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The water resource of the Blue Nile River in north Africa is under increasing pressure due to rapid population growth

and economic development. The situation is aggravated by a lack of coordinated management and governance,

partly caused by incomplete knowledge of the water supplies, uses and needs. Proper water management is

particularly important now, considering the recently completed and planned mega dams on the Blue Nile River

network. This paper reports on the construction of a one-dimensional hydrodynamic model covering the entire Blue

Nile River system, from Lake Tana to the confluence with the White Nile, with the aim of quantifying water

availability throughout the year, for different conditions. The work included an extensive field measurement

campaign along the Blue River and its tributaries, both in Ethiopia and Sudan. Calibrated and validated with

independent datasets, the model was used to quantify water uses in the period 2008–2010, which were then

compared with the official figures. The results show that the dry season is characterised by extra water losses that

should be taken into account when quantifying water needs, especially during the filling up phase of new reservoirs.

Notation
A wet cross-sectional surface

C Chézy coefficient

c celerity of flood wave

Fr Froude Number

g acceleration due to gravity

h water depth

ks Manning–Strickler coefficient

Q discharge

R hydraulic radius

t time

u average flow velocity

u� shear velocity

ws sediment fall velocity

x longitudinal distance

xi simulated value

yi actual value

Æ Boussinesq coefficient

1. Introduction
Water resource management is becoming increasingly difficult

due to the conflicting demands from various stakeholder groups,

population growth, rapid urbanisation and increasing incidences

of natural disasters, especially in arid areas (Kim and Kaluar-

achchi, 2008). In the Blue Nile River basin, upstream runoff

variability is an acute issue for the downstream countries of

Sudan and Egypt as they are heavily dependent on the Nile

waters. Cooperative management of the Nile waters has become

urgent, considering increasing demands and climate variations

(Conway, 2005; Conway and Hulme, 1996; Yates and Strzepek,

1998a, 1998b). Moreover, there are new plans for massive water

resource developments for hydropower generation in Ethiopia
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(four large dams on the Blue Nile), as reported by BCEOM et al.

(1998) and Hassaballah et al. (2011). The Grand Ethiopian

Renaissance dam is currently under construction 30 km upstream

of the border with Sudan (The Dam Speech, 2011) and, 150 km

downstream, heightening of Roseires dam was completed in

2013. Setit and Bardana dams are under construction across the

Atbara River (a Nile tributary) in Sudan.

As a result, the Nile basin countries are currently negotiating to

find a common agreement on how to share the Nile waters (Nile

Basin Initiative, 2003, 2004). At the time of writing (2013), six

countries (Ethiopia, Tanzania, Kenya, Rwanda, Uganda and

Burundi) had signed the so-called cooperative framework agree-

ment (CFA), while Sudan, Egypt, Democratic Republic of Congo

and South Sudan had not yet signed (BBC, 2010). A tripartite

technical committee was formed by the three eastern Nile

countries (Ethiopia, Sudan and Egypt) in early 2012 to assess

the downstream impacts of the Grand Ethiopian Renaissance

dam. In this context, knowledge of water uses along the Nile

River is of basic importance, especially considering that the

filling of the vast Grand Ethiopian Renaissance reservoir will

occur in the near future. It is also important to consider that

water needs vary with season, but a clear quantitative picture of

these variations is still lacking. The Blue Nile accounts for 60–

65% of the entire main Nile flow, with a clear bimodal seasonal

pattern (Sutcliffe and Parks, 1999; UNESCO, 2004; Waterbury,

1979; Yates and Strzepek, 1998b). Therefore, every development

on this river may affect the main Nile runoff in a considerable

way.

The objective of this research was a description of the water

distribution along the entire Blue Nile River system to quantify

the availability of the water resource at all seasons and flow

conditions. Hydrodynamic models, supported by field measure-

ments, are often the most appropriate tool for this type of study.

For this, a one-dimensional (1D) model of the entire Blue Nile

River network was developed, including all known water uses as

well as all major hydraulic structures and their operation rules. A

large part of the input data was provided by the Ministry of

Water Resources and Electricity of the Sudan (previously Minis-

try of Irrigation and Water Resources) and by the Ministry of

Water Resources of Ethiopia. To fill in the most important

knowledge gaps, this research included extensive fieldwork to

measure river cross-sections, river bed sediment, suspended solids

and flow velocity at several locations along the Blue Nile River

and its main tributaries in Ethiopia and Sudan. The model was

calibrated and validated on both water levels and discharges

measured at selected gauging stations. The results of the model

were found to describe the measured data quite well. Based on

this, it is fair to state that this complete hydrodynamic model will

provide reliable quantifications of the Blue Nile water availability.

In particular, the model will be a useful tool to help plan the

filling operations of the planned reservoirs, taking into account

all downstream water needs and considering their seasonal

variations as well as the seasonal variations of the water resource.

The figures provided by the model will help to increase

quantitative awareness, which is the first step to improve

transboundary coordination in the management of the Nile water

resource.

2. Study area

2.1 General characteristics of the Blue Nile basin

The basin of the Blue Nile River is shown in Figure 1. The river

starts in Ethiopia as Little (Gilgile) Abbay, the largest tributary of

Lake Tana, at an elevation of 2900 m above sea level (asl)

(Abtew et al., 2008; Easton et al., 2010; Hurst, 1950) and ends in

Khartoum, Sudan, where it joins the White Nile after having

travelled for about 1600 km (Shahin, 1985). The Blue Nile River

has a total drainage area of approximately 330 000 km2

(Mohamed et al., 2005; Johnson and Curtis, 1994) and contri-

butes 60–65% of the total flow of the Nile River. The river basin

is characterised by considerable variations in altitude, ranging

from 360 m in Khartoum to 4250 m asl in the Ethiopian high-

lands (Betrie et al., 2011). Two main landscape units can be

observed – a mountainous relief that extends in Ethiopia and a

flat piedmont area starting near the border with Sudan and

extending out across its Sudanese portion, as shown in Figure 1.

From Lake Tana, the river travels 35 km to the Tissisat Falls,

where it drops by 50 m. The river then crosses the Ethiopian

highlands for about 900 km through a gorge, which is up to

1200 m deep. The river bed slope is about 1.5 m/km in Ethiopia,

reducing to 0.15 m/km in Sudan. The longitudinal profile of the

river is shown in Figure 2. The major tributaries of the Blue Nile

are listed in Table 1, together with the surface area of their

basins.

The Blue Nile crosses two different climatic zones (Table 2) –

the humid Ethiopian highland zone, characterised by high rainfall

and low temperatures in the wet season (July–September), and

the semi-arid south-east Sudan, represented by low rainfall and

high temperatures (Shahin, 1985; Sutcliffe and Parks, 1999).

During the flood season, the river and its main tributaries carry

considerable amounts of suspended sediment, contributing 72–

90% of the total sediment yield of the main Nile (Gaudie, 2005;

Williams and Talbot, 2009). Maximum suspended sediment loads

generally occur in the second half of July, a month earlier than

the peak discharge (Hamid, 2001).

2.2 Hydraulic structures

From its source to the confluence with the White Nile, the Blue

Nile system encounters several major structures. The first is

Chara weir, built in 1998 at the outlet of Lake Tana to regulate

the flow for hydropower production. The construction of the weir

resulted in a change in the water flow from the lake, which counts

for 7% of the total flow of the Blue Nile at the Ethiopia–Sudan

border (Awulachew et al., 2009; McCartney et al., 2009).
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The second structure affecting water flow of the Blue Nile River

is the Fincha dam, built in 1972 across the Fincha River, a major

tributary of the Blue Nile, with a reservoir capacity of 400 mil-

lion m3 (Awulachew et al., 2008) to regulate the river flow for

hydropower production and sugarcane irrigation (8145 ha).

A large dam called the Grand Renaissance (Millennium) dam

(Figure 1) is currently under construction in Ethiopia, 30 km

upstream of the Ethiopian–Sudanese border. When completed,

this will be the largest hydroelectric power plant in Africa, with a

reservoir storage capacity of 74 billion m3 (The Dam Speech,

2011).

Roseires dam, built in 1966 for irrigation and hydropower

generation, is currently the first multi-purpose dam encountered

by the Blue Nile. It is located 110 km downstream of the

Ethiopia–Sudan border (Figure 1). The design capacity of the

reservoir was 3 billion m3 at its initial maximum impoundment

level. However, being the first trap for sediments transported by

the Blue Nile River, it lost a storage volume of approximately

1 billion m3 due to sedimentation in less than 50 years (Abd Alla

and Elnoor, 2007). The dam has been recently heightened by

10 m, resulting in a new reservoir capacity of 5.7 billion m3:

Further downstream, the Blue Nile is crossed by the Sennar dam

(Figure 1), built in the early 1920s 350 km south of Khartoum

for irrigation and hydropower generation. The initial design

reservoir capacity was 930 million m3 but, due to siltation, the

Khartoum
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7. Sennar (existing)
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Figure 1. Blue Nile River basin topography and sub-basins. GERD,

Grand Ethiopian Renaissance Dam
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storage capacity is now reduced to one-third of the initial

volume.

Over the period 1960–1964, the United States Bureau of Recla-

mation carried out a major study of the land and water resources

of the Blue Nile River basin in Ethiopia (US BoR, 1964). The

study identified four major hydropower development sites on the

Blue Nile: the border between Ethiopia and Sudan, Karadobi,

Mabil and Mandaya (Figure 1). The Eastern Nile Technical and

Regional Office (ENTRO) carried out pre-feasibility studies for

these dams, which resulted in changed storage capacities for the

Mandaya dam and Border dam (Millennium dam, under construc-

tion) and the cancellation of the Mabil dam. These studies also

identified potential for hydropower generation at Beko Abo. The

general characteristics of these projects are presented in Table 3.

2.3 Irrigation schemes

In Sudan, several agricultural schemes are irrigated using the

waters of the Blue Nile River (Figure 3). The largest is the

Gezira–Managil scheme (operating since 1925), totalling about

880 000 ha, followed by the Rahad (since 1979) and the Suki

(since 1971) schemes, covering 126 000 and 37 000 ha, respec-

tively. Finally, the North West Sennar sugar scheme (operating

since 1974) and the Genaid sugar scheme (1961) cover 20 000 and

15 960 ha, respectively. The annual variations of the total volume

of abstracted water for these irrigation schemes are given in Table

4, where they are compared with the annual flow of the river.

Additionally, many small irrigation schemes supplied by the

pumping of water directly from the river are found along the river

banks. The extraction period and the amount of water are clearly

indicated in the water rights issued. Their extraction volumes,

however, are unknown.

3. Data analysis and model development

3.1 Data analysis

This study relied on historical measurements of water levels and

flow discharges at a series of gauging stations located along the

Blue Nile River. The stations were selected based on two main

criteria – their location (ensuring a good coverage of information
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Figure 2. Blue Nile River longitudinal profile

Sub-basin Area: km2 Major rivers

Tana 15142 Ribb, Gumera, Megech

Beshilo 13362 Beshilo

Beles 14146 Main Beles, Gilgel Beles

North Gojam 14389 Andassa, Mened, Muga, Shina

Dabus 21252 Dabus, Hoha, Haffa

South Gojam 16762 Jedeb, Birr, Chamoga, Temcha

Jemma 15782 Robi Gumero, Jemma, Winchit

Welaka 6415 Jogola, Mechela, Selgi

Wonbera 12957 Belzmate

Fincha 4089 Neshi, Fincha

Anger 7901 Little Anger, Anger

Muger 8188 Aletu, Muger

Didessa 20087 Dabana, Didessa

Guder 7011 Debis, Guder

Dinder 37611 Dinder

Rahad 42303 Rahad

B.N Sudan 52999 Blue Nile

Table 1. Main drainage basins and major rivers of the Blue Nile

basin (Archydro and SWAT)

Ethiopia Source Sudan Source

Average rainfall: mm/year 1400–1800 Bewket and Conway, 2007

Johnson and Curtis, 1994

200–1000 Block and Rajagopalan, 2007

Gamachu, 1977

Mean annual temperature: 8C 6–28 Conway, 1997 19–39 Elagib and Mansell, 2000

Hydrosult et al., 2007

Mean annual evaporation: mm/year 1150 Shahin, 1985

Sutcliffe and Parks, 1999

2500 Shahin, 1985

Sutcliffe and Parks, 1999

Average annual flow Blue Nile: km3 4–48 Sutcliffe and Parks, 1999 48–47.6 Billi and el Badri Ali, 2010

Table 2. Hydrological characterisation of the Blue Nile basin
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Border Mandaya Mabil Karadobi Beko Abo

Dam height: m 84.5 164 171 250 282

Full supply level: m asl 575 741 906 1146 1062

Capacity: million m3 11074 15930 13600 40200 31700

Design power: MW 1400 1620 1200 1600 1940

Table 3. Characteristics of proposed hydropower projects on the

Blue Nile River (US BoR and ENTRO) (Hassaballah et al., 2011)

Khartoum city

Rahad
River

Sennar dam

Roseires dam

Dinder River

Blue
Nile

River

0 30 60 120 km

Stream

Genaid scheme

Gezira and Managil scheme

Rahad scheme

Suki scheme

North West Sennar scheme

Blue Nile basin

N

Figure 3. Locations of agricultural schemes irrigated using Blue

Nile River waters
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along the river course) and the availability of flow and water level

records. The screening of historical data revealed a number of

typing mistakes. These were corrected and flagged in Excel data

files. Missing discharge data for the major tributaries were filled

in with a regression equation between neighbouring stations.

A bathymetric survey of 1991 executed by the Ministry of

Irrigation and Water Resources and Delft-Hydraulics includes 84

cross-sections with spacings of 5–7 km, covering the reach from

Roseires dam to Khartoum, about 600 km long (Delft-Hydraulics,

1992). Other cross-sections were measured more recently at

scattered locations, such as Singa just upstream of Sennar

reservoir (Babiker and Salih, 2006), Suki (Babiker and Bushara,

2007), Wad Medani (Babiker et al., 2010), Khartoum (HRS,

2008) and inside Roseires reservoir in different years (Abd Alla

and Elnoor, 2007; Gismalla, 1993). Different references were

used for the topographic data (Tiesler, 2009) for both the vertical

and horizontal coordinates. This study used the UTM (Universal

Transverse Mercator) WGS-84 coordinate system in the horizon-

tal direction for the positions of the cross-sections and the

Alexandria vertical datum (3 m above the local datum) for the

vertical levels.

Difficulty of access to the river is the major reason for the lack

of field data in Ethiopia, especially in the Blue Nile River gorge.

To fill in this important knowledge gap, an extensive field

survey was conducted as a part of this study in 2009. Flow

velocity and bed topography were measured at 26 cross-sections

along the Blue Nile River and its major tributaries using a

current meter and an ecosounder in Ethiopia and an acoustic

Doppler current profiler (ADCP) in Sudan. Figure 4 shows the

locations of the cross-sections that were surveyed in 2009, listed

in Table 5. As an example, the river cross-sections just down-

stream of Lake Tana (upstream boundary), at the Ethiopian–

Sudanese border (middle) and at Khartoum (downstream

boundary) are depicted in Figure 5 together with an image of

the river at each location.

Several samples of bed sediment were collected by the Ministry

of Water Resources and Electricity of Sudan and in the frame-

work of this study by means of a grab sampler, at several

locations in 2009. The samples revealed that from Lake Tana to

the border between Sudan and Ethiopia the river bed is mainly

sand, accounting for 80% of the material. Inside Roseires

reservoir, the sand content decreases to 50%, where the river bed

is composed of a mixture of silt and sand. Silt accounts for 60%

of the bed material at Khartoum (Figure 6).

High sediment concentrations have been observed to damp out

dunes in river channels at low Froude numbers (Best, 2005;

Smith and McLean, 1977). Predicting the occurrence of bedforms

is important, because the flow resistance of the river channel is

determined by sediment size and form drag. This means that

dune formation influences the stage–discharge relationship and

this should be included in hydrodynamic models. River dunes are

found in nearly all river systems with the river bed consisting of

sand, small gravel or mixtures (Julien et al., 2002; Paarlberg et

al., 2007, 2010; Wilbers and Ten Brinke, 2003).

The measured average monthly sediment concentrations (Figure

7) combined with hydrodynamic information allowed computa-

tion of the suspension number (SN). This is a parameter that

characterises the level of suspension of channel bed material and

is defined as

SN ¼ u� =ws1:

where u� is the shear velocity (m/s) and ws is the sediment fall

velocity (m/s). This parameter can be used to infer the presence

of dunes on the channel bed, since dunes seem to form for SNs

smaller than 2.5 if the Froude number is smaller than 0.32

(Naqshband et al., 2012).

3.2 Model development

The flow in the river network was modelled using the Sobek

Rural package (www.deltares.nl). This is a 1D open-channel

dynamic numerical modelling system for water flow in open

channels, which has been successfully applied on river systems

all over the world (Becker et al., 2012; Kemink et al., 2003;

Prinsen and Becker, 2011; Wang et al., 2007). The model is

based on the Saint-Venant equations for unsteady flow. The

continuity equation is

@A

@t
þ @Q

@x
¼ 0

2:

and the momentum equation is

Year Total volume

of water

withdrawal:

million m3

River annual

flow: million m3

Water

withdrawal: %

1990 9.68 38 25.5

1991 9.786 45.4 21.6

1992 8.753 44.2 19.8

1993 10.174 56.1 18.1

1994 9.703 52.5 18.5

1995 9.471 37.1 25.5

1996 10.454 56.1 18.6

2008 9.532 59.7 16.0

2009 10.04 40.6 24.7

2010 9.922 57.3 17.3

Table 4. Volume of water withdrawal for irrigation schemes along

the Blue Nile River and annual river flow
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@Q

@t
þ @

@x
Æ

Q2

A

� �
þ gA

@h

@x
þ gQ Qj j

C2RA
¼ 0

3:

in which A is the wet cross-sectional surface (m2), Q is the

discharge (m3/s), t is time (s), x is the longitudinal distance (m), Æ is

the Boussinesq coefficient, g is acceleration due to gravity (m/s2), h

is the water depth (m), C is the Chézy coefficient (m1=2/s) and R is

the hydraulic radius (m).

Computation of the water levels and discharges in the Sobek-

flow-network was performed with the Delft-scheme. This scheme

solves the Saint-Venant continuity and momentum equations by

means of a staggered grid in which the water levels are defined at

the connection nodes and calculation points, while the discharges

are defined at the intermediate reaches or reach segments. The

software allows for the inclusion of several types of hydraulic

structures such as weirs, sluice gates, pumps and locks, as well as

their operation rules.

The domain of the developed model covers the Blue Nile River

from the outlet of Lake Tana (upstream boundary) to Khartoum

(downstream boundary). The length of the main stream of the

river is about 1600 km – about 950 km in Ethiopia and 650 km

55 110
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Figure 4. Locations of the measured cross-sections (see Table 3)
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in Sudan. A large part of the cross-sectional data from the

Sudanese part of the river dates from 1990 but, unfortunately, the

only cross-sections available for the Ethiopian part of the river

are those measured in 2009 in the framework of this project. The

total number of cross-sections available for the entire Blue Nile

River network is 168.

To allow sufficient accuracy, the space step of the longitudinal

(1D) grid was set equal to 3000 m. The value of the timestep was

derived imposing the Courant condition

c
˜t

˜x
< 10

4:

in which c is the celerity of the flood wave (m/s).

According to the available data, at El Deim station

j average flow width ¼ 500 m

j maximum daily change in discharge in the rising

limb ¼ 1500 m3/s

j water level change at maximum daily discharge

change ¼ 0.75 m

j celerity of the flood wave ¼ 4 m/s.

Based on Equation 4, the timestep must satisfy the condition

˜t , 7500 s (125 min) so, in the model, the timestep was set to

1 h.

The daily outflow discharge from Lake Tana at Bahr Dar defines

the upstream boundary conditions of the hydrodynamic model,

whereas the daily discharge time series from the major tributaries

listed in Table 1 are lateral flows entering the system. Water

extraction for the irrigation schemes are lateral flows leaving the

system. The time series water levels at Khartoum station define

the downstream boundary conditions.

The model includes Sennar and Roseires dams along with their

operation rules. The model schematisation, including the dams

and the hydrological stations is depicted in Figure 8.

3.3 Description of model calibration and validation

Model calibration and validation were carried out by comparing

computed to measured water levels at El Deim, just upstream of

Roseires dam (inside the reservoir), Wad Al Ais, just upstream of

Sennar dam (inside the reservoir), Hag Abdalla and Wad Medani

(Table 6), and by comparing computed with measured discharges

at Kessie Bridge, El Deim, just downstream of Roseires dam and

just downstream of Sennar dam station (Table 7).

The primary parameter required for calibration of a 1D hydro-

dynamic model such as Sobek Rural is bed roughness (McGahey

et al., 2012). The Manning–Strickler coefficient was chosen for

the calibration instead of the Chézy coefficient, C. The model can

freely calculate C considering the local hydraulic radius taken

from the last iteration loop. The Strickler formula is one of the

methods to define the bed roughness. The actual value of the

Chézy coefficient is computed using

C ¼ ksR
1=65:

in which ks is the Manning–Strickler coefficient (m1=3/s) and R is

the hydraulic radius (m). The calibration was performed by

adjusting the values of ks in order to get a good reproduction of

the observed water level and discharges at a number of gauging

stations.

The river network was divided into three reaches according to the

positions of Roseires and Sennar dams: reach 1 represents the

river upstream of Roseires dam; reach 2 represents the river

between the two dams of Roseires and Sennar; reach 3 describes

the river from Sennar dam to Khartoum.

The model was calibrated for the period 1990–1993. Several runs

1 Downstream Lake Tana 14 Beles River

2 Andassa River 15 Dabus River

3 Beshilo River 16 Abbay River at Border

4 Walaka River 17 Blue Nile River at Roseires 1

5 Jemma River 18 Blue Nile River at Roseires 2

6 Abbay River at Kessie 19 Blue Nile River at Singa

7 Muger River 20 Blue Nile River at Kassab

8 Guder River 21 Dinder River

9 Fincha River 22 Blue Nile River at Nor Al Deen

10 Chemoga River 23 Blue Nile River at Wad Medani

11 Yeda River 24 Rahad River

12 Abbay River at Bure 25 Blue Nile River at Hilalia

13 Didessa River 26 Blue Nile River at Khartoum

Table 5. Denomination of measuring stations shown in Figure 4
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were carried out with different ks values ranging between 30 m1=3/s

and 70 m1=3/s with the aim of optimising reproduction of the

observed water levels and discharges at a number of gauging

stations. The adjusted values of ks were found to be 60, 55, 50 and

40 m1=3/s in the reach from Lake Tana to El Deim, from El Deim to

Roseires dam, between Roseires dam and Sennar dam, and in the

reach between Sennar dam and Khartoum, respectively.

Because the calibration process involves some adjustments of

parameter values that are optimised to fit a certain dataset, good

model calibration cannot automatically ensure that the model

performs equally well for other periods and circumstances.

Therefore, model validations on independent data are required.

The model was therefore validated by comparing its results to

measured data for the three years 1994, 1995 and 1996.
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Figure 5. Blue Nile River cross-sections downstream of Lake Tana

(a), at the Ethiopian–Sudanese border (b) and at Khartoum (c).
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There are several statistical measures that can be used to evaluate

the performance of simulation models, among which are assess-

ment of the correlation coefficient (R2), the Nash–Sutcliffe

efficiency (NSE) (Nash and Sutcliffe, 1970) and the root mean

squared error (RMSE). The correlation coefficient R2 reflects the

linear relationship between observed and simulated data and is

thus insensitive to either an additive or a multiplicative factor.

Some authors recommend this parameter when large-scale models

with gridded fields are involved. R2 ranges from 0 to 1, with

higher values indicating less error variance; typically, values

greater than 0.5 are considered acceptable (Santhi and Arnold,

2001; van Liew et al., 2003). R2 is given by

R2 ¼
Pn

i¼1(xi � �xx)2(yi � �yy)2Pn
i¼1(xi � �xx)2

Pn
i¼1(yi � �yy)2

6:

where xi is the simulated value and yi is the actual value.

The NSE indicates how well a plot of observed versus simulated

data fits the 1:1 line. It is computed according to

NSE ¼ 1�
Pn

i¼1(yi � xi)
2Pn

i¼1(yi � �yy)2
7:

The RMSE is a commonly used error index (Chu and Shirmo-

hammadi, 2004; Singh et al., 2004; Vazquez-Amábile and Engel,

2005) and it gives the standard deviation (SD) of the model

prediction error. Values close to zero indicate a perfect fit. Its

value should be compared with the standard deviation of the

measured data. Values less than half of the standard deviation of

the measured data are considered acceptable (Singh et al.

(2004)). The RMSE is given by

RMSE ¼

(x1 � y1)2 þ (x2 � y2)2þ � � � þ(xn � yn)2

n

� �1=2

8:

4. Results

4.1 Results of data analysis

High concentrations of suspended solids were measured during

high flow conditions, ranging between 3000 mg/l and 18 222 mg/l

at El Deim and between 3720 mg/l and 15 044 mg/l just down-

stream of Roseires dam. These concentrations results in SNs

ranging between 2.8 and 3.5. Given that the corresponding

Branch Station namea Distance upstream

of Khartoum: km

Reach 1 El Deim (a) 740

Upstream Roseires dam (b) 629

Reach 2 Wad Al Ais (c) 436.5

Upstream Sennar dam (d) 351

Reach 3 Hag Abdalla (e) 282.5

Wad Medani (f) 200.5

a The letters following station name refer to parts (a)–(f) in Figures 9,
11 and 13.

Table 6. Water level calibration and validation chaining

Branch Station namea Distance upstream

Khartoum (km)

Reach 1 Kessie Bridge (a) 1340

El Deim (b) 740

Reach 2 Downstream Roseires dam

(c)

630

Reach 3 Downstream Sennar dam

(d)

345

a The letters following station name refer to parts (a)–(d) in Figures
10, 12 and 14.

Table 7. Discharge calibration and validation chaining

Station Flow Q: m3/s Water

level: m

A: m2 h: m U: m/s Fr u*: m/s D50: mm ws: m/s SN

El Deim Low 155 488 550 3 0.3 0.05 0.054 0.18 0.0323 1.66

Medium 960 489 1279 4.6 0.8 0.11 0.067 0.18 0.0323 2.07

High 6126 493 2974 8.2 2.1 0.23 0.09 0.18 0.0323 2.78

Was Al Ais Low 300 422 758 3.2 0.4 0.07 0.018 0.09 0.0004 2.18

Medium 944 423 1008 3.6 0.9 0.16 0.019 0.09 0.0004 2.32

High 5842 426 2175 8.1 2.7 0.3 0.028 0.09 0.0004 3.48

Table 8. Suspension numbers at El Deim and Wad Al Ais station
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Froude numbers are smaller than 0.32, it is possible to assume

that, during high flows, dunes do not form in the Sudanese part

of the Blue Nile. However, dunes are expected to form at lower

flow stages when the SN is smaller than 2.5 (Table 8).

4.2 Model calibration and validation

The results of model calibration in terms of water levels and

discharges are shown in Figures 9 and 10, respectively, for the

period January 1990 to January 1994. The comparison between
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Figure 9. Comparison of observed and simulated water levels at

(a) El Deim, (b) upstream of Roseires dam, (c) Wad Alais,

(d) upstream of Sennar dam, (e) Hag Abdalla and (f) Medani for

the period January 1990 to January 1994
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computed and measured water levels shows a general tendency to

slightly underestimate high-flow levels and slightly overestimate

low-flow levels inside the reservoirs of Roseires and Sennar,

whereas the model performs well for the other stations along the

river. The comparison between modelled and measured discharges

shows good agreement between the model and measurements.

The results for January 1994 to January 1997 are shown in

Figures 11 and 12. Again, the model shows a slight under-

prediction of peak-flow levels and a slight over-prediction of

low-flow levels inside the reservoirs of Roseires and Sennar,

whereas the model performs well for the other stations along the

river. The model predicted discharges during low flows well, but

overestimated the highest discharges at all stations (Figure 12).

The RMSE, NSE and correlation coefficients were computed to

quantify the model performance. Tables 9 and 10 show the values

of these indexes for simulations of water levels and discharges in

the periods 1990–1993 (calibration) and 1994–1996 (validation),

respectively. Model calibration resulted in correlation coefficients

of 0.947–0.999 and NSE values of 0.910–0.999 for the water

levels (Table 9). For the discharges (Table 10), the correlation

coefficients fell to 0.950–0.972 and the NSE values to 0.044–

0.970. Model validation resulted in R2 values between 0.930 and

0.998 and NSE values of 0.926–0.995 for the water levels. For

the discharges, R2 values were 0.894–0.964 and NSE values

0.880–0.959. The results show that RMSE values were always

less than 50% of the standard deviation of the measured data and

model performance can therefore be considered good.

5. Assessment of water distribution
Since most data used for model setup, calibration and validation

date from the 1990s, the model strictly represents the Blue Nile

River behaviour 15–20 years ago. To check its performance for

more recent years, the model was applied to study water levels

and discharge distributions in 2008, 2009 and 2010. The results

(Figures 13 and 14) show that the agreement between simulated

and measured water levels and discharges is still good. Similarly

to the calibration and validation runs, the model tends to over-

predict low-flow water levels inside the reservoirs of Roseires and

Sennar, but now also in the reach between the two dams, as well

as from Sennar dam to Khartoum, and to over-predict peak
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Figure 10. Comparison of observed and simulated discharges at

Kessie Bridge (a) and El Deim (b) and from Roseires dam (c) and

Sennar dam (d) for the period January 1990 to January 1994
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discharges. This model behaviour could be an indication of

unknown water uses or water losses during the dry season, but

this can be established only by analysing the model performance

considering its simplifications and shortcomings.

Several irrigation schemes in Sudan withdraw water from the

Blue Nile River, especially in the reach between the dams of

Roseires and Sennar and from Sennar to Khartoum (Section 2.3).

The model includes water extractions by the irrigation schemes

listed in Table 4, but does not include the additional small

(private) schemes, since it is difficult to assess their amount of

abstraction. For this, pumping rates and pumping hours should be
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Figure 11. Comparison of observed and simulated water levels at
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the period January 1994 to January 1997
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used as inputs to precisely calculate their consumption, but no-

one knows these variables and there are thousands of small

pumping schemes in operation.

Over-prediction of low-flow water levels could be caused by not

taking into account these water extractions, but it could also be

due to systematic overestimation of the channel bed roughness

during low flows. In the model, roughness varies as a function of

water depth without taking into account any additional flow

resistance due to dune formation. For the particular case of the

sand-bed Blue Nile, we can expect that dunes form at low flows

but not at high flows when the concentration of suspended solids

is very high (Section 3.1). This means that, most probably, the

Blue Nile river bed is much rougher during low flows than during
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Calibration Validation

R2 NSE RMSE SD R2 NSE RMSE SD

El Deim 0.977 0.910 0.26 1.73 0.978 0.926 0.27 1.81

Upstream Roseires 0.999 0.995 0.2 5.55 0.998 0.995 0.22 5.36

Wad Al Ais 0.999 0.999 0.39 2.13 0.955 0.947 0.47 2.19

Upstream Sennar 0.975 0.955 0.25 1.59 0.974 0.947 0.26 1.6

Hag Abdalla 0.953 0.943 0.59 2.7 0.951 0.943 0.67 3.02

Wad Medani 0.947 0.944 0.69 3.02 0.930 0.927 0.8 3.01

Table 9. Water levels: calibration and validation correlation

coefficients and RMSE
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high flows. The effect of using one single value of the Manning–

Strickler coefficient means that channel roughness during low

flows is most probably underestimated rather than overestimated

by the model. Based on this, the discrepancy between measured

and computed water levels during the low flow season appears to

be related to losses of water that could be caused by evaporation

(included in the model), groundwater recharge (not included in

the model) and water withdrawal (partly included in the model)

rather than to bed roughness overestimation.

It is difficult to thoroughly quantify the losses due to groundwater

recharge, but it can be reasonably assumed that most of these

losses are due to the water abstractions that have not been

quantified. The model was finally used to quantify the total water

losses in the region between Roseires and Khartoum, which

include water extraction and groundwater recharge. These were

found to be 2.675 billion m3/year, on average, for the years 2008

to 2010, which is more than 25% of the known water extraction

for agriculture (Table 4). The same exercise applied to the period

1990–1996 resulted in yearly averaged water losses of 1.457 bil-

lion m3/year, about 15% of the known extracted volumes.

6. Discussion and conclusions
This paper reports on the construction of a 1D hydrodynamic

model of the entire Blue Nile River system to be used to quantify

the availability of the water resource throughout the year. The

model was built on cross-sectional data from the 1990s for the

Sudanese part of the river and from 2009 for the Ethiopian part.

It was calibrated on the period 1990–1993 and validated on the

period 1994–1996.

The simulations showed good correlation coefficients between

computed and measured water levels and discharges for both the

calibration and validation runs. The RMSE values for calibration

and validation were less than 50% of the standard deviations.

These results give confidence in the model, particularly consider-

ing the need to estimate discharges from measured water levels at

locations where discharge measurements are scarce or absent.

However, since most of the data used to set up, calibrate and

validate the model were from the 1990s, the model strictly

represents the behaviour of the Blue Nile River 15–20 years ago.

To check its performance on recent years, the model was applied

to study water levels and water distribution in 2008, 2009 and

2010. Comparison of computed and measured water levels and

discharges revealed that the model also performs well for the

present situation. From this, it can be concluded that morphologi-

cal changes occurring over the last 20 years do not seem to have

affected the hydrodynamic behaviour of the Blue Nile River

system in a relevant way.

However, morphological changes can be expected due to vast

ongoing deforestation of the upper catchment, which has caused

an increase of sediment input to the river in its upper parts. This

might have already resulted in local aggradation of the river bed

and in an increase of the longitudinal slope. Most of this

sediment is believed to have settled inside Roseires reservoir, in

irrigation canals and to a minor extent inside Sennar reservoir, so

increased sediment inputs are expected to have had only minor

effects on the Sudanese part of the river. To check this and to

quantify the river morphological changes, a new topographic

campaign combined with morphodynamic modelling should be

implemented in the future.

The cross-sections measured between the upstream boundary and

the Ethiopian–Sudanese border are limited in number due to the

difficulty of access to the river flowing inside a deep gorge.

Discharge measurements are also scarce, especially for the upper

part of the river. These factors contributed to model inaccuracy.

To improve model performance, especially in the Ethiopian part,

additional measuring campaigns along the Blue Nile and its

tributaries are recommended in order to collect new data on

cross-sectional profiles, flow velocity, bed material and suspended

solids.

The Blue Nile River basin is currently subject to many

challenges, such as a growing population that will increase water

demand and dam construction which may affect the river regime

during low flows in particular. Critical moments related to the

availability of the water resource can be expected in the future

during the filling phase of the newly constructed reservoirs.

Based on discrepancies between computed and measured water

levels, it was possible to identify unknown water losses in

unquantified uses, evaporation from Roseires and Sennar lakes

Name Calibration Validation

R2 NSE RMSE SD R2 NSE RMSE SD

Kessie Bridge 0.960 0.958 155.82 777.05 0.894 0.88 341.29 1049.17

El Deim 0.972 0.970 295.97 1783.05 0.964 0.959 385.59 2018.27

Downstream Roseires 0.959 0.958 363.92 1790.43 0.943 0.936 470.35 1965.61

Downstream Sennar 0.950 0.944 387.45 1730.54 0.934 0.932 524.08 2043.13

Table 10. Discharges: calibration and validation correlation

coefficients and RMSE
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and possibly also groundwater recharge. These water losses

should be included in the overall water budgets of the basin.

Thanks to its good performance, the model will be a reliable tool

with which to simulate hydrodynamic conditions along the Blue

Nile during and after the construction of the planned large dams

in Ethiopia.
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