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ABSTRACT

ARTICLE HISTORY

This work investigates the applicability of an analytical method for quick assessments of the long-term
morphological eﬀects of diﬀerent dam operations on downstream river reaches with the idea to apply
the method in feasibility studies to identify the least morphologic-impacting operation scenario. The
Ribb River (Ethiopia) is used as a study case. The analytical method estimates the idealized, new
equilibrium of the river bed proﬁle without considering the duration of the morphological
evolution. We apply the analytical method distinguishing sand-bed from gravel-bed reaches. The
outcome of the analytical method is compared to that of a calibrated one-dimensional river
morphology computer model. The analytical method overestimated the morphological changes
compared to the one-dimensional model. By establishing the upper limits of the impact, the
analytical method identiﬁes a theoretical maximum river bed degradation near the base of the
dam. If all sediment is trapped in the reservoir, the method allows distinguishing the eﬀects of
diﬀerent dam operation scenarios, but only for gravel-bed river reaches. However, the method can
also be applicable for sand-bed reaches if there is sediment input from the upper reaches. Further
research works should be done to validate both methods if they indeed allow to detect the least
impacting scenario, considering that data showing the eﬀects of long-term dam operations on the
downstream river reaches are lacking.
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1. Introduction
Dams are vital for the economic development of regions due
to the need of storing water for diﬀerent activities, such as
power generation and irrigation. However, dams have
major impacts on downstream river reaches. They change
the discharge regime; in particular, the timing, duration,
and magnitude of low and high ﬂows (Grant, 2012; Williams
& Wolman, 1984). In addition, dams also change the sediment regime, since they trap almost all the incoming bed
load and a portion of the suspended load; the reservoir’s trapping eﬃciency depends, among others, on the size and shape
of the reservoir and its operation (Basson, 2004; Brune, 1953;
Kondolf et al., 2014a, 2014b). In response to the changes in
discharge and sediment regimes, the channel downstream
of the dam adjusts its morphology by altering its planform,
slope, width, depth, and sediment characteristics through
time.
Both channel bed degradation and aggradation are the primary channel responses have been observed downstream of
dams (Schmidt & Wilcock, 2008; Williams & Wolman,
1984). For example, up to 7.5 m of river bed lowering has
been observed downstream of the Hoover Dam on the Colorado River, USA; degradation extended to 21 km downstream
6 months after dam closure, 28 km after 1 year, 50 km after 2
years and over 120 km after 5 years (Williams & Wolman,
1984). Degradation may eventually change the river planform, from braided to meandering (Kondolf, 1997). River
bed material coarsening and armour layer formation may
CONTACT Chalachew A. Mulatu
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continue until the released ﬂow is unable to entrain the bed
material (Holly & Karim, 1986; Kondolf, 1997; Williams &
Wolman, 1984). On the other hand, if the regulated ﬂows
are not able to move sediments supplied by tributaries, the
river bed may aggrade (Williams & Wolman, 1984). Long
term operation of dams may also change the concavity of
the downstream river bed proﬁle and result in bed material
ﬁning (Michael Nones et al., 2019; Varrani et al., 2019).
Channel widening, bar formation, braiding, increased sinuosity (Shields et al., 2000) and reduced channel conveyance
capacity (Sanyal, 2017) are further frequent consequences.
Generally, the overall morphological impacts of dam construction depend on the river size and reservoir capacity,
pre- and post-dam hydrologic regimes, environmental setting, initial channel morphology and dam operation (Church,
1995; Graf, 2006; S Li et al., 2018; Petts & Gurnell, 2005;
Schmidt & Wilcock, 2008; Williams & Wolman, 1984; Yang
et al., 2011).
A generalized prediction of dam-induced impacts on
downstream channel morphology is diﬃcult, as the drivers
and processes are site-speciﬁc and complex interactions
exist among these drivers (Graf, 2006). A number of assessment methods have been developed with varying complexity. Williams and Wolman (1984) performed an empirical
analysis using data of diﬀerent river systems. Petts (1979),
Brandt (2000) and Petts and Gurnell (2005) developed conceptual models. Grant et al. (2003), Curtis et al. (2010) and
Schmidt and Wilcock (2008) developed channel response
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predictive models for general applications. In addition,
numerous one-dimensional (1D), two-dimensional (2D)
and three-dimensional (3D) morphodynamic codes are
available to analyse dam-induced morphologic changes
(Khan et al., 2014; Omer et al., 2015). 1D models have
advantages for large-scale studies, as they are less data intensive and computationally eﬃcient while providing an acceptable general representation of the river system (Berends
et al., 2015). These models are appropriate to study the
dam-induced eﬀects at the preliminary and feasibility stages
of dam design and to optimize dam operation scenarios (M
Nones et al., 2014; Van der Zwet, 2012). They also allow to
analyse the time evolution of river morphology, and can
establish the duration to reach a new equilibrium, as well
as the temporal evolution of local river characteristics like
sediment transport rates, water level changes and river bed
elevation.
The long-term morphological eﬀects of diﬀerent dam
operations on downstream river reaches can also be assessed
using simple, easy to apply, analytical methods, for example
the Equilibrium Theory (ET) developed by Jansen et al.
(1979). Such analytical methods have the following advantages compared to 1D (and greater) computer models:
much fewer data are required; reduced setup, calibrate, and
run time; and therefore reduced costs. The ET method estimates the theoretical river bed slope, which would be attained
a long time after impoundment, caused by the changed discharge and sediment transport regimes. This method, however, is unable to predict the time required to reach the
ﬁnal equilibrium state and the transition phases of the morphological development.
In the absence of river reaches with historical pre-dam and
post-dam bed proﬁle data, it is impossible to assess how well
the above-mentioned methods assess the morphological
changes. Additionally, if historical data related to the predam period are lacking in systems that have been impounded
in the past, it is unknown if the downstream reaches have
attained a condition close to a new equilibrium. These limitations are especially true for rivers in Africa, like those of the
Upper Blue Nile basin, Ethiopia, where most dams have been
constructed during last decades (Koga dam), or are planned
(Gilgel Abay and Gumara dams) or are under construction
(Ribb and Megech dams). Determining the least morphologically impactful dam operation scenario is the critical to the
regional use of water resources.
The overall goal of the presented study is to establish
whether the ET method allows identifying the least-impactful
dam operation scenario so it can be used in the preliminary
dam design phases. The Ribb River located in the Upper
Blue Nile basin, Ethiopia, is our case-study. A dam for irrigation purposes is under construction 77 km upstream of the
river mouth. Downstream of the dam the river includes
gravel- and sand-bed reaches for which hydrologic and geomorphic data are available (Mulatu et al., 2018). To assess
the applicability of the ET method, its results are compared
to those from a calibrated 1D morphodynamic model developed using the SOBEK-RE software. The software has been
applied for similar purposes by Van der Zwet (2012) for the
White Volta River, Ghana, to analysis the morphological
change due to damming and found river bed degradation
just downstream of the dam and propagates in downstream
direction through time of dam operation for the alluvial
deposit river reach.

2. Study case: the Ribb River
The Ribb River originates in the Guna Mountains (Lake Tana
sub-basin, Figure 1(a)), where the elevation reaches 4,000 m
a.s.l. and drains to Lake Tana at an elevation of 1,787 m
a.s.l, the source of the Blue Nile River. Its basin encompasses
an area of 1,865 km2 (Figure 1(b)). The climatic condition of
the basin is tropical highland monsoon (Setegn et al., 2008)
with a yearly average rainfall of 1,300 mm (Debre Tabor
Metrological station of the years 1988–2015); 80% of it occurring between June and September.
A 73 m high dam (called ‘Ribb Dam’) and a diversion
weir, located 32 km downstream of the dam, are under
construction to irrigate 15,000 ha of farmland (BRLi and
MCE, 2010). The reservoir will have a capacity to impound
234 million m3 of water and inundate 10 km2 of surface
area at the Normal Pool Level (NPL) elevation of 1,940 m
a.s.l. The released irrigation demand and the environmental ﬂows will ﬂow through the river channel until
diverted by the weir to the irrigated lands. Hence, after
the start of dam operation, the river reach between dam
and weir will carry a dry time discharge of 16.4 m3 s−1 or
larger. The river reach downstream of the diversion weir
will only receive an environmental ﬂow of 0.17 m3 s−1 or
less during the dry period and the regulated ﬂow during
rainy season.
The study river reach has two gauging stations (Figure 1(b)
and (c)). The upper station is located 3.5 km downstream of
the dam. This location has an average daily discharge of
8.3 m3 s−1 and encompasses a watershed area of 844 km2.
The lower station is located near the Ribb Bridge that connects the cities of Bahir Dar and Gondar. This location has
an average daily discharge of 15 m3 s−1 and encompasses a
watershed area of 1,592 km2.
Mulatu et al. (2018) divided the river downstream of the
dam into four reaches (the Upper-I, the Upper-II, the Middle
and the Lower) based on the presence of natural and manmade river bed ﬁxations (rock outcrops, diversion weir, and
bridge) (Figure 1(c)). The reaches diﬀer according to their
bed material, average river bed slope, and channel width, as
well as anthropogenic interventions (embankment construction, water abstraction and, sand mining). Planimetric, geometric and granulometric characteristics of the study
reaches were analyzed by Mulatu et al. (2018). The main parameters needed for this study are summarized in Table 1.

3. Material and methods
We applied a physics-based analytical method derived from
the ET, developed by Jansen et al. (1979), and a 1D model
constructed using the SOBEK-RE software (http://sobek-re.
deltares.nl/index.php) to estimate the expected long-term
morphological changes of the Ribb River downstream of
the Ribb Dam. Several dam operation scenarios were considered. The results of the two applications were then compared to assess the applicability of the ET for the
preliminary dam designs. The Ribb River has distinct sandbed (Lower and Middle) and gravel-bed (Upper-I and
Upper-II) reaches; the latter may present a limit to bed degradation due to bed armouring. The detailed description of the
methods, the required input data and the boundary conditions for the ET and the 1D model are presented in the
next sections.
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Figure 1. Geographical setting of the Ribb River. (A) Lake Tana sub-basin showing Ribb River watershed and its main stream, (B) location of measurement stations,
dam and weir in the Ribb River watershed, and (C) river bed proﬁle and sub-division into reaches.
Table 1. Reach-average characteristics of the Ribb River below the Ribb Dam.
Reach
Upper-I
Upper-II
Middle
Lower

Reach length
(km)

Reach-averaged
bankfull width (m)

Reach-averaged
bankfull depth (m)

Reach-averaged channel
bed slope (%)

Median grain size
(D50) (mm)

Mean grain size
Dm (mm)

D90
(mm)

10
22
25
20

65
58
46
38

4.3
4.8
5.2
5.5

0.30
0.12
0.04
0.037

7.0
7.0
0.65
0.35

9.7
7.5
3.0
0.5

12
11
5.5
0.6

3.1. Data sources
The required data for the study were collected from the literature and provided by Ethiopian agencies. For instance, the current reach-averaged river bed slopes, cross-sections and the
reach-averaged river bed-materials characteristics were derived
from Mulatu et al. (2018), who collected required data and bedmaterial samples to analyse the current morphodynamic trends
of the Ribb River, i.e. before dam construction. The daily time
series discharge at the Lower and Upper gauging stations and
the water levels at the Lower gauging station covered the period
1995–2010, and were collected by the Ministry of Water, Irrigation and Energy of Ethiopia (MoWIE). The discharge data were
used to compute the reach-averaged pre-dam sediment transport capacity and for water balance analysis, while the water
levels were used for the calibration and validation of the 1D
model. The monthly average rainfall and evaporation at the
reservoir surface of the same period were obtained from the
Ribb Dam feasibility study and design documents (Figure 2).
These documents, provided by the MoWIE, were also used as
a data source to develop realistic dam operation scenarios.

3.2. Dam operation scenarios
The reservoir operation was designed to irrigate 15,000 ha of
command area for the speciﬁed monthly irrigation water

requirement and environmental releases (WWDSE and
TAHAL, 2007), Figure 2. However, the dam may be operated
in the future for a larger or smaller command area, deviating
from the design. For example, the Ribb Dam Feasibility Study
document (WWDSE and TAHAL, 2007) suggests that the
stored water may be released to irrigate 19,925 ha of command area, which is 32.8% greater than the design.
Taking this into account, we considered three scenarios:
Scenario-I (Sc-I) corresponding to a command area of
13,500 ha (10% smaller from the design); Scenario-II (Sc-II)
corresponding to a command area of 15,000 ha (equal to
the design); and Scenario-III (Sc-III) corresponding to a command area of 19,925 ha (32.8% greater from the design). Dam
releases to irrigate the proposed command areas (irrigation
water requirements) for each scenario were provided as
monthly discharges (Table 2). However, the actual water
release may not correspond to either of the studied scenarios,
as it will depend on the actual cropping pattern and the
amount of rainfall in the area. In all dam operation scenarios,
the dry month discharge downstream of the weir will constitute the ecological ﬂow, which is 0.17 m3 s−1 or lower (BRLi
and MCE, 2010).
Once the reservoir is full, the wet season excess volume of
water above the NPL elevation will be released by the spillway. The spill-over discharge is here determined by applying
a reservoir water balance based on the continuity equation
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Figure 2. Comparison of average monthly river discharge at the Upper gauging station (m3 s−1), irrigation water requirement (m3 s−1), monthly average rainfall over
the reservoir (mm) and monthly average estimated evaporation at the reservoir surface (mm). Data source: Study document for the feasibility of Ribb Dam (WWDSE
and TAHAL, 2007).

Table 2. Monthly crop water requirements for the dam operation scenarios.
Monthly crop water requirements (m3 s−1)
Scenario
Sc-I
Sc-II
Sc-III

Jan

Feb

Mar

Apr

May

Jun to Sep

Oct

Nov

Dec

14.62
16.24
21.57

7.7
8.56
11.37

7.81
8.68
11.53

10.26
11.4
15.14

3.02
3.36
4.46

0
0
0

2.67
2.97
3.94

4.06
4.51
6.00

0.86
0.95
1.26

(Equation 1).

3.3. Sediment transport capacity

Reservoir volume change = Average inflow
− Average outflow

(1)

The river discharge and rainfall over the reservoir are considered as inﬂow, whereas seepage, evaporation, environmental ﬂow, and irrigation water requirements are
considered as outﬂow. WWDSE and TAHAL (2007) estimated the seepage loss to be 25% of the monthly environmental ﬂow.
The volume of rainfall and evaporation over the reservoir
are surface-area dependent and hence, an Elevation – Area –
Volume relationship of the reservoir was developed from the
available topographic data of the reservoir area. For simplicity, a monthly time step was considered, even though this
will reduce the outﬂow peaks and aﬀect the results of yearly
sediment transport capacity. The reservoir volume loss due
to sediment accumulation through time was not considered
for the water balance analysis. WWDSE and TAHAL
(2007) estimated a reservoir storage loss of 0.22% per year.
As sediment supply to the reservoir is dynamic and mainly
depends on land use and land cover, population density, climate change, etc., there exists signiﬁcant uncertainty in the
expected storage loss and therefore its possible impact on
our water balance analysis. Though note, reservoir sediment
accumulation will reduce the reservoir volume over time
and increase the spill-over discharge events, which will result
in increased downstream morphological activity.
The pre-dam discharges were derived using the time-series
discharge data at the Upper and the Lower gauging stations.
The irrigation water requirements, the environmental
releases, the lateral inﬂow, and the spill-over discharge were
used to derive the post-dam downstream discharge
characteristics.

As described by Mulatu et al. (2018), the Upper-I and the
Upper-II reaches of the river system are dominated by gravel,
while the Middle and the Lower reaches by sand. The MeyerPeter and Müller (1948) sediment transport formula
(Equation 2) revised by Wong and Parker (2006), assuming
no bedforms (μ = 1), and the Engelund and Hansen (1967)
sediment transport formula (Equation 3) were selected to
compute the sediment transport capacity of the gravel and
sand dominated river reaches, respectively. These equations
were selected as they are developed for gravel and sand dominated systems, respectively.
√
4B g
3
(2)
Qs =
(hi − 0.047DDm )2
D
Qs =

Bu5
20C 2 D2 D

50

√
g

(3)

in which Qs is the volumetric sediment transport rate without
pores (m3 s−1), B and h are the reach-averaged channel width
and ﬂow depth (m), respectively, i is the water surface slope
(-), u is the ﬂow velocity (m s−1), C is the Chézy coeﬃcient
(m1/2 s−1), Δ is the submerged speciﬁc gravity of sediment
(1.65), D50 is the median grain size (m),
 Dm is the arithmetic
mean grain size (m) given by Dm = pi Di , pi is the probability of the size fraction with diameter Di, (m) and g is acceleration due to gravity (9.81 m s−2).
The Lower reach can have signiﬁcant overbank ﬂow
during the rainy season (Mulatu et al., 2018; SMEC, 2008).
Therefore, the measured discharge at the Lower gauging
station is not representative for the entire reach. Hence, the
computation of the reach-averaged sediment transport
capacity for this reach may have some uncertainty. For this
reason, the Lower reach is excluded from the analytical
model application.
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The pre-dam reach-averaged sediment transport
capacity of the river was estimated by Mulatu et al.
(2018) using daily river discharges. Here, however, as the
post-dam outﬂow discharge was given on a monthly
basis, we computed the pre-dam sediment transport
using a monthly average discharge. In this way the annual
sediment transport rate of the Ribb River might be underestimated, but this is still acceptable considering that the
results are used to compare scenarios, all based on
monthly discharges.

(1) Continuity equation of water.
Qw = Bhu

(4)

(2) Momentum equation for water, reduced to Chézy’s
equation for steady uniform ﬂow and for large ﬂow
width-to-depth ratios.
√
u = C hi
(5)
(3) Simpliﬁed sediment transport capacity
expressed as a power law of ﬂow velocity.
qs = a(u − uc )b

3.4. Reach-scale morphodynamic equilibrium theory
A river reach can be considered in morphodynamic equilibrium if the on-going reach-scale morphological changes
can be considered negligible. This is true only if the volume
of sediment entering the river reach equals the volume of
sediment leaving the same river reach during a chosen
time interval. Any new interventions on a river reach in
morphodynamic equilibrium trigger a new trend of erosion
and deposition, which ultimately leads to a new reach-scale
equilibrium characterized by diﬀerent values of the morphological variables, such as reach-averaged longitudinal slope,
channel width, sediment size and bed roughness. This
means that the river adapts its longitudinal bed slope and
the other reach-averaged characteristics to the new external
forcing, and this adaptation occurs during a transition
period which can be rather long (tens to hundreds of
years), depending on sediment transport rate and size of
the river channel.
The Equilibrium Theory was developed by Jansen et al.
(1979). The theory compares two reach-scale morphodynamic equilibrium conditions: one before (old equilibrium
condition) and the other one a long time after a change of forcing has occurred (new equilibrium condition). The old and
new equilibrium states are characterized by their longitudinal
bed slope, channel width, water discharge and sediment
transport regimes. The method was used here to estimate
the theoretical river bed slope attained a long time after
impoundment due to the changed discharge and sediment
transport regimes. The theory has been recently extended
by, for instance, (i) W Li et al. (2014) to predict the equilibrium bed proﬁles and water discharge for water diversions,
(ii) Blom et al. (2017) to determine the equilibrium channel
geometry of the alluvial river for variable ﬂow relating with
the channel width, bed material texture and channel slope,
(iii) Bolla Pittaluga et al. (2014) to investigate the reachscale quasi-equilibrium bed proﬁle by applying a 1D morphodynamic model, and (iv) Lanzoni et al. (2015) to develop a 1D
morphodynamic model to estimate the formative discharge
that caused the observed (current) river bed slope of the Po
River, Italy.
The methodology is developed based on the following
major assumptions: (i) the river is fully alluvial, (ii) the
river ﬂow is uniform with a given width and a large width
to depth ratio, (iii) the Chézy coeﬃcient, the sediment composition and the degree of non-linearity of the sediment
transport formula remain unchanged, and (iv) the river morphological response is based on the derivation of longitudinal
slope and representative water depth.
The methodology was developed by combining the following equations:

5

formula
(6)

(4) Sediment balance equation.
Qs = q s B

(7)
3 −1

where Qw is the ﬂow discharge (m s ), uc is the critical
ﬂow velocity for initiation of sediment particle motion
(m s−1), a is the sediment transport proportionality
coeﬃcient (-), qs is the volume of transported bed sediment (without pores) per unit of channel width (m2
s−1), and b is the degree of non-linearity of the sediment
transport formula assumed to be 5 when using the Engelund and Hansen sediment transport formula.

3.4.1. Equilibrium bed slope for gravel-dominated river
reaches
For the gravel-bed reaches, the average yearly sediment transport capacity of the river is computed using Equation (2),
based on monthly discharges. Sediment is transported by
the water only if the ﬂow velocity exceeds the critical value
for particle motion.
According to the characterization of dams by the International Commission on Large Dams (ICOLD, 1998), the
Ribb Dam will store all of the incoming bed loads and the
majority of suspended loads. This means that the future sediment input to the downstream reaches can be considered
negligible. Post-dam released discharge values, for which
the corresponding ﬂow velocity exceeds the limiting value
for sediment entrainment (uc), will have the capacity to
entrain sediment from the river bed and transport it downstream. Upstream bed erosion results in decreasing bed
slope. The process continues until the ﬁnal equilibrium bed
slope that yields zero sediment transport is attained. At this
point, the river bed material becomes immobile for all discharges, and in particular for the largest dam released discharge. Hence, the maximum dam released monthly
discharge was used here to estimate the ﬁnal river bed slope
which will be attained after long years of dam operation.
This is the slope for which the sediment transported by the
highest discharge has become zero (achievement of critical
conditions). The post-dam water depth at the largest released
discharge (hM1) and zero sediment transport can be obtained
from Equation (2) combined with Equations (4) and (5)
assuming the bed roughness, channel width and sediment
size remain unchanged.
hM 1 =

QwM
√
BC (0.047DDm )

(8)

in which QwM is the highest monthly discharge released by
the dam (m3 s−1).
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The ﬁnal river bed slope (i1) which yields zero sediment
transport is obtained from Equation (2), and is written as:
i1 =

0.047DDm
hM 1

(9)

Assuming constant Chézy coeﬃcient and grain size is a limitation of the approach as they might both increase after the
start of dam operation (Grant, 2012; Williams & Wolman,
1984). However, as described by Di Silvio and Nones
(2014), morphodynamic results obtained by using uniform
bed materials are suﬃciently signiﬁcant for the analysis of
future morphodynamic response.
3.4.2. Equilibrium bed slope for sand dominated river
reaches
The total yearly sediment transport capacity for the sand-bed
Middle river reach was derived using the Engelund and Hansen (1967) sediment transport formula, Equation (3). Combining the continuity and momentum equations for water
and the sediment transport and sediment balance equations,
the slope before and after dam operation for variable discharge (here monthly average) are given in Equations (10)
and (11), respectively. These equations are derived considering the monthly discharge of the river with the same probability density of 1/12, in which k represents the speciﬁc
month.
⎛
i0 =

0 (1−3/b0 )
Q3/b
s0 B
0
2
a3/b
0 C0

⎜
⎝

k
i=1

1
1 b0 /3
Q
k w0k

⎞3
b0
⎟
⎠

⎛
Q3/b1 B(1−3/b1 ) ⎜
1
i1 = s1 3/b1
⎝ 1
2
b1 /3
k
a1 C1
i=1 Qw1k
k

⎞3
b1
⎟
⎠

(10)

3
3 
b/3
k
b
b
i=1 Qw0k
k
b/3
i=1 Qw1k

3.5. Morphodynamic model application
3.5.1. Model description
SOBEK-RE is a 1D modelling tool for open channel networks
computing water ﬂow, sediment transport (uniform and
graded sediment) and morphological changes for compound
river channels, considering main channel and ﬂoodplains separately (http://sobek-re.deltares.nl/index.php/documentation).
The model comprises three modules: (i) the water ﬂow module, described by the continuity (Equation 13) and momentum
(Equation 14) equations for water; (ii) the sediment transport
module, which allows selecting among ﬁve standard sediment
transport capacity formulas plus a user-deﬁned one; and (iii)
the morphological module, describing the bed level adaptation
through time (Equation 15) based on the sediment balance
equation (Exner, 1925). To prevent any diﬀerences between
the ET method and 1D model to be caused by the selected sediment transport equations, the sediment transport formulae of
Meyer-Peter and Müller (1948), revised by Wong and Parker
(2006), and Engelund and Hansen (1967) were also used in
the SOBEK-RE to compute the sediment transport capacity
for the gravel and sand dominated reaches, respectively.
∂A ∂Qw
+
=0
∂t
∂x

(13)

∂Qw
∂
Q2
∂h gQw |Qw |
+
=0
a w + gA + 2
∂t
A
∂x
∂x
C RA

(14)

(1 − 1)
(11)

In Equations (10) and (11), the subscripts ‘0’ and ‘1’ indicate
the values at the initial (just before dam operation) and ﬁnal
(a long time after dam operation) equilibrium states,
respectively.
The ratio between river bed slope at the ﬁnal and at the
initial equilibrium states for variable discharge, assuming
constant sediment transport exponent, b, sediment transport
proportionality coeﬃcient, a, river width, B, and Chézy coeﬃcient, C, is given by Equation (12). This equation was used to
compute the ﬁnal equilibrium state of the river bed slope for
the Middle river reach.
i1
Qs1
=
i0
Qs0

direction along the reaches, leading to progressive aggradation and channel blockage starting 4 km downstream of the
Ribb Bridge (Mulatu et al., 2018).

(12)

3.4.3. Application to the Ribb River
The application of the analytical method allows us to assess
the theoretical long-term response of the Ribb River due to
altered discharge and sediment transport regimes caused by
prolonged dam operation. The river reaches are assumed in
a state of morphodynamic equilibrium at the moment of
the intervention (i.e. no sediment accumulation or losses).
This might not be true for the Ribb River, as there is a
reduction in sediment transport capacity in the downstream

∂Zb ∂qs
+
=0
∂t
∂x

(15)

in which A is the wet cross-sectional surface area (m2), t
is time (s), x is the longitudinal distance (m), α is the Boussinesq coeﬃcient (-), R is the hydraulic radius (m), ε is the
bed material porosity (40% for uniform sand), and Zb is the
bed level (m). The hydrodynamic model simulation is
based on implicit time discretization, in which the stability
of the solution does not depend on the Courant number,
though this will inﬂuence the accuracy of the solution
(Ali, 2014). On the contrary, the time step for the solution
of the sediment continuity equation must satisfy the Courant number (σ).

s = ac c

Dt
≤1
Dx

(16)

where c is the bed disturbance celerity (m s−1), Δt is the
morphological time step (s), Δx is the grid size (m) and
αc is the stability factor to prevent non-linear instability
(taken as 1.01, based on SOBEK-RE user manual).
The Lower reach has several bifurcations close to Lake
Tana, but for SOBEK-RE model simulations we assume a
single, 77 km long river (four reaches) from the dam site to
Lake Tana.
3.5.2. Ribb River model construction
Model construction includes model setup, calibration and
validation. For this study, the model was constructed and executed for three diﬀerent dam operation scenarios (Section
3.2). Reach-averaged river bed slope, channel dimensions
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(width and depth, assuming a rectangular channel), mean
grain size, Chézy coeﬃcient, and upstream and downstream
boundary conditions were the required input parameters as
described in Section 3.1 and listed in Table 1. The model
development was based on the assumption of uniform bed
material for each study reach. The general schematization
of the SOBEK-RE model for the Ribb River is shown in
Figure 3. All model simulations cover 1,500 years, as this
period is assumed to be long enough to obtain a new morphodynamic equilibrium of the river reaches.
The measured average monthly river discharge and the
average monthly dam releases (sum of irrigation demand,
environmental ﬂow, and spill-over discharge) were used as
model input at the upper boundary to simulate the preand post-dam cases, respectively. A constant (time-averaged)
Lake Tana water level was imposed at the downstream
boundary for all simulation scenarios, even though this is
variable and creates alternating local river bed erosion and
deposition during the low and high stages, respectively. The
long-term character of the study justiﬁes using a constant
level. The sediment transport rates of the Upper-I reach computed using Wong and Parker (2006)’s formula was used as
the upstream boundary condition for the pre-dam case. For
the post-dam cases, the sediment load at the upper boundary
was set to zero, assuming that the dam blocks bed material
movement to the downstream reaches. Discharge increment
at the start of the Upper-II, Middle and Lower reaches due
to the additional watershed area, and the water withdrawal
for irrigation at the start of the Middle reach were introduced
as lateral ﬂows. Due to lack of data, the model neglects lateral
sediment inputs by ephemeral tributaries, which may enter
the river system during the rainy season. However, model
sensitive to sediment supply was assessed by considering
the release of 20% of the sediment transport capacity of the
reaches to the downstream river from the dam as lateral sediment input (the released sediment volume depends on the
dam operation scenarios).
The rock outcrops located at the end of Upper-I reach
(around 1.2 km long) were introduced in the model as a
non-erodible layer. Hence, in this river section no bed erosion
occurs, but there may be some sediment deposition. The
existence of this ﬁxed river section controls the pre- and
post-dam slope of the reaches. This section of the river cannot
be taken into account by the ET, which is based on the
assumption of an alluvial river without any geological constraints. In addition, assuming uniform bed material over
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the depth may also yield uncertain results as there may be
rock formation beneath the alluvial layers.
The diversion weir, located at the upstream boundary of the
Middle reach, was included in the model as a structure. The
weir temporarily aﬀects the sediment movement causing
aggradation and degradation at the upstream and downstream
reaches, elongating the time that is necessary for achieving
equilibrium (Jansen et al., 1979; Lanzoni et al., 2015).
The bed roughness, in terms of Chézy’s coeﬃcient, was
selected as a calibration parameter to compute the water
depths and compare with the measured values of the months
from May to October 2007 at the Lower gauging station.
Based on visual characteristics of the study reach, Chézy
coeﬃcient values ranging from 30 m1/2 s−1 to 40 m1/2 s−1
were considered. The runs were carried out assuming that
the upstream eﬀects of backwater and ﬂoodplain ﬂow are
negligible, which may occur in the Lower reach if the discharge is above bank full discharge (110 m3 s−1). The Root
Mean Square Error (RMSE), Equation (17), which measures
the diﬀerence between the observed values and the model
outputs, was used to identify the best value of Chézy coeﬃcient. RMSE value close to zero indicates a good ﬁt.

n
2
i=1 (Xi − X0 )
RMSE =
n

(17)

where Xi and Xo are the measured and the model output (estimated) water levels and n is the number of samples. For validation, the calibrated model was run from May to October
2008. The computed water levels at the Lower gauging station
were then compared to those measured, and RMSE was
calculated.
The accuracy of the computed sediment transport capacity
using a sediment transport formula may be limited due to the
many uncertainties related to the physical characterization of
the river reach and its hydraulic regime (Schmidt & Wilcock,
2008). Sensitivity analyses should thus be carried out to study
the eﬀects of varying the value of speciﬁc variables characterized
by strong uncertainty (Hamby, 1994). In this study, a sensitivity
analysis was carried out to analyse the eﬀects of grain size on bed
load in the Upper-I reach and on river bed degradation near the
toe of the dam after 100 years for the range of Dm values from 6
to 8 mm. The obtained results were then compared with the
results of the base-case scenario (Sc-II).

Figure 3. 1D model schematization with boundary conditions and location of hydraulic structures. Lateral inﬂow is the discharge due to additional watershed area,
while the lateral outﬂow is the water withdrawal to the irrigation command areas by the diversion weir.
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4. Results
4.1. Pre and post-dam river discharges
The average monthly excess discharge that is expected to
spill-over from the reservoir, computed from the reservoir
water balance (Equation 1), is shown in Table 3. On average,
the reservoir is expected to be full at the end of July and the
spill-over to continue until October. In all dam operation
scenarios, the total yearly volume of water ﬂow in the
Upper-I and Upper-II reaches will not be aﬀected by the
dam, except for the ﬁrst year to ﬁll the reservoir.
The average pre- and post-dam monthly discharge
hydrographs for the downstream river reaches are shown
in Figure 4. The pre-dam hydrograph is directly related
to the amount of rainfall and the watershed properties
and shows one peak discharge period per year. After regulation, the Upper-I (Figure 4(a)) and Upper-II (Figure 4(b))
reaches will experience two peaks per year. The wet period
peak is due to excess discharge from the reservoir, while the
dry period peak is due to the maximum water release from
the reservoir for irrigation. For the Sc-III dam operation the
wet season peak in the Upper-I reach is shifted by one
month (from August to September) and reverted back in
the Upper-II reach. This is due to the additional discharge
from the ungauged watershed. On average, the Sc-II dam

Table 3. Average monthly spill-over discharge for the three dam operation
scenarios.
Average monthly spill-over discharge (m3 s−1)
Scenarios
Sc-I
Sc-II
Sc-III

November to July

August

September

October

0
0
0

32.4
27.2
9.8

15.4
15.4
15.4

1.4
1.1
0.1

operation reduces the unregulated wet period peak discharge by 34%, 25%, 21% and 21% for the Upper-I,
Upper-II, Middle and Lower reaches, respectively.
At the start of the Middle reach, the major part of the discharge is diverted by the weir to the primary irrigation canal.
It is found that the rate of diversion (ratio of yearly diverted to
unregulated ﬂow) will be 29%, 32%, and 43% for the Sc-I,
Sc-II and Sc-III dam operations, respectively. The dry period
river discharges in the Middle (Figure 4(c)) and Lower
(Figure 4(d)) reaches will be rather small, since it will represent only the environmental ﬂows.

4.2. Pre and post-dam reach-averaged sediment
transport capacity
The monthly reach-averaged pre- and post-dam sediment
transport capacity of the river is shown in Table 4. Here,
the post-dam sediment transport capacity refers to the
capacity of the river immediately after dam construction
and ﬁlling of the reservoir, but before the occurrence of any
morphological changes caused by dam construction. The
sediment transport capacity will then gradually decrease
due to reduced river bed slope and bed material coarsening.
Even though the total yearly river discharge volume in the
Upper-I and Upper-II reaches will not change, the sediment
transport capacities will present an immediate reduction for
all dam operation scenarios. This is due to the reduction of
peak discharge values (Figure 4(a) and (b)). Overall, dam
operation Sc-II shows a 53%, 62% and 42% yearly sediment
transport capacity reduction in the Upper-I, Upper-II and
Middle reaches, respectively, compared to the unregulated
(pre-dam) yearly sediment transport capacity of the reaches.
It should be noted that the yearly sediment transport

Figure 4. Average monthly discharge hydrograph for the four study reaches on the Ribb River for the unregulated (pre-dam) and the three regulated (post-dam)
scenarios (Sc-I, Sc-II and Sc-III). (a) Upper-I, (b) Upper-II, (c) Middle and (d) Lower reaches.
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Table 4. Pre- and post-dam reach-averaged yearly sediment transport capacity of Ribb River.

Reach
Upper-I
Upper-II
Middle

Pre-dam Qs based on daily discharges
Mulatu et al. (2018) (1 × 104 m3 year−1)

Pre-dam Qs based on monthly
discharges (1 × 104 m3 year−1)

69.5
20
6.11

9.35
2.98
4.62

capacities computed based on monthly averaged discharges
are substantially smaller than those obtained with the daily
discharges, see Table 4.
The sensitivity of sediment transport capacity to the grain
size was studied by changing Dm for Sc-II dam operation for
the Upper-I reach. The analysis shows that, a reduction of Dm
from 7 to 6 mm would result in a 32.7% increase of sediment
transport capacity, while an increase of Dm from 7 to 8 mm
would result in a 25.6% reduction. The diﬀerence is due to
the non-linear relationship between sediment grain size and
sediment transport capacity.

4.3. Results of the equilibrium theory
For the gravel-bed reaches, the theoretical equilibrium bed
slopes attained by the river a long time after the start of
the dam operation are computed with Equation (9). In
the Upper-I reach, the three dam operation scenarios (ScI, II and III) result in longitudinal bed slopes of 0.088%,
0.105% and 0.132%, respectively, where the pre-dam slope
being 0.30%. These slopes correspond to theoretical river
bed degradations near the toe of the dam of 21.2, 19.5
and 16.8 m, respectively. Final-state theoretical river bed
slopes of 0.053%, 0.06% and 0.1% are obtained for the
Upper-II reach, where the pre-dam slope being 0.12%.
For the upper reaches, the least-impacting scenario is ScIII, corresponding to the largest water withdrawal for
irrigation.
For the sand-bed Middle reach, the post-dam river bed
slope is computed using Equation (12). In this case, the
result is a ﬂat river bed for all dam operation scenarios corresponding to a theoretical bed degradation of 10 m near
the base of the weir. This indicates that the analytical
method cannot diﬀerentiate the least- impacting dam operation scenarios in the sand-bed river reach if it is assumed
that all incoming sediment is intercepted by the reservoir
and for no sediment input from tributaries. Adopting the
Engelund and Hansen (1967) formula implies assuming
that the critical value of ﬂow velocity for sediment motion
is zero. This means that all dam operation scenarios with
zero sediment input to the downstream river ultimately
result in a theoretical ﬂat river bed, since the approach
did not consider other sediment sources, for instance
ephemeral tributaries and bank erosion. Instead, using a
sediment transport formula including a threshold for sediment motion, as the one used for the gravel-bed reaches
(Wong & Parker, 2006), results in a diﬀerent ﬁnal bed
slope for each discharge regime. However, for the assumed
20% sediment release to the downstream reaches (Section
3.5.2), the Middle reach may attain an equilibrium bed
slope of 0.0017%, 0.0015% and 0.0010% for Sc-I, Sc-II
and Sc-III dam operations, respectively.

Post-dam Qs (immediately after dam construction) based on
monthly discharges for diﬀerent dam operation scenarios
(1 × 104 m3 year−1)
Sc-I

Sc-II

Sc-III

5.17
1.51
2.98

4.4
1.13
2.69

3.25
0.12
1.86

4.4. Results of one dimensional morphodynamic
model simulation
4.4.1. Model calibration and validation
The results of model calibration show that the measured and
simulated water depth values agree quite well for a Chézy
coeﬃcient value of 35 m1/2 s−1 resulting in a RMSE value of
0.1 (Figure 5(a)). It is noticed that the model overestimates
water levels at low-ﬂows (Figure 5(b)). Note that the model
overestimates water levels at low ﬂows. Model validation
also shows a good agreement between the measured and
the simulated water depths (Figure 5(c)) with a corresponding RMSE of 0.10.
4.4.2. Model application on the Ribb River
The results of the long-term simulation of the calibrated and
validated model show two patterns: degradation and aggradation, even though degradation dominates the river system.
River bed degradation commences immediately after the
start of dam operation at the base of the dam and at the
base of the weir propagating in a downstream direction as
time passes. At the end of the simulation period, the simulated river bed degradations at the base of the dam is 19, 17
and 12 m for Sc-I, Sc-II and Sc-III, respectively (Figure 6
(a)). The simulated river bed degradation at the base of the
dam is already 3.4, 2.9 and 2.2 m after 10 years from the
start of dam operation for Sc-I, Sc-II and Sc-III, respectively.
Bed degradation occurs at rates of 3.8, 3.3 and 2.3 cm year−1
in the ﬁrst 5 years and continues at a rate of ∼0.1 cm year−1 at
the end of the computational period (Figure 6(a)). Two years
after dam closure simulated bed degradation has extended to
3.2, 3 and 2.6 km from dam site for Sc-I, Sc-II and Sc-III,
respectively, whereas it reaches the end of the Upper-I
reach (10 km) after 100, 500 and 1,000 years, respectively
(Figure 6(b)). At the end of the simulations, the reach-averaged river bed slope of the Upper-I reach is reduced to
0.106%, 0.125% and 0.155% for Sc-I, Sc-II and Sc-III,
respectively.
In the Upper-II reach, the eﬀects of the dam are felt only
after the sediment leaving the Upper-I reach starts to
decrease. In the meantime, the Upper-II reach is aﬀected
by the weir since sediment movement from upstream to
downstream of the weir is zero for the ﬁrst 40, 60 and
500 years for Sc- I, Sc-II and Sc-III, respectively, until the
bed reaches the top of the weir (2.4 increase), Figure 7.
Simulated bed degradation at the base of the weir is
2.1 m for Sc-I (Figure 7(a)) and 2.3 m for Sc-II (Figure 7
(b)) in the ﬁrst 50 and 80 years of model simulation,
respectively. Thereafter, the transported sediment starts to
pass over the weir temporally resulting in downstream
bed aggradation, creating a new type of disturbance to
the downstream reach. This bed aggradation process
reduces the rate of morphological changes of the downstream reach. At the end of the simulation period, river
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Figure 5. (a) Root Mean Square Error for diﬀerent Chézy coeﬃcient values. (b, c) Measured and simulated water depths at the Lower gauging station for the months
of May to October 2007 (Calibration) and May to October 2008 (Validation), respectively.

Figure 6. Results of the 1D morphodynamic model. (a) Ribb River bed degradation near the base of the dam for diﬀerent dam operation scenarios over a 1,500 year
period and (b) downward propagation of river bed degradation.

bed degradation near the base of the weir is 4.8 m (Figure 7
(a)), 5.0 m (Figure 7(b)), and 7.5 m (Figure 7(c)) for Sc-I,
Sc-II and Sc-III, respectively. The maximum bed degradation at the base of the weir corresponds to the operation
scenario with the highest rate of discharge diversion (ScIII). Due to upstream river bed degradation, the reach-averaged bed slope of the Middle reach reduces to 0.029% for
Sc-I and Sc-II and to 0.023% for Sc-III.
The results of the sensitivity analysis (Section 3.5.2)
show that a decrease of Dm from 7 to 6 mm would increase
the bed degradation at the dam base by 32.5%, whereas an
increase of Dm from 7 to 8 mm would decrease the bed
degradation by 25.2%. This clearly indicates that the
model results are sensitive to the choice of mean sediment
grain size.

4.5. Comparison of method results
Here, the results of the ET and 1D morphodynamic model are
compared to assess the applicability of the analytical method
to distinguish the impact of the diﬀerent dam operation scenarios and to estimate the ﬁnal slope of the river reaches. This
would also allow to quickly calculate the value of bed degradation at the base of the dam and base of the weir. After 100
years of dam operation, the reach-averaged river bed slope of
the Upper-I reach estimated with the 1D model is 51%, 45%
and 36% steeper than the one estimated by the ET for the ScI, Sc-II and Sc-III, respectively. After 1,500 years, the bed
slopes simulated by the 1D morphodynamic model are still
17%, 16% and 15% steeper than those predicted by the ET
(Table 5). Similarly, the estimated river bed degradation at
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Figure 7. Simulated bed level changes immediately upstream and downstream of the Ribb weir, and simulated yearly sediment transport over the Ribb weir since
start of the Ribb Dam operation for Sc-I (a), Sc-II (b) and Sc-III (c).

Table 5. Reach-averaged river bed slopes downstream of the Ribb Dam estimated using the Equilibrium Theory and the1D model.
Estimated river bed Slope (i1), (%)
1D model
Reach
Upper-I

Current river bed slope (i0), (%)
0.3

Upper-II

0.12

Middle

0.04

Simulation period (years)
100
500
1,000
1,500
100
500
1,000
1,500
100
500
1,000
1,500

the base of the dam by the ET exceed that obtained by the 1D
model by 2.2, 2.5 and 4.8 m for the Sc-I, Sc-II and Sc-III,
respectively. For the assumed 20% sediment release from
the upper reaches the ET calculated a gentler slope for the
Middle reach than the 1D model for all dam operation
scenarios.
At the end of the 1D model simulation period, bed degradation at the base of the weir still occurs at rates ranging from
0.2 (Sc-III) to 0.46 cm year−1 (Sc-I), indicating an on-going

Sc-I
0.178
0.137
0.113
0.106
0.12
0.108
0.09
0.081
0.036
0.041
0.035
0.029

Sc-II
0.191
0.154
0.134
0.125
0.12
0.112
0.098
0.09
0.033
0.038
0.034
0.029

Equilibrium Theory
Sc-III
0.206
0.17
0.159
0.155
0.132
0.132
0.122
0.121
0.033
0.026
0.025
0.023

Sc-I
0.088

Sc-II
0.105

Sc-III
0.132

0.053

0.060

0.100

0

0

0

morphological trend after 1,500 years. In general, the ET
overestimates the morphological changes for both gravelbed and sand-bed reaches compared to the 1D model for
the considered period of model simulation, as shown in
Table 5.
With the discussed limitations of the analytical and 1D
morphodynamic models, we presented here the advantages
gained and the easiness of the analytical approach compared
with the 1D morphodynamic modelling (Table 6). The listed
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Table 6. Comparison of analytical and 1D numerical models.
Analytical approach (ET
method)

Description
Cost of input
data

Can be applied for the
reach-averaged river
geometry.

Cost of
modelling
experience

Very simple to apply at ﬁeld
level to compare diﬀerent
sites and dam operation
scenarios.
Results can be obtained
within hours.

Time for
analysis

1D modelling approach
(SOBEK-RE)
Detail river channel crosssectional surveying works
or high resolution satellite
images are required to
extract river channel
geometry.
Modelling background and
experience is required
which incur costs to train
experts.
Results can be obtain after
several days/weeks of
modelling. Before
simulation, substantial
amount of time is required
for model calibration and
validation.

comparison items are not comprehensive, but assumed
enough for discussion. From the comparison of results discussed above, we can say that the analytical models yields
acceptable results for the comparison of diﬀerent dam operation scenarios in the preliminary level of study for selecting
the dam site.

5. Discussion
Geologically, the Upper Blue Nile basin is formed by a combination of tecnto-volcanic activities, and quaternary superﬁcial processes (erosion and deposition) dominated by
Oligocene-Miocene volcanic formations overlying by Quaternary alluvio-lacustrine deposit on the ﬂoodplain (Chorowicz et al., 1998). As described by Poppe et al. (2013) and
Chorowicz et al. (1998), the basin shows gradual geological
changes. This means that the long-term evolution of longitudinal river bed slope may not be aﬀected by the geological
setting and their dynamics (uplift, rifting and subsidence) and
tectonic condition of the area. On the whole, the existence of
disintegrated rock outcrops at some locations in the Upper-I
and Upper-II reaches, sediment supply from ephemeral
tributaries (Benda et al., 2004), bed material coarsening and
armouring (Kondolf, 1997; Williams & Wolman, 1984) may
limit the simulated depth of degradations and reach averaged
slopes.
In gravel-dominated river reaches, post-dam sediment
transport occurs only at discharges exceeding the limits for
sediment motion (Gaeuman et al., 2005; Grant, 2012). Application of the Wong and Parker (2006) sediment transport
capacity formula for the current river conditions (Section
4.2) shows that the bed material in the Upper-I and UpperII reaches does not move if the discharge is less than 10 and
21.5 m3 s−1, respectively. The reduced peak discharge during
the wet season may not have the capacity to transport the largest sediment particles, thereby forming an armour bed surface
(Grant, 2012; Kondolf, 1997), which could shorten the period
to attain equilibrium. For the sand dominated reaches, the
analysis shows that there may be some sediment movement
for the entire range of ﬂow releases until the river bed becomes
completely ﬂat for no sediment input from the upper reaches.
However, the reaches may attain an equilibrium at a certain
slope greater than the theoretical one as there may be sediment
supplied during the rainy season from the ephemeral

tributaries. Generally, the morphological activities in the
sand bed reaches dominate the morphological time scale of
the Ribb River system. Similar results are also found for the
Middle Yangtze River, China (Zhou et al., 2018). The overall
reduction of ﬂow in this reach may also create favourable conditions for the growth of vegetation in parts of the old channel
which will reduce the channel width (Schmidt & Wilcock,
2008; Williams & Wolman, 1984).
The 1D model and the ET show that the dam operation
scenario that yields the maximum dry- or wet-period peak
ﬂows (Sc-I) produces the maximum bed degradation downstream of the Ribb Dam, the minimum longitudinal bed
slope in the upper reaches and the fastest downward propagation of bed degradation (Figure 6(b)). On the other hand,
this scenario produces a relatively small morphological
impact on the reach downstream of the weir, as some decades
are required to replenish the degraded channel by the overpassed sediment (Figure 7(a)). It is important to note that a
large portion of the total bed degradation at the dam base
which requires remedial measures is obtained in the ﬁrst
100 years, namely 58% for Sc-I and 56% for Sc-II and ScIII dam operations.
The application of the ET, which assumes that the study
reaches are fully alluvial, resulted in the assessments of the
theoretical ultimate river bed slopes after the start of dam
operation. These slopes are attained when no sediment deposition and no bed erosion take place in the considered reaches
(new equilibrium). The results of this study show that the ET
overestimates the morphological changes compared to the 1D
model (after 1,500 years). Duró et al. (2016) found a good
agreement between the slopes predicted by a 2D Delft3D
morphological model and the ones derived with the ET by
analysing the long-term morphological eﬀects of channel
width variations; though the ET tended to slightly overestimate the changes. The ET method can only be used to compare dam operation scenarios on the sand-dominated reaches
if there is sediment supply from the upper reaches.
Li et al. (2014) suggested that a river system may be considered in equilibrium if the maximum bed level changes are
less than 0.5 cm year−1 at the upstream boundary. The analysis of the 1D model result shows that the bed level change
rates are reduced to 0.5 cm year−1 after 700 years for Sc-I
and Sc-II and, after 400 years for Sc-III. De Vries (1975)
derived the following formula for the assessment of the
time scale of the morphological adaptation of entire river
reaches (see also Jansen et al., 1979):
T=

(1 − 1)3L2 Bi
bQS

(18)

in which T is the morphological adaptation time when the
morphological change has attained 50% of the total.
De Vries (1975) estimated the 50% morphological change
adaptation time of the Dutch Rhine River reach, assumed
200 km long, and found it to be 1,000 years. Similarly, Church
(1995) analyzed the time scale for 50% morphological change
adaptation of the Peace River, located in British Columbia
and Alberta, to the operation of the WAC Bennett Dam,
using the approach of De Vries (1975) and found it to be
greater than 10,000 years for the upstream cobble dominated
reach and 5,000 years for the sand dominated downstream
reach. Di Silvio and Nones (2014) also found similar results,
in which larger rivers may require hundreds and thousands of
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years to attain a ﬁnal equilibrium after disturbance. However,
it was not possible to apply the same method to the entire
Ribb River, from the dam site to the Lake Tana, because the
weir and the water extraction for irrigation subdivide the
river in two distinct parts, with diﬀerent discharge regimes.
Applying the method to the two parts of the river separately
would strongly underestimate the adaptation time, considering that the morphological adaptation of the river reaches
downstream of the weir are inﬂuenced by the morphological
changes in the upper reaches, which aﬀect the amounts of
sediment bypassing the weir.
Both methods used in the study were based on simpliﬁcations that might aﬀect their results, as, for instance, the use of
reach-averaged channel geometries and granulometric
characteristics. Furthermore, both methods did not include
the sediment input from bank erosion and ephemeral tributaries. This introduces uncertainty into the computed results.
Consequently, the river bed slopes obtained by both the ET
and by 1D morphodynamic model should be interpreted as
mere indications of the morphological adjustment, considering also that the river may never achieve equilibrium as the
forcing and boundary conditions such as the river discharge,
sediment yield, population density, land use, land cover, etc.,
ﬂuctuate through time (Bolla Pittaluga et al., 2014). Nevertheless, both approaches used in this study allow discriminating
the eﬀects of diﬀerent dam operation scenarios on gravel and
sand-bed rivers. However, the application of the ET on sandbed rivers is restricted to the cases in which some sediment is
supplied from the upper reaches. Validation of both methods
to determine if they indeed allow recognizing the least
impacting scenario is diﬃcult, considering that data showing
the eﬀects of diﬀerent scenarios on the long-term river morphology are lacking.

6. Conclusions
This study addresses the applicability of physics-based
analytical equations (Equilibrium Theory) compared to a
1D numerical model (SOBEK-RE) to determine the leastmorphologically impactful dam operation scenario on the
river reaches downstream of the under-construction Ribb
River dam, which are dominated by gravel and sand. Three
scenarios were evaluated: Sc-I, corresponding to a dam operation with a command area 10% smaller than the design command area; Sc-II, corresponding to a dam operation for the
design command area; and Sc-III, corresponding to a dam
operation with a command area 32.8% greater than the
design command area.
Both methods show that Sc-I has the greatest morphological impact immediately downstream of the Ribb Dam, as it
has the smallest reduction in peak discharge values (Figure
6(a)). The 1D model simulation showed a bed degradation
at the dam base of 19 m after 1,500 years, whereas a bed
degradation of 21.2 m was estimated by the ET. Bed degradation starts at the dam site and propagates downstream
through time. Upstream of the weir the river bed gradually
rises until it reaches the weir crest level. Immediately downstream of the weir, the river bed shows ﬁrst degradation,
then aggradation, starting when the upstream bed level has
reached the crest, and then again degradation, starting
when the sediment input from the reach Upper-II reduces
to a value below the sediment transport capacity of the ﬂow
in the Middle reach. This type of alternating bed level changes
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at the base of the weir slows down the morphological adaptation of the downstream sand-bed reaches considerably
(Figure 7(b)).
The ET overestimates the morphological changes for both
the gravel-bed and the sand-bed reaches compared to the 1D
morphodynamic model for the speciﬁed period of model
simulation, though both methods show relatively good agreement for the reach close to the dam (Upper-I). This is due to
the over-simpliﬁcation of the theory compared with the 1D
model. In addition, the 1D model results show the existence
of morphological activity in all the reaches even after 1,500
years for all dam operation scenarios (Section 4.4.2). Generally, the model comparison indicates that the ET can be
used to roughly and quickly assess the morphological changes
in river reaches downstream of a dam for feasibility studies,
considering that the method tends to overestimate morphologic adjustment.
Like dams, the long-term operation of diversion weirs will
aﬀect the fractional movement of sediments (Jansen et al.,
1979; Thoms & Walker, 1993). Application of the ET for
the sand dominated river reaches downstream of the weir
results in ultimate ﬂat river bed, with a theoretical bed degradation of 10 m at the base of the weir for all dam operation
scenarios for no additional sediment input either from the
tributaries or released from the dam. However, the model
can be used for detecting the least impacting dam operation
scenario for sand dominated reaches if there is sediment
supply from the upper reaches. The 1D model simulation
for the weir downstream reaches show that the morphological
equilibrium will not be attained before several centuries.
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