status of the wetlands, was identified based
on the literature review of Negash et al. (2011), Wondie
(2018), Mohammed and Mengist (2019), and others. These
include the assessment of economic and ecological bene-
fits of the wetlands, the lateral connectivity of the wetlands
with the major rivers and Lake Tana, the dominant fish
types, and the type and characteristics of the birds as
described in Section 2.3. The pre- and post-dam hydro-
dynamic model simulation results on 01 August of each
year were compared for the spatial and temporal flood-
ing extent, water depth, and duration on the floodplain and
the wetlands using ArcGIS. The fish migration path (i.e.
the lateral connectivity of the wetlands to the major rivers
and Lake Tana) was assessed for the threshold water depth
equal to or greater than ( ≥ ) 0.5 m as suggested by Limbu
(2020) and Abdel-Hay et al. (2020) for pond farming of
Clarias gariepinus fish. Specifically, the pre- and post-dam
flood duration for the water depth of ≥ 0.5 m was devel-
oped for the Shesher and Welala wetlands to examine its
effect on the spawning and reproduction of the common
fish species in Fogera Plain wetlands. Generally, the anal-
ysis was used to characterize the ecological effects of the
Ribb Dam construction on the aquatic life of the Fogera
Plain wetlands.

4. Results
4.1. Hydrological modeling
4.1.1. Model calibration and sensitivity analysis
Table 4 lists the physical characteristics of the reaches
(Rs) and sub-watersheds (SB) of the Ribb and Gumara

Table 4. Sub-watershed and reach characteristics at
the Lower Gauging stations for the Ribb and Gumara
watersheds.

Watershed

Sub-
watershed/

Reach
name

Sub-
watershed
area (km2)

Reach
length
(km)

Time of
concentra-
tion (h)

Ribb SB-01 427.42 6.7
SB-02 404.39 5.73
SB-03 218.9 4.01
SB-04 449.87 4.95
Rs-01 – 20.25 –
Rs-02 – 28.56 –

Gumara SB-01 547.82 – 7.73
SB-02 381.56 – 5.6
SB-03 422.07 – 7.85
Rs-01 – 29.62 –

watersheds, which were produced using HEC-GeoHMS
(Figure 4). The data were used as input for HEC-HMS
modeling.

The TP analysis shows that the Ribb watershed sur-
face runoff is mainly dominated by the rainfall mea-
sured at Addis Zemen (Ai = 555 km2) and Debre Tabor
(Ai = 945 km2) meteorological stations, while the Gumara
watershed runoff is dominated by the rainfall mea-
sured at the Debre Tabor (Ai = 752 km2) and Wanzaye
(Ai = 599 km2) meteorological stations.

HEC-HMS model calibration at the Lower Gauging
stations shows a good agreement with NSE values of 0.7
and 0.9 and R2 values of 0.71 and 0.82 for the Ribb and
Gumara watersheds, respectively. The model captured well
the observed peak discharge values, their time of occur-
rence, the discharge volumes (Table 5), and the general
temporal trend of the hydrographs for the Ribb and Gumara
Rivers (Figure 5). Similarly, model validation shows a
good agreement between discharge volumes and peak val-
ues (Table 6). Figure 6 shows the simulated and observed
hydrographs for the model validation period.

The model simulation shows that the most sensitive
parameter affecting the peak and the volume of dis-
charge values for the Ribb watershed is Ca, constant
loss, followed by Ra, the storage coefficient. Changing
the calibrated Ca value (Table 7) by − 30% and + 30%
will decrease and increase the peak discharge by 29.5%
and 22.4%, respectively. The average lower and upper
bound, and the standard deviation values for the most
uncertain parameter for the Ribb sub-watershed (Ca) is
0.0013, 1 and 0.2856 mm h−1, respectively, as determined
using Monte Carlo analysis of HEC-HMS manager for
1000 trials. However, for the Gumara watershed Ra is
the most sensitive parameter followed by Ca. It was
observed that changing Ra from the calibrated value by
− 30% and + 30% will decrease and increase the peak
discharge by 9% and 6.7%, respectively. The average
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Figure 5. Plots of average rainfall and hydrographs of observed and simulated daily river discharge (Qw) for the model calibration
period: (A) Ribb and (B) Gumara watersheds.

Figure 6. Plots of average rainfall and hydrographs of observed and simulated daily river discharge (Qw) for the model validation
period: (A) Ribb and (B) Gumara watersheds.

lower and upper bound, and the standard deviation val-
ues for the most uncertain parameter for the Gumara
sub-watershed (Ra) are 116.94, 283.23 and 48.19 h,
respectively.

4.1.2. Model application for the pre- and post- dam
discharge

The hydrological models of the Ribb and the Gumara
watersheds with the calibrated and validated watershed and

reach parameters were used to generate the time-series dis-
charge values at the Lower Gauging stations between 2010
and 2019. Model simulation resulted in larger peak dis-
charge values and runoff volumes than those measured. As
a result, at the location of the gauging station only part
of the total flood flow is measured. For example, Figure 7
shows the comparison between the measured and the sim-
ulated discharge values of the 2010 pre-dam scenario. It is
found that the model simulation resulted in larger peak dis-
charge values of 214.0 and 393.9 m3 s−1 for the Ribb and

Table 5. Results of HEC-HMS model calibration for the Ribb (01 June to 30 Sep. 2007) and Gumara (01
June to 30 Sep. 2008) watersheds.

Watershed Parameters Observed Simulated Difference % Diff NSE R2

Ribb Volume (million m3) 369.1 364.3 − 4.8 − 1.3
Peak Flow (m3 s−1) 95.7 102.6 6.9 7.2
Hydrograph 0.7 0.71
Time of Peak 24-Aug-07 29-Aug-07

Gumara Volume (million m3) 1047.5 971.9 − 75.6 − 7.2
Peak Flow (m3 s−1) 288.2 272 − 16.2 − 5.6
Hydrograph 0.9 0.82
Time of Peak 5-Aug-08 6-Aug-08
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Table 6. Results of HEC-HMS model validation for the Ribb (01 June to 30 Sep. 2008) and Gumara (01
June to 30 Sep. 2009) watersheds.

Watershed Parameters Observed Simulated Difference % Diff NSE R2

Ribb Volume (million m3) 363.1 412.3 49.3 13.6
Peak Flow (m3 s−1) 118.3 112.7 − 5.6 − 4.7
Hydrograph 0.6 0.69
Time of Peak 23-Aug-08 8-Sep-08

Gumara Volume (million m3) 795.2 995.7 200.6 25.2
Peak Flow (m3 s−1) 266.9 328.1 61.2 22.9
Hydrograph 0.8 0.92
Time of Peak 5-Aug-09 6-Aug-09

Table 7. Calibrated watershed and reach parameters for the Ribb and Gumara watersheds.

Calibrated parameter for the:

Watershed and
Reach parameters Unit

Watershed/
Reach name

Ribb
watershed

Gumara
watershed

Initial Loss (Ia) mm ALL 13.359 71.83
Constant Rate (Ca) mm h−1 ALL 0.457735 0.00500435
Time of Concentration (Tc) h SB-01 11.925 4.4201

SB-02 25.141 12.709
SB-03 5.6773 150.72
SB-04 10.516

Storage Coefficient (Ra) h SB-01 402.9 164.02
SB-02 985.02 150.72
SB-03 164.9 233.54
SB-04 175.71

Gumara Rivers, whereas the measured values were 127.7
and 279.1 m3 s−1, respectively. The difference between the
measured and the simulated discharge values represents
the ungauged volume of the flood that flows to the Fogera
Plain from the Ribb and Gumara Rivers upstream of the
gauging stations. Figure 7 shows that the rising limb of the
discharge hydrograph for the Ribb and the Gumara Rivers
started in June and reached a maximum around the end of
August or the start of September.

The HEC-HMS model was also used to simulate the
post-dam discharge of the Ribb River at the Lower Gaug-
ing station entering the Fogera Plain for use in HEC-RAS
2D. The Ribb Dam reduced the river discharge magnitude
on average by 20% and delayed the outflow by one day.
For example, the 24 August 2010 peak inflow discharge
value of 130.9 m3 s−1 was reduced by 21% to 103.9 m3 s−1

and occurred on 25 August 2010.
The post-dam discharge of the Ribb River at the Lower

Gauging station, which was obtained by combining the
spillover discharge with the discharge generated down-
stream of the dam, is shown in Figure 8. It shows first a
reduction as there is no discharge contribution from the
upstream watershed of the dam (i.e. dam filling stage) and
then rises sharply and approximates the pre-dam discharge
as the water level in the reservoir reaches the spillway
crest and spillover starts. Both rivers attain their maximum

discharge between the end of August and the start of
September.

4.2. Observed pre-dam Fogera Plain flooding
The pre-dam inundation area was determined based on
Landsat image reflectance values of the ground objects
using GEE and found to be 195 km2 (Figure 9(A)) on 01
August 2010, which covered about 51% of the Fogera
Plain. As stated in Section 3.2, the flood map was used as
a reference for the calibration of the hydrodynamic model.

The extracted spatial and temporal variations of the
open water surface areas for the 2011 rainy season are
shown in Figure 9(B–G) to understand the variation
throughout the year. At the end of the dry period (June),
the Welala wetland is not easily visible (Figure 9(B)). An
inundation area of 137 km2 is observed in the 3rd week
of July (Figure 9(C)), which is more concentrated at the
upper, roadside part of the floodplain and along the edge
of the rivers. The inundation area has increased to 183 km2

in August (Figure 9(D)) and includes the lower edge of
the plain adjacent to Lake Tana. The flooded area is then
reduced to 136 km2 one month later (Figure 9(E)). Inun-
dation areas of 59 and 44 km2 are observed in September
(Figure 9(F)) and October (Figure 9(G)), respectively, and
the flooding is mostly limited to depressions, wetlands, and
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Figure 7. Comparison between simulated and observed daily discharge (Qw) at the Lower Gauging stations for the Ribb (A) and Gumara
(B) watersheds. Differences observed and simulated values in peak flows reflect the ungauged portion of the flood flow spilling onto the
floodplain upstream of the gauging stations.

Figure 8. Computed pre- and post-dam discharges for the Ribb and Gumara Rivers at the Lower Gauging stations near the bridges in
(A) 2010 and (B) 2011.

along the Lake Tana shoreline. The spatial and temporal
flooding variation for the 2011 rainy season is presented
here to understand the variation throughout the year.

4.3. HEC-RAS 2D modeling of the pre- and post-dam
flooding

4.3.1. Model calibration and sensitivity analysis
The pre-dam hydrodynamic model calibration began by
simulating for the average Manning’s η based on land use
(Table 3). It resulted in an inundation area of 162 km2 on 01
August 2010 simulated for 90 m grid spacing and 1 h com-
putational time step. Model simulations using + 50% and
+ 100% Manning’s η resulted in inundation areas of 183
and 188 km2 on 01 August 2010, respectively. This shows
that the model is sensitive to the roughness coefficient with
an increased area of inundation for increased roughness.
The model performance was assessed using the measure of
fit (Equation (14)) and a 46%, 51%, and 52% agreement
was obtained between the observed and modeled inunda-
tion area for the average, + 50% and + 100% Manning’s
η modeling scenarios, respectively (Table 8). Manning’s
η was not increased beyond + 100% as the performance

of the model does not show much improvement and, the
roughness values will be out of the recommended limits,
and it is not reduced from the average value as the model
performance becomes poorer. The model simulation for the
full 2D Saint Venant equations resulted in a similar flood
extent as the diffusion-wave shallow water equations indi-
cating that the flooding extent is controlled by the pressure
and bottom friction forces. The model results were found
less sensitive to the computational time step, while they
are sensitive to grid spacing. Hence, further hydrodynamic
model simulations were performed for a 100% increased
Manning’s η, 2D diffusion-wave equation, 90 m grid spac-
ing and, 1 h computational time step as it shows a better
modeling agreement (52%) and it is more stable with less
model simulation time. The final model comprises 49,063
cells with an average face length and cell size of 89 m and
7973 m2, respectively (Figure 10(A)).

4.3.2. Model simulation for the pre- and post-dam
flooding

Simulation of a calibrated hydrodynamic model for the
2010 post-dam time-series discharge data yields an inunda-
tion area of 165 km2. On average, the Ribb Dam operation
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Figure 9. Pre-dam flooding of the Fogera Plain determined using GEE for 01 August 2010 (A). The temporal variation of pre-dam flood
inundation for the 2011 rainy season: (B) 26 June, (C) 19 July, (D) 20 August, (E) 21 September, (F) 30 September, and (G) 23 October.

Table 8. Comparison of August 1, 2010 flood inundation
extent extracted from Landsat imagery and that simulated by
HEC-RAS 2D. Note, the inundation area retrieved from Landsat
imagery (AGEE) is 195 km2.

HEC-RAS 2D
model scenarios
for Manning’s
roughness
coefficient (η)

Simulated
area of

inundation
(AHEC)
(km2)

AGEE ∩
AHEC
(km2)

AGEE U
AHEC
(km2)

Measure
of Fit,
F (%)

Average η 162 107 233 46%
1.5∗Average η 183 125 243 51%
2.0∗ Average η 188 128 245 52%

resulted in an 11% reduction in flooding extent on 01
August compared to the pre-dam scenario (model compar-
ison from 2010 to 2019). Similarly, the average post-dam

inundation area for the water depth ≥ 0.5 m was reduced
by 19.7%, the pre- and post-dam being 79 and 61.4 km2,
respectively. In both modeling scenarios, the maximum
water depth occurred mainly in the rivers, gullies, wet-
lands, and depression areas and it was concentrated near
the lake shore. Figure 10(C) shows the simulated post-
dam inundation extent for 01 August 2010, which was
reduced by 12.2% compared to the pre-dam scenario
(Figure 10(B)), while Figure 10(D) shows the overlay
of the pre- and post-dam flooding extents. The post-dam
model simulation shows ecologically insignificant velocity
change from the pre-dam situation (mainly for fish migra-
tion), in both cases, it remains less than 0.6 m s−1 and
the maximum flow velocity is observed along the rivers
and tributaries. For example, on 01 August 2010, the pre-
and post-dam flow velocity of the Ribb River near the
Lower Gauging station changes from 0.63 to 0.52 m s−1,
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Figure 10. (A) Domain of the HEC-RAS 2D model (mesh extension) with detail of the grid near the Ribb Bridge and profile of the river
cross-section at the same location; (B) pre- and (C) post-dam flooding extent of the Fogera Plain determined using HEC-RAS 2D for 01
August 2010; and (D) Overlay of pre- and post-dam flooding extents.

respectively, while the flow velocity of the Gumara River
does not show any changes, as it is not affected by reg-
ulation. Moreover, the model results represent well the
temporal flood variability, which is important to deter-
mine maximum flow parameters such as flow velocity and
depth.

The pre- and post-dam hydrodynamic model simulation
using only the Ribb River discharge data shows that the
floodwaters of the river feed both wetlands (Figure 11(A)),
though flooding of the Shesher wetland was reduced in
the post-dam scenario (Figure 11(B)). The Gumara River
floodwaters also supply both wetlands (Figure 11(C)). The
post-dam flooding overlay shows that the central part of the
Fogera Plain was supplied by both rivers (Figure 11(D)).
Dam operation reduces the pre-dam flooding contribution
of the Ribb River from 114.2 to 81.8 km2, while the flood-
ing extent contribution by the Gumara River alone was
119.3 km2 on 01 August 2010.

The effect on the floodplain of the Ribb River dis-
charge reduction was assessed by comparing the pre- and
post-dam discharge hydrographs near the Lower Gauging
station with the inflow hydrograph (pre- and post-dam)
at the start of the floodplain (Figure 12). It shows that
the peak discharge near the Lower Gauging station for
the pre- and post-dam condition is similar and did not

exceed 110 m3/s, which is the estimated bankfull discharge
at the location as determined by Mulatu et al. (2018). That
means the discharge above the bankfull starts to spill to the
floodplain before reaching the Lower Gauging station. The
pre- and post-dam discharge hydrograph near the Lower
Gauging station was obtained from HEC-RAS model
simulation.

4.4. Effect of river regulation on wetland dynamics
The pre- and post-dam flood inundation extent for a water
depth of ≥ 0.5 m (Figure 13), developed for 01 August
2010, was used to study the lateral connectivity of the
wetlands to the Ribb and Gumara Rivers and Lake Tana.
This helps to determine the possible pathways of fish to
the wetlands. It is observed that the post-dam flooded area
with water depths ≥ 0.5 m was reduced by 26.8%, the
pre- and post-dam flooded areas being 109 and 80 km2,
respectively. The inundation maps were not able to resolve
defined channel/pathway connecting the wetlands to the
rivers and Lake Tana. Rather, it shows only flows through
the floodplain during flooding as indicated in Figure 13(A,
B) for the pre- and post-dam modeling scenarios, respec-
tively. The Shesher wetland has a connection with the
Gumara River and Lake Tana for the pre- and post-dam
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Figure 11. (A) Pre- and (B) post-dam flood inundation by the Ribb River. (C) Flooding by the Gumara River. (D) Area flooded by both
rivers on 01 August 2010 for the post-dam scenario.

scenarios. However, the Welala wetland may lose its lateral
connectivity to the Ribb River for the post-dam scenario as
it receives water only from Lake Tana.

The pre- and post-dam hydrodynamic model analyses
for a water depth of ≥ 0.5 m showed that the flood dura-
tion for the Shesher and Welala wetlands extends up to
four months as shown in Figure 14. The pre- and post-
dam flooding extent covers 1.7% and 0.4% of the Shesher
wetland for a flood duration of ≥ three months, respec-
tively. 17.4% of the pre-dam and 24.4% of the post-dam
flooded Shesher wetland area has a flooding duration of
≥ 60 days. Dam operation does not affect the Shesher
flooding extent ( ∼ 46% of its area) for a flood duration up
to 30 days. Hence, the Shesher wetland area that is flooded
for more than 30 days is approximately 54% for both pre-
and post-dam scenarios. The pre- and post-dam flooding
extent of the Welala wetland for a duration of ≥ 90 days
covers 3.6% and 5% of the wetland flooded area, respec-
tively. The pre- and post-dam Welala flooding extent for
a duration of ≥ 60 days is 93% and 99.2% of the wet-
land flooded area. Note that the flooded area of the Welala
wetland for flood durations less than one month is neg-
ligible for both the pre- and post-dam cases. The Ribb

Dam operation increases the flood extent for the duration
of at least 60 days of the Shesher and Welala wetlands
by 7% and 6.2%, respectively, while it shows a negligible
effect for flood durations less than 30 days and exceeding
90 days.

5. Discussion
The HEC-HMS hydrological model calibration and val-
idation showed good agreement between the measured
and simulated time series discharge values as assessed
using NSE and R2 (Section 4.1.1). However, slight over
and under predictions of the low and high flows were
observed (Figures 5 and 6), which is a common prob-
lem for hydrological models (Zhang and Savenije 2005).
Moreover, the results of hydrological modeling may have
uncertainties related to model input data, modeling param-
eters and model selection (Sharafati et al. 2020). River
discharge computation based on staff gauge height read-
ing is another source of uncertainty as the rating curves
may not be updated regularly for the alluvial river section,
which is affected by the river bank and bed morphologi-
cal adjustments. The model analysis confirms that the most
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Figure 12. Flow hydrograph at the start of the floodplain and near the downstream gauging station for the pre- and post-dam. (A) and
(B) for 2010 and, (C) and (D) for 2011.

Figure 13. Fogera Plain flooding extent for a water depth equal to or greater than 0.5 m for (A) pre- and (B) post-dam scenarios on 01
August 2010. The solid red polygon delineates the Welala wetland, while the solid black polygon delineates the Shesher wetland.
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Figure 14. (A) Pre- and (B) post-dam flood duration for the Welala and Shesher wetlands for water depth equal to or greater than 0.5 m
for the 2010 rainy season.

uncertain parameters for the Ribb and Gumara watersheds
are Ca and Tc, respectively.

Obtaining historical flooding information is a difficult
and uncertain task in data-poor regions, but valuable for the
calibration and validation of hydrodynamic models. Due
to advances in remote sensing and computer technology,
the historical spatial and temporal variations of inunda-
tion extent can be obtained by analyzing multiband satellite
images using a cloud computing platform to obtain grid-
based flooding information. The derived inundation map
was used to calibrate the hydrodynamic model and study
the pre- and post-dam flooding dynamics of the Fogera
Plain. The method was also employed to monitor the spa-
tial and temporal inundation of the floodplain and the
wetlands. However, the detection of clear water inundation
may be affected by cloud cover, topographically-induced
shadows (Donchyts et al. 2016; Teng et al. 2017), and the
resolution of the satellite image where mixed land uses in
coarse image resolutions affect the reflectance values (Xu
2006).

The developed hydrodynamic model was found more
sensitive to the roughness coefficient than the grid spacing.
The model simulation for the upper limit of the Manning’s
η values ( + 100% of the average) resulted in a greater
inundation extent and a higher water depth compared to
the modeling results of the average Manning’s η values,
which was also noted by Brunner (2016) and Pinos and
Timbe (2019). However, it is insensitive to the compu-
tational time steps of a similar mesh size. In this study,
model simulation for a 90 m grid spacing, 1 h computa-
tional time step, and + 100% Manning’s η showed an

acceptable result with a 52% measure of fit for the inunda-
tion extents obtained by remote sensing. However, better
model performance was obtained by others, for example
(i) Pinos and Timbe (2019) found an agreement rang-
ing from 40.7% to 88.2% for different zones of flooding
of the Santa Barbara River basin in the southern part of
Ecuador using a flood inundation map produced by a pre-
vious HEC-RAS 1D model simulation as a base case; and
(ii) Quirogaa et al. (2016) found 72% and 73% inundation
agreement between the flooding extent obtained from the
moderate resolution imaging spectroradiometer (MODIS)
satellite and the HEC-RAS 2D model with varying Man-
ning’s η values for Llanos de Moxos floodplain in Bolivian
Amazonia. The relatively low model agreement with the
inundation extent retrieved using Landsat satellite images
may be related to (i) the quality of hydrodynamic model
input data including river discharge time-series data, the
roughness coefficient, the grid spacing, and the resolu-
tion of the underlying topography (DEM) (Oubennaceur
et al. 2018; Vojtek et al. 2019); (ii) the accuracy of the
method to determine the inundation extent using remote
sensing (Donchyts et al. 2016; Teng et al. 2017); (iii)
the discharge contribution from the ungauged watersheds
by overland flow; and (iv) the direct precipitation on the
Fogera Plain. The inability of HEC-RAS 2D version 5.0.7
to consider the effects of evaporation and infiltration was
resolved by developing, a time series (negative) discharge
that is the sum of evaporation and infiltration for each
wetland and imposing it as an internal boundary condi-
tion at the lowest-elevation grid cell of the respective
wetland.
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The Ribb Dam operation was found to attenuate the
outflow discharge on average by 20%. A study by Mulatu
et al. (2020) using average monthly discharge data showed
a similar result in which the dam operation resulted in a
reduced wet season peak discharge value by 34%. The
hydrologic analysis conducted by WWDSE and TAHAL
(2007) for the spillway design also indicated a reduction
of maximum outflow discharge by 38%. However, the pre-
and post-dam hydrodynamic model simulation showed that
the Ribb Dam has a negligible effect on Fogera Plain
flooding as it regulates only 23.8% of the total watershed
area that contributes flow to the plain. The recent 2019
flooding, which occurred in the middle of August, con-
firms the ineffectiveness of the dam to reduce flooding.
According to regional (Amhara Mass Media Agency) and
federal (Ethiopian Broadcast Center) media sources, the
flooding was caused by heavy rain in the Ribb watershed,
and resulted in three deaths and the inundation of ∼ 4700
houses. During the flooding event, the watershed above the
dam was not contributing discharge as it was in the fill-
ing stage. This indicates that dam construction at the upper
reach of the river system to regulate a small portion of
watershed area may have limited influence to attenuate the
discharge at the lower reach due to additional discharge
from the downstream ungauged watersheds.

The 2010 pre-dam model result showed water depths
exceeding 0.5 m cover 55.5% of the inundated area, while
this area is reduced by 46.2% for the post-dam scenario.
Similarly, the 2010 pre-dam inundated area for water
depths exceeding 1 m covers 18.1% of the inundated area
and it is reduced to14.2% in the post-dam case. The lag
time presented between the maximum Lake Tana water
level and the peak discharge of the rivers also helped
to reduce the flooding extent. The occurrence of maxi-
mum Lake Tana water level in late September resulted
in retarded drainage of the plain and an increased flood
duration of the wetlands (Figure 9(F)). The post-dam
model simulation also showed an insignificant flow veloc-
ity reduction compared with the pre-dam case, which is less
than 0.6 m s−1 in both scenarios.

The Ribb Dam operation will alter the normal river dis-
charge causing reduced and increased wet and dry season
values, respectively. The construction of the irrigation sys-
tem with canals, river bank protection, and water regula-
tory works may create a barrier that restricts the movement
of water and fishes (Figure 2). This may disrupt habi-
tat dynamics, lower the ecosystem productivity, and affect
the livelihood of dependent dwellers (Richter et al. 2003).
Though the post-dam model simulation shows negligible
flood extent reduction of the Fogera Plain, the release of
excess water from farmlands in the dry season may shift
the seasonal Shesher and Welala wetlands to permanent
as they are planned to be used as a detention/collection
basin (Figure 2). This could increase fisheries and attract
birds and other aquatic communities if the water quality is

kept in good condition. Fishing may also be practiced in
the Ribb reservoir based on observations from the nearby
Koga reservoir.

6. Conclusions
This study assessed the hydrological impact of the Ribb
Dam on the Fogera Plain particularly on the flooding
dynamics, using the HEC-RAS 2D hydrodynamic model.
The results of the model were then used to discuss the
alteration of ecologically relevant flow parameters which
are vital to study ecological consequences for the Fogera
Plain wetlands. The HEC-HMS hydrologic model was
used to generate the time-series discharge for the Ribb and
Gumara Rivers that flow into the Fogera Plain, including
the influence of the Ribb Dam, as the existing measur-
ing stations are unable to gauge the total overbank flow
portion. Hydrological model calibration for the Ribb and
Gumara watersheds showed an NSE value of 0.7 and 0.9,
respectively, while 0.6 and 0.8 for validation.

The application of HEC-HMS for the determination of
pre- and post-dam discharge data for the watershed was
well understood in the literature. Moreover, the Ribb Dam
also controls a small portion of the watershed that drains
to the Fogera Plain and the flooding attenuation of the
plain was minimal as determined. However, it is important
for the region as there is no study done to (1) determine
the degree the dam will affect the flooding extent and (2)
associate the dam-induced hydrological changes to the eco-
logical consequences that may come due to impoundment
at the headwater of the Ribb River. The results of the
hydrologic model simulation showed that dam construc-
tion at the upper reach of the Ribb River will attenuate
the peak discharges, on average by 20%. At the lower
gauging station, the natural discharge hydrograph is almost
recovered due to flow contributions from the downstream
watershed. Moreover, the model can be used to study future
watershed development scenarios, including land use and
land cover, and climate change.

In this study, we applied the cloud computing platform
of GEE to determine the historical inundation maps from
the Landsat image reflectance values as historical flood
inundation maps are lacking for the region. The mapped
flooded areas were then used for the calibration of the
hydrodynamic model. The method was found less costly
and less time-consuming to map flood inundation with an
acceptable level of confidence for data-poor areas.

The results of the hydrodynamic model simulation indi-
cated that the dam does not significantly reduce flooding of
the Fogera Plain. The flooding due to Lake Tana backwa-
ter dominates in the lake shore area and propagates up the
main rivers. The proposed dam operation negligibly affects
the lateral connectivity of the Shesher and Welala wetlands
(indicative path for fish migration) to the major rivers and
Lake Tana. The probable increase in post-dam dry-time
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flow to the wetlands from excess irrigation water could
further sustain the availability of fish and bird species.

The accuracy of the floodplain terrain representation in
the HEC-RAS 2D hydrodynamic model and the boundary
conditions may have a significant impact on the results.
For this study, a freely available 30 m resolution DEM
was sufficient to determine the inundation extent. The post-
dam hydrodynamic model simulation showed that the Ribb
Dam will reduce the Fogera Plain flooding extent of a
water depth exceeding 0.5 m by 26.8%. The results do not
show ecologically significant changes in flooding extent
and duration of the Shesher and Welala wetlands, which
are vital for the survival of the original habitat. However,
the developed hydrodynamic model can be used to study
different dam operation scenarios to evaluate the change of
flooding extent, depth, duration, arrival time, etc. easily at
a specific location.
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