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Abstract

Roseires Reservoir, located on the Blue Nile River, in Sudan, is the first trap to the
sediments coming from the upper catchment in Ethiopia, which suffers from high ero-
sion and desertification problems. The reservoir lost already more than one third of its
storage capacity due to sedimentation in the last four decades. Appropriate manage-
ment of the eroded area in the upper basin could mitigate this problem. In order to do
that, the areas providing the highest sediment volumes to the river have to be identi-
fied, since they should have priority with respect to the application of erosion control
practices. This requires studying the sedimentation record inside Roseires Reservoir,
with the aim of identifying when and how much sediment from a certain area is de-
posited. The identification of deposition time is derived from soil stratification inside the
reservoir. This requires expensive coring campaigns that need to be optimized. The
most promising sampling coring areas were therefore selected beforehand by combin-
ing bathymetric data and the results of a depth-averaged morphodynamic model able
to record vertical stratification in sediment deposits. The model allowed recognising
the areas that are potentially neither subject to net erosion nor to bar migration during
the life span of the reservoir. Verification of these results was carried out by analysing
sediment stratification from the data collected in subsequent field campaign.

1 Background information
1.1 Blue Nile River

The Blue Nile is the main tributary of the Nile River. The river originates at the outlet of
Lake Tana and flows for nearly 900 km through Ethiopia, before reaching the Sudanese
border. In Ethiopia, the Blue Nile has 14 major tributaries (Fig. 1a), which represent the
majority of the estimated annual flow of the river that is 46.2 billion m3yr'1. Here, the
river falls from 1800 ma.s.l. at Tana to about 490 ma.s.l. at the Sudan border, which
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gives an averaged longitudinal slope of 1.5mkm™" (Fig. 1b). The upper basin suffers

from high erosion problems due to intensive land use and upper catchment deser-
tification and delivers huge quantities of sediment to the river system. After leaving
Ethiopia, the Blue Nile runs through Sudan for about 735km to Khartoum, where it
joins the White Nile to form the Nile River. Presently, the Blue Nile waters encounter
two dams: the Roseires Dam and the Sennar Dam (Fig. 1a), both in Sudan, but a new
dam is currently under construction in Ethiopia and other dams are planned.

The Dindir and Rahad join the river downstream of Sennar Dam in Sudan, adding
an average annual flow of 4 billion m3yr'1.

The slope from the Ethiopian border to Khartoum is one order of magnitude milder
than in the Ethiopian side, only 15¢cm km™" (Abdelsalam and Ismail, 2008).

The flow of the Blue Nile reflects the seasonality of rainfall over the Ethiopian high-
lands, which can be distinguished in wet season, from July to October, with maximum
flow in August—September and dry season, from November to June. Consequently, the
annual Blue Nile hydrograph at the Ethiopian Sudanese border has a bell-shape pat-
tern. The daily flow of the river fluctuates between 10 million m?in April to 500 million m?>
in August with a ratio of 1: 50 (Awulachew et al., 2008).

1.2 Roseires Reservoir

Roseires Reservoir is located in Sudan 550 km southeast of Khartoum, near the border
with Ethiopia (Fig. 1a). It is one of the oldest reservoirs in the basin, since the dam was
finalised in 1966. This reservoir plays an important role for the economy of Sudan, since
it provides hydropower, water for irrigation and flood control. The length of the reservoir
is about 80 km and the wet area surface is up to 290 km?. The total storage capacity
was 3 billion m® in the feasibility study of 1955, but in the mean time the reservoir lost
40 % of this storage capacity due to sedimentation. To limit sedimentation, the gates
are kept to the minimum level (open) during the wet season and are raised to the
maximum level one month before the end of the high flow season and kept so during
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the dry season (Hussein et al., 2005). Dredging is executed every year in front of the
power intake. Dredged sediment is dumped it in front of the deep sluice gates to be
flushed during the flood season when all the dam gates are opened. The process is
generally carried out before the flood season (Bashar and Eltayeb, 2010).

To increase the storage capacity of the reservoir, the dam has been recently height-
ened by 10m (in 2013). Before heightening, the full supply level was 481 ma.s.l. (Ir-
rigation Datum) and the minimum supply level of the power generation during flood
season was 467.6 ma.s.l. (Irrigation Datum) (Hussein et al., 2005). The reservoir bed
morphology is not homogeneous but there is a main channel that is approximately 10
deeper than the surrounding plains and that during the flashing period the water drop
by approximately 13 m leaving the plains dry.

2 Reservoir sedimentation from bathymetric data

Rough flow and sediment data were filtered, treated and analyzed in order to be useful
for the study proposes. The reservoir was surveyed in 1976, 1981 (DEMAS, 1985),
1992 (Gismalla, 1993), 2007 (Abd Alla and Elnoor, 2007) and 2009 (Omer, 2011).
Bathymetric surveys prior to 2009 do not cover the upstream river reach up to EIDeim
station (at the border between Sudan and Ethiopia), as well as the left and right wings
of the reservoir.

The morphological trends, in terms of cumulative bed level changes, were obtained
by comparing the bathymetric data of 20 sections surveyed in 1985, 1992 and 2007.
Temporal variations in storage capacity of Roseires reservoir are given in Table 1. The
total volume of sediment deposited at the reservoir in the two periods 1985-1992 and
1992-2007 is 146 and 238 million m°, respectively.

The areas with net deposition or erosion could be identified by subtracting the bed
topography 2007 from the bed topography 1992 and the bed topography 1992 from the
bed topography 1985.
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3 Available hydrodynamic and sediment data

Most data were provided by the Ministry of Irrigation and Water Resources (MolWR)
and Dams Implementation Unit of the Ministry of Dams and Electricity, Sudan.

EIDeim gauging station for measuring water level, discharge and sediment concen-
tration is located near the Sudan—Ethiopia border. It was established in 1962 during
the construction of the dam; 110 km upstream along the river and 85.5 km air distance
(Fig. 2). The station is situated in a deep rock gorge, which is supposed to provide
a very stable control, reliable and accurate flows. However, in the last three decades
ElDeim station has deteriorated to an extent it is not working properly (Ahmed and
Ismail, 2008). Water level, discharge and sediment concentration are also available
at other three measuring stations namely; Famaka at the reservoir inlet, Wad Almahi
inside the reservoir and Wad Alies, just downstream of the dam.

The concentration of suspended solids was measured during the flood season at
ElDeim on a daily basis during the last four decades. The data show a high variability in
suspended solids concentrations from year to year and substantial differences between
the rising limb and the falling limb of the flood curve (Hussein et al., 2005; Ahmed and
Ismail, 2008; Billi and el Badri Ali, 2010; Ahmed et al., 2010). Considering the long-
term character of investigation, to represent the historical inputs of suspended solids
during the high-flow seasons we derived the averaged values of suspended solids
concentrations from the literature data for three periods: the 1970-1980s, the 1990s
and the 2000s. For the low-flow seasons, due to lack of historical data, we adopted
the averaged sediment concentration of 0.024 kg m™~2 that we measured during a field
campaign in 2011.

The granulometry of suspended sediment is measured at the end of year and Ds, is
found to be 18.5 pm and 22 ym at Wad Almahi and Wad Alies respectively. This shows
that an erosion process happens between these two stations. Silt is the dominant type
of sediment in suspension and it represents more than 80 % of the samples. Sand
represents about 15 % of the suspended sediment inside the reservoir (at Wad Almahi)
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and 10 % of the suspended sediment downstream of the dam (at Wad Alies). Based on
the analysis of sediment of the bed material (Omer, 2011), at some locations sediment
contains up to 30 % of silt and clay. Averaging results in a Dsy of 1200 um upstream of
Famaka and in a Ds of 140 pm just upstream of the dam.

4 Methodology

Environmental conditions and economical issues limit the possibility to perform vast
field campaigns in the study site. For this, field campaigns have to be optimized be-
forehand. With the aim of identifying the most promising coring areas to investigate soil
stratification (to derive the time of sedimentation) and origin of the sediment deposited
in the reservoir (from the mineralogy of deposited fine material), we combined the anal-
ysis of bathymetric data with morphodynamic modelling. Data alone allow identifying
areas characterized by net sedimentation, but these areas might experience periods of
erosion in which part of the layers are lost.

To study the morphodynamic processes occurring inside Roseires Reservoir (ero-
sion/deposition), we adopted a physics-based model keeping record of the vertical soil
development to obtain vertical and horizontal sediment sorting inside the reservoir.
The morphodynamic model was constructed using the Delft3D software. The set up
of the model required two steps: (1) the development of a 2-D depth-averaged hydro-
dynamic model; and (2) a morphodynamic model considering two types of sediments:
silt (supply-limited) and sand (capacity limited), according to the two types of sediment
transported by the Blue Nile River.
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5 Modelling
5.1 Model description

Lesser et al. (2004) extensively describes the open-source Delft3D code which is ap-
plied in the current study. The extensive description of the software and of its mathe-
matical background can be found in: http://oss.deltares.nl/web/delft3d.

The hydrodynamic part of the model is based on the 3-D Reynolds-Averaged Navier—
Stokes (RANS) equations for incompressible fluid and water (Boussinesq approxima-
tion: Boussinesq, 1903). The equations are formulated in orthogonal curvilinear co-
ordinates. The set of partial differential equations in combination with the set of initial
and boundary conditions is solved on a finite-difference grid.

We used a 2-D depth-averaged version of the model with an appropriate param-
eterization of two relevant 3-D effects of the spiral motion that arises in curved flow
(Blanckaert et al., 2003). First, the model corrects the direction of sediment transport
through a modification in the direction of the bed shear stress, which would other-
wise coincide with the direction of the depth-averaged flow velocity vector. Second, the
model includes the transverse redistribution of main flow velocity due to secondary-flow
convection, through a correction in the bed friction term. Taking into account these 3-D
effects becomes important not only in curved channels, but also in straight channels
with bars.

The closure scheme for turbulence is a k—¢ model, in which k is the turbulent kinetic
energy and ¢ is the turbulent dissipation.

The evolution of the bed topography is computed from a sediment mass balance,
a sediment transport formula for capacity-limited sediment transport, as well as an
advection—diffusion formulation of suspended solids concentrations for fine supply—
limited sediment transport, coupled to two formulas describing the entrainment and
deposition processes.

A number of capacity-limited transport formulas are available, such as Meyer-Peter
and Muller's (1947), Engelund and Hansen’s (1967) and van Rijn’s (1984). The model
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accounts for the effects of gravity along longitudinal and transverse bed slopes on bed
load direction (Bagnold, 1966; lkeda, 1982).

The concentrations of fine sediment in suspension are calculated by solving the
following 3-D advection—diffusion equation (mass balance):

%+6uc+6vc+0(W—Ws)C_i € 9c +i € oc +i € 9c (1)
ot  9x 0Oy 0z T ox\ %ox) oy \ oy) o0z\ >0z

where c is the mass concentration of the fine sediment fraction (kg m'3) and u,v and
w are the flow velocity components (m s ). The velocity and eddy diffusivity (& x , or )
are gained from the hydrodynamic computations (continuity and momentum conserva-
tion equation of water). In computing the settling velocity of the sediment particles, w;,
the hindered effect is taken into account. The adjusted settling velocity is given by the
following formula:

c 5
Wg = (1 - = ) Ws0 ()

Csoil

in which ¢ is the reference density for hindering settling (kg m‘3) and cg is the total

mass concentration of the fine sediment fractions (kg m'3).
The following general formula (Ariathurai and Arulanandan, 1978; Partheniades,
1964) describes the entrainment of fine sediment from the bed:

T-1,
E=M( ) 3)

Tc

where E is the erosion flux (kg m™2 s‘1) and M is a coefficient quantifying the quantity
of entrained sediment (kg m—2s”" )- The following formula describes the deposition rate:

D=C, w (4)
160

Jaded uoissnoasiqg

Jaded uoissnasiq

Jadedq uoissnosiq | Jaded uoissnosiq

o
2

ESURFD
2,153-179, 2014

Modelling of
sedimentation
processes inside
Roseires Reservoir

A.Y. A. Omer et al.

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

OO


http://www.earth-surf-dynam-discuss.net
http://www.earth-surf-dynam-discuss.net/2/153/2014/esurfd-2-153-2014-print.pdf
http://www.earth-surf-dynam-discuss.net/2/153/2014/esurfd-2-153-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

in which D is the deposition rate (kg m™2 5_1) and C, is the sediment concentration near
the bed.

In this study the model is simplified into 2-D horizontal (depth-averaged) formu-
lations. The implications for fine sediment concentrations are described in Montes
et al. (2010).

For the description of soil processes, the adopted morphodynamic model includes
an adapted version of Hirano’s (1971) bed layer model, as described in Blom (2008).
The bed is subdivided in numerical layers. These layers allow for different specifica-
tions of bed composition and sediment characteristics and record the changes of bed
composition in the vertical during the morphodynamic simulations.

5.2 Setup, calibration and validation of the hydrodynamic model

The 2-D depth-averaged model was built to cover the Reservoir area to EIDeim (about
110 km from the dam and 30km upstream the end of the reservoir). The reservoir
shape is rather complex, as shown in Fig. 2. Consequently, the computational curvilin-
ear grid size is variable, ranging between 25 to 280 m (Fig. 3). The upstream boundary
condition was represented by the daily discharge time series measured at EIDeim. The
downstream boundary condition was represented by the corresponding water levels
measured at Wad Almahi and by the dam outflow discharges.

The hydrodynamic model was calibrated on the 2009 water levels measured at
Famaka, located inside the reservoir, about 80 km upstream of the dam (Fig. 2). In-
accuracies due to the large size of the computational grid cells were compensated by
manual adjustments of topographic levels, ensuring that thalweg elevation in the model
is close to the measured one. Finally, the bed roughness, used as calibration parame-
ter, resulted in a Chézy coefficient of 80 m'/2s7", Figure 4a shows the results of model
calibration.

The hydrodynamic model was validated using the daily time series of hydrodynamic
data measured in 2010. These data include the discharges measured at EIDeim, as
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upstream open boundary condition, dam outflow and the water levels measured at Wad
Almahi (inside the reservoir). Figure 4b shows the rather satisfactory results.

5.3 Setup, calibration and validation of the morphodynamic model

The hydrodynamic model was then used to set up the morphodynamic model, with
the aim to simulate sediment deposition and erosion inside the reservoir during two
periods: 1985-1992, and 1992-2007. The model was calibrated and validated on the
measured bed level changes derived from the bathymetric data in these two periods.
There were no data available on soil stratification.

The model was speeded up using the morphological factor introduced by Roelvink
(20086), taking care of respecting the water balance, by adding and subtracting water.
The hydrodynamic boundary conditions were the time series of monthly inflow and
outflow discharges and averaged water levels inside the reservoir (pool water levels).
Dredging was implemented as yearly operation.

Given the large variation of sediment settling in the reservoir and the necessity to
consider only two components (sand and silt), the transport formula for sand having an
averaged diameter of 700 um, fall velocity, critical shear stress for erosion and erosion
speed of silt were used as calibration parameters, considering a density of deposited
silt equal to 1200 kg m~. The upstream input of suspended sediment concentrations
during high flows was the corresponding averaged values derived from the measured
data. Suspended sediment input during the low flow season was kept constant and
equal to the measured one.

The model was calibrated on the period 1985-1992. The transport formula that gave
the best results for the sand component was Van Rijn’s (1984). The optimized fall ve-
locity resulted 0.005 mm s~! and the critical shear stress for erosion 1N m'2, whereas
the erosion speed of silt resulted 2mg m=2s7". Figure 5 shows the measured and sim-
ulated cross-sections 18 and 19B (10.8km and 15.4km upstream of the dam). The
model does not provide accurate results at this level of detail. Computed section 18
shows that the model fails to simulate the main channel shift (compare measured and
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simulated 1992 topography). The same applies to section 19B. This might be due to
the relatively large grid size and the distance of the measured cross-sections (2—5 km)
which does not allow for proper reproduction of curved flow effects inside the main
channel.

The total computed cumulative deposited volume of sediment in the period 1985—
1992, is 188 million m3, which is 29 % larger than the measured volume (146 million
m?, from Table 1).

The model was then run for a period fifteen years, from the end of 1992 to the
end of 2007. The results were compared to the measured bed levels in 2007. The
simulated morphological changes inside Roseires Reservoir show higher deposition
rates than the measured ones. The computed total cumulative sediment deposit in this
period is 567 million m3, which is more than the double of the measured 238 million m®
(Table 1). To analyze the implications of this overestimation at the cross-sectional scale,
we compare the measured and simulated sections 18 and 19B in Fig. 6. The simulated
section 18 in 2007 shows a deposition of 2—2.5 m with respect to section 18 in 1992,
which is larger than the measured one. The model does not correctly reproduce the
main channel shift inside the reservoir at section 19B.

We believe that the unavailability of good field data reflects on the model accuracy
and output reliability. In this study, data were not available in sufficient detail, and were
limited in terms of quality and extent. For instance, the cross-sections measured during
the bathymetric surveys of 2009 are 2 to 5 km far from each-other and the surveys do
not cover the entire length of the reservoir. This creates inaccuracy to prepare the
reservoir bed topography considering the length of Roseires Reservoir (80 km) and its
meandering shape.

The discrepancies between model and measurements could also be caused by an
overestimation of the sediment inputs. In particular, the suspended solids concentra-
tions for the years 2000’s seem to be overestimated by the adopted averaged value.
For this reason, suspended solids concentrations should be carefully measured in the
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future. In particular, more measurements are required during the low-water season, at
least for modeling purposes.

6 Identification of promising coring areas

Coring areas to study soil stratification and mineralogy must fulfil the conditions: (1)
easy accessibility; (2) absence of net bed erosion; (3) absence of bar movement, de-
stroying soil stratification; (4) recognizable soil stratification.

Two areas were selected for the coring, as shown in Fig. 7. The selection of these
two areas is based on the tendency of sediment to always deposit there and to the
apparent absence of bar migration, based on both measured data analysis and model
results.

Area 1. Figure 8 shows the vertical profiles of deposition at Area 1. In Fig. 8a, the
solid lines represent the final bed levels of 1985, 1988 and 1991. In Fig. 8b, the solid
lines represent the final bed levels of 1992, 1995, 1998, 2001, 2004 and 2007. In areas
characterized by the absence of bed erosion, the lowest solid line represents the first
year, whereas the top line represents the final year of the computation. In Area 1,
according to the model, deposition always occurs at the right side of the reservoir, from
0m to 250 m from the right bank. Erosion occurs due to channel shift in the middle of
the reservoir. The last 200 m at left side of the reservoir, from 1500 m to 1700 m, are
again characterized by deposition only. The dominant deposited sediment in 1986 (dry
year) is sand. Sand content is higher in the period 1985-1992 (Fig. 8a) than in the
following 15yr (Fig. 8b). The general trend in the years 1989, 1990, 1991 and 1992
is deposition of coarser sediment in the deepest area (main channel). Deposition and
stratification occur at the sides of the reservoir. These areas become dry at the end
of the dry season, are always characterized by deposition and are therefore promising
coring areas.

Area 2. According to the model, the left side of this section appears to have been
subject to deposition only, for approximately 3 km. In this area, the reservoir is relatively
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15

20

wide. Most of sediment deposited in this section is silt with only a minor percentage of
sand. Stratification is less visible or absent and for this Area 2 seems less suitable than
Area 1 for coring.

7 Model verification based on soil stratification data

A subsequent field campaign was carried out in the summer 2012 in the coring areas
identified by the model. This allowed studying the characteristics of the deposited sedi-
ment and validating the model results in terms of soil statification. Three trenches were
excavated in Area 2, about 25 km upstream the dam, and a forth trench was excavated
in Area 1, 45km upstream of the dam. The characteristics of the four trenches are
summarized in Table 2. The analysis of the sediment showed that indeed, at least in
the selected areas, the reservoir soil is stratified. However, the layers are not distin-
guishable from alternations of sand and silt, but from alternations of coarse and fine
sand. These are visible from the vertical profile of the Dy, of the sediment (Fig. 9). No
signs of soil erosion could be detected from the analysis of the cores.

8 Conclusions

The most promising coring areas inside Roseires Reservoir were selected by combin-
ing bathymetric data analysis with the results of a quasi 3-D morphodynamic modelling
including horizontal and vertical sorting. The model allowed studying the contribution
of two sediment types, sand and silt, both transported by the Blue Nile into the reser-
voir. The model set up was based on the idea that sand is deposited during high flows,
whereas fine material, mainly originating from upper catchment erosion, is deposited
during low flow periods. This creates soil stratification inside the reservoir, which al-
lows the recognition of specific wet or dry years. The model, with recorded bed level
changes and soil composition in vertical direction, shows vertical stratification in the
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reservoir soil at several cross-sections. Two of them were selected as the best areas
for analysing the sedimentation process in the reservoir.

The results of the subsequent field campaign carried out in the summer 2012, show
clear layers at the four trenches excavated in the selected areas, but layers are mainly
distinguishable from the presence of coarse and fine sand rather than from alternations
of sand and silt. Coarse sand was mainly deposited there during distinguishable wet
years, which allowed recognising the progression of sediment deposition in the reser-
voir. Although the model did not allow distinguishing the fate of different sand sizes, but
only of sand and silt, yet the model results allowed selecting two appropriated coring
areas.
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Table 1. Storage capacity of Roseires Reservoir in million m? at different years as a function of

level, derived from measured bed topographies.

level  origin (1966) 1985 1992 2007 2009
ma.s.l. volume volume volume volume volume
(ID) (Mm®) Mm®)  (Mm®)  (Mm®)  (Mm?®)
465 452 17.13 11.9 9.05 10.88
467 638 60.13 38.97 25.9 26
470 991 259.2 179.8 113 106.6
475 1821 992.8 859 660.5 682.8
480 3024 2082 1937 1701.4 17347
481 3329 2337.6 2191.6 1953.8 1984.7
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Table 2. Summary of the characteristics of the four trenches.

E N Depth (m) Area
650539 1280023 25 Area 2 (trench 1)
650539 1280023 4.0 Area 2 (trench 2)
653332 1284514 4.0 Area 2 (trench 3)
673117 1286508 2.5 Area 1 (trench 4)
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