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a b s t r a c t

The objective of this study is to simulate present and future discharges of the Nile River upstream Lake Nas-
ser. For this purpose a rainfall–runoff model (HBV) is integrated with a water distribution and allocation
model (RIBASIM) for the upper Nile. The combination of the two models is referred to as the Nile Hydro-
logical Simulation Model (NHSM). To assess the performance of NHSM in simulating discharges under
the present climate it is forced by observed rainfall and potential evapotranspiration for the period
1961–2000. To simulate future discharges, NHSM meteorological forcing is derived from simulated series
by three General Circulation Models (GCMs) under two SRES emission scenarios. Bias from GCM simula-
tions is removed by a correction of rainfall and evapotranspiration to the observed 1961–1990 mean
monthly climatology. Finally, GCM–NHSM simulations under the two SRES scenarios are used to describe
the 2046–2065 and 2081–2100 hydro-climates. Results of NHSM calibration and validation are satisfying
at the scale of the main tributaries; the White Nile draining the Great Lakes district and the Blue Nile and
Atbara River draining the Ethiopian Highlands. However, especially in sub-catchments of the White Nile
performance is considerably lower ranging from a poor representation of discharge peaks to a structural
underestimation of discharges. The performance of GCM–NHSM combinations in simulating 1961–1990
discharges is moderate. Meteorological forcing derived from GCM simulations shows a high bias compared
to the observed climatology. After bias correction still differences between the observed and simulated
spatio-temporal representation of meteorological forcing can be found, especially for rainfall. GCM–NHSM
simulations for 2046–2065 and 2081–2100 result in large differences in future climate and discharges.
Further research is recommended to improve the NHSM performance at the sub-catchment scale by
improving the quality of the meteorological forcing, changing the spatial discretisation of HBV, improving
the representation of river–lake dynamics in RIBASIM and executing an integrated calibration of HBV and
RIBASIM. Future meteorological forcing series can be improved by refining the methods to downscale GCM
simulations to the required spatial scale. NHSM can then be used to assess the impact of river basin man-
agement strategies and socio-economic developments in the Nile basin under changing climate conditions.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction 2005; Beyene et al., 2010). This shows that it is very important
The Nile River is one of the largest rivers of the world and its
spatial division of water supply and demand is high. The majority
of supply is accounted for by rainfall upstream in the Blue and
White Nile tributaries, demands are highest downstream, in Sudan
and Egypt. These two countries experience high water stress,
whereby Sudan and Egypt use more than 50% and 90% of their long
term renewable water resources (Arnell, 1999). At high water
stress, only small changes in water supply have enormous conse-
quences for the socio-economic system in these countries. Further-
more, hydrological sensitivity studies indicate that small
meteorological changes can result in relatively large changes in
runoff and water availability (e.g. Gleick, 1991; Conway and
Hulme, 1993, 1996; Yates and Strzepek, 1996, 1998a,b; Conway,
ll rights reserved.
to study possible impacts of climate change on the runoff and
water availability in the Nile River to enable adaptive measures
and robust water management taking into account uncertainties
in the short and long term (e.g. Strzepek and Yates, 1996, 1999).

Hulme et al. (2001) analysed past and future climates for the
African continent. Trends in the past climate are analysed using ob-
served data. The future climate is simulated by a combination of
four greenhouse gas emission scenarios with seven General Circu-
lation Models (GCMs). The study confirmed that temperatures
have risen during the previous century and that this is expected
to continue in the 21st century. With respect to rainfall a slight in-
crease was observed over the equatorial lakes. Future rainfall could
only be projected with a high level of uncertainty where especially
for the Ethiopian Plateau the uncertainty was high. The Fourth
Assessment Report of the Intergovernmental Panel on Climate
Change (IPCC) concludes that temperature rises are likely to be
larger for Africa than for the rest of the world throughout the entire
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continent and in all seasons (Christensen et al., 2007). Dryer sub-
tropics (e.g. the Ethiopian Plateau) will warm more than wetter
tropics. Mean annual rainfall is likely to decrease along the Medi-
terranean coast extending into the Northern Sahara up to �20%.
In the tropics and East Africa it is expected to increase with about
7%. Boko et al. (2007) state that the number of extremely dry and
wet years are expected to increase during the 21st century.

Impacts of climate change on the hydrology and water resources
of the Nile basin have been assessed in a number of studies (Con-
way and Hulme, 1993, 1996; Conway, 2005; Beyene et al., 2010),
although most studies focus on specific sub-catchments of the Nile
basin (e.g. Kim et al., 2008; Elshamy et al., 2009a; Githui et al., 2009;
Kingston and Taylor, 2010). For the Nile basin, Conway and Hulme
(1996) investigated impacts of climate change on water resources
using multiple hydrological models and three GCMs to highlight in-
ter-model differences in future climate change impacts. They esti-
mated that the mean annual flow for the Egyptian Nile would
change between �10% and +18% in 2025. Beyene et al. (2010) as-
sessed the impacts of climate change on the hydrology and water
resources of the Nile basin using bias corrected and spatially down-
scaled simulations from 11 GCMs for two global emissions scenar-
ios and a macro-scale hydrological model. Averaged over all 11
GCMs, the Nile stream flow is expected to increase in the period
(2010–2039) due to generally increased precipitation and to de-
crease in the periods 2040–2069 and 2070–2099) as a result of both
precipitation decrease and evaporation increase. Todd et al. (2011)
present the results of a global project about climate change impacts
on catchment hydrology and indicate that in many river basins
there is a considerable uncertainty in the sign and magnitude of
the projected changes (see also e.g. Gosling et al., 2011).

The high water stress in downstream parts of the Nile River ba-
sin and expected climate changes and impacts on water availabil-
ity are two interrelated problems which need to be addressed in an
integrated way in water resources management. It is therefore
important to assess impacts of upstream developments on avail-
able water resources along the Nile River in combination with cli-
mate change scenarios. Therefore, the objective of this study is to
assess the impacts of climate change on river discharges in the Nile
basin upstream Lake Nasser using an integrated hydrological and
water distribution model. The water distribution and allocation
model can be used to simulate effects of upstream developments
on the Nile discharge. In this study only impacts of climate change
on water resources are assessed. However, combined effects of up-
stream developments and climate change on water resources can
be investigated with the integrated model in future studies. The
novelty of this paper can be found in three points. A model is
developed and applied which can be used to describe impacts of
upstream developments and climate change together on water re-
sources. Moreover, a hydrological model with a relatively high spa-
tial resolution (i.e. about 20 km) and temporal resolution (i.e. daily)
is applied which can be useful for simulation of extreme discharges
in future applications of the model. Finally, the resulting impacts of
climate change on water resources contributes and adds to existing
climate impact studies.

This paper is organised as follows. Section 2 describes the study
area. Section 3 presents the methodology including the meteoro-
logical forcing data used, the hydrological model and water distri-
bution model and the data from General Circulation Models. In
Section 4 the results are presented and discussed and in Section
5 conclusions are drawn.
Fig. 1. The Nile basin upstream of Lake Nasser with calibration catchments (Qobs).
1 = Jinja; 2 = Kamdini; 3 = Packwach; 4 = Mongalla; 5 = Bahr el Ghazal; 6 = Gabella;
7 = Baro Mouth; 8 = Akobo; 9 = Hillet Doleib; 10 = Malakal; 11 = Bahir Dahr;
12 = Guder DS; 13 = El Deim; 14 = Dinder & Rahad; 15 = Khartoum; 16 = Atbara;
17 = Dongola.
2. Study area

The Nile River has a length of around 6400 km covering a range
of latitudes from 4� South to 32� North and a surface area of
3.3 � 106 km2. The Nile River has two main tributaries (see
Fig. 1): the White Nile and the Blue Nile with their confluence at
Khartoum. Downstream Khartoum, the Main Nile is also fed by
the Atbara River which is dry most of the year and drains the
northern part of the Ethiopian Plateau during the rainy season.
After it passes the Great Bend the river enters Lake Nasser, which
was formed after the construction of the High Aswan Dam, com-
pleted in 1964. More detailed descriptions are given by Sutcliffe
and Parks (1999) and Dumont (2009).

Several climate types can be found across the Nile Basin. The
annual amount of rainfall is highest in the tropical regions of the
Great Lakes and the Ethiopian Plateau with annual maxima up to
2100 mm and 1900 mm respectively. While the climate of the
Great Lakes is characterised by a bimodal distribution with two
rainy seasons, at the Ethiopian Plateau one clear wet season and
one dry season are distinguished. In a transition zone downstream
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the Great Lakes, rainfall is gradually concentrated to a single rainy
season. Between 6� and 13� North the climate is characterised as
semi-arid with less than 500 mm rainfall per year. North of 13� lat-
itude, the climate is arid, with annual rainfall less than 100 mm.

Though annual rainfall is high at the Great Lakes region, only a
small proportion contributes to Main Nile discharge. In Lake Victo-
ria a big portion of annual rainfall is lost to evaporation. Moreover,
more than half of the runoff from the Great Lakes district is lost to
evapotranspiration in the Sudd swamps. The majority of the Main
Nile discharge at Dongola is contributed by inflow from the Ethio-
pian Plateau. The unimodal climate concentrates annual rainfall to
one season, where it highly exceeds evapotranspiration. As a result,
the majority of rainfall is available as runoff. In the Blue Nile, reten-
tion of water is much less than in the White Nile. Combined with a
less arid local climate, the amount of open water evaporation is
considerably lower in the Blue Nile basin. Therefore, over 70% of
the annual discharge at Dongola is accounted for by runoff from
the Blue Nile and Atbara River.
3. Methodology

3.1. Nile hydrological simulation model

The Nile Hydrological Simulation Model (NHSM) consists of a
hydrological model for the transformation of rainfall to runoff (Sec-
tion 3.1.2) and a water distribution model for flow routing, flow
diversion, storage in reservoirs and lakes and abstraction for agri-
cultural, domestic and industrial water use (Section 3.1.3). These
models require meteorological forcing (Section 3.1.1) and need to
be integrated, calibrated and validated (Section 3.1.4) to simulate
the hydrology of the Nile.
3.1.1. Meteorological forcing
Observed data series are provided by the Climatic Research Unit

(CRU) and the European Centre for Medium-Range Weather Fore-
casts (ECMWF). From these data sources, meteorological forcing
grids with a spatial resolution of 100 (about 20 km) and a temporal
resolution of 1 day over the period 1961–2000 are generated. Char-
acteristics of the used data sources are summarised in Table 1.

The CRU provides two datasets of meteorological variables. The
CRU-TS2.1 data set (Mitchell and Jones, 2005) provides 95 years of
monthly mean values with a spatial resolution of 300 and the CRU-
CL2.0 data set (New et al., 2002) provides a 1961–1990 mean
monthly climatology with a spatial resolution of 100. Both CRU ser-
ies are interpolations of ground observed data. Observed meteoro-
logical series have been subjected to extensive quality control
throughout the years (Eischeid et al., 1991). However, rainfall data
have not been corrected for gauge biases (related to used gauge
types), since sufficient meta-information of stations is not avail-
able. Meteorological variables have been interpolated using statis-
tical interpolation methods, assuming relations between the
variables and latitude, longitude and surface elevation.

The ERA40 data set is a product of weather forecast models used
by the ECMWF. The observed dataset used in this study is the
ERA40 reanalysis, providing a global analysis of the atmospheric
conditions over the 1958–2001 period (Uppala et al., 2005). This
is a composition of observations, previous forecast results and
model assumptions about the evolution of different meteorological
Table 1
Characteristics of data sources for meteorological variables used to derive forcing series.

Source Forcing variable Period

CRU-TS2.1 Precipitation, evapotranspiration 1901–2002
CRU-CL2.0 Precipitation, evapotranspiration 1961–1990
ERA40 Precipitation 1958–2001
variables. In the validation of the hydrological cycle presented by
ERA40 data, it is concluded that the data provide a poor represen-
tation of rainfall volumes (Hagemann et al., 2005). Especially in the
tropics rainfall seems to be highly overestimated (Troccoli and
Kållberg, 2004). Therefore the dataset is used for temporal interpo-
lation of the CRU-TS2.1 dataset to obtain daily values and not for
direct application as rainfall forcing.

Van Beek (2008) used the datasets described in Table 1 to derive
daily rainfall and evapotranspiration grids which are used in this
study. The ERA40 dataset is corrected to represent the amount of
wet days and rainfall of the CRU-TS2.1 dataset. The amount of
wet days is corrected by applying a fixed threshold for each month
to the ERA40 dataset. This threshold is set to a value for which the
amount of days where rainfall exceeds this value corresponds with
the wet days given by the CRU-TS2.1 dataset. The cumulative
monthly volume of ERA40 rainfall days above this threshold is cor-
rected to meet the rainfall amount of CRU-TS2.1. The dataset of
Van Beek (2008) has a spatial resolution of 300. This resolution is
increased to 100 by using the monthly rainfall climatologies of
the CRU-CL2.0 dataset. The mean monthly grid cell values are di-
vided by the sum of the cells under the 300 grids defined by Van
Beek to obtain interpolation grids. The Van Beek data series are
resampled to 100 and thereafter multiplied with the interpolation
grids to arrive at daily rainfall grids with a cell size of 100.

Van Beek (2008) also derived gridded monthly potential evapo-
transpiration from the CRU-CL2.0 and CRUTS2.1 dataset, in line
with the FAO guidelines for the prediction of crop water require-
ments (Allen et al., 1998). Besides the CRU datasets, the GTOPO30
digital elevation model (USGS, 2009) is used in calculating pressure
and heat flux capacities at respective cell heights. Grids are avail-
able at a 100 mean monthly climatology and a 300 1961–1990 cli-
mate series with mean monthly values, corresponding with the
two CRU datasets. For the purpose of this study, the monthly val-
ues for evapotranspiration are divided by the number of days in
the respective month to obtain daily evapotranspiration values.

3.1.2. Hydrological model
The rainfall–runoff model is based on the HBV model concepts

(Bergström and Forsman, 1973). The model has been successfully
applied in different climates (see e.g. Lidén and Harlin, 2000; Booij,
2005; Dong et al., 2005; Akhtar et al., 2008; Elshamy et al., 2009b)
which makes it suitable for the Nile basin. The version of HBV
applied in this study is extensively described in Lindström et al.
(1997). The HBV model is a conceptual hydrological model of river
basin hydrology and simulates sub-catchment runoff using rainfall
and potential evapotranspiration as input. HBV is usually applied
on a lumped basis, considering sub-catchments as homogeneous
areas, with average values for forcing, storages and model parame-
ters. In this study, HBV is implemented in a dynamic GIS environ-
ment and applied to each grid cell with a spatial resolution of 100

(about 20 km) in the Nile basin upstream Lake Nasser. The temporal
resolution is 1 day to sufficiently account for non-linearities in the
transformation of rainfall to runoff at this spatial resolution. In this
respect, the model version can be compared with the previous
application of HBV by De Kort and Booij (2007) to the Red River
in South China and North Vietnam. The discharge is dependent on
several hydrological processes modelled by different routines in
HBV as shown in Fig. 2. Relevant routines for the Nile Basin are
the soil moisture routine determining actual evapotranspiration
Spatial resolution Temporal resolution

300 (�55 km) Monthly
climatology 100 (�20 km) Monthly

300 (�55 km) Daily
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and overland and subsurface flow, the fast flow routine represent-
ing storm flow and the slow flow routine representing subsurface
flow. The total runoff is determined for every grid cell and summed
over the catchment area. To account for sub-catchment routing a
triangular transformation function for flow delay and attenuation
is applied.
3.1.3. Water distribution model
Water distribution through the main branches of the upper Nile

is schematised in the RIBASIM (RIver BAsin SIMulation) model
developed by Deltares (Van der Krogt, 2004). Fig. 3 presents an
aggregated and schematised representation of the existing hydrau-
lic infrastructure of the Nile basin implemented in RIBASIM.

The main tributaries incorporated in the RIBASIM schematisa-
tion are the White Nile, the Sobat River, the Blue Nile and the
Atbara River. When the time of concentration of the river is less
than the model time step of 1 month the entire flow is accounted
for at the most downstream location. In case the time of concentra-
tion exceeds the model time step, river routing is carried out by
means of the Muskingum method (McCarthy, 1938). Bifurcation
points are incorporated to allow for water diversions to irrigation
schemes. Where river evaporation has a significant impact on the
water balance, fixed storage nodes are incorporated to allow for
open water evaporation and rainfall.

Surface water reservoirs are used to simulate lakes and fresh
water reservoirs behind hydropower dams. Lakes incorporated
are Lake Victoria, Lake Kyoga, Lake Albert and Lake Tana. The stor-
age in a reservoir is determined by the inflow, outflow, rainfall and
evaporation from the reservoir. The outflow is determined by
stage-discharge relations for natural lakes and operating rules
when the outflow is regulated. Swamps are simulated using the
modified puls method (Hydrologic Engineering Center, 1981),
where the discharge is determined using a storage-discharge rela-
tion after soil moisture recharge and evaporation are subtracted
and rainfall is added. The Sudd swamps are schematised with
two linked storages, one representing the Bahr el Jebel River and
one representing the floodplain of the marshes.
3.1.4. Model integration, calibration and validation
The output of the daily hydrological model HBV serves as input

to the monthly water distribution model. Due to differences in
Fig. 2. Schematisation of the HBV hydrological model (based on Lidén and Harlin,
2000).
time steps between the models, the HBV simulated sub-catchment
runoff is accumulated over a month to serve as input to the water
distribution model. Rainfall and potential evapotranspiration data
are used as input for the hydrological model and areas with open
water in the water distribution model. Daily observed discharge
data for 17 stations (see Fig. 1) for the period 1961–2000 are used
in the calibration and validation. These data are based on various
data sources, in particular Sutcliffe and Parks (1999) and Ogink
(pers. comm., 2009).

In order to assess the performance of NHSM in model calibra-
tion and validation an objective function Y is used as previously de-
scribed by Akhtar et al. (2009)

Y ¼ NS
1þ jRVEj ð1Þ

where NS is the Nash–Sutcliffe coefficient of efficiency (Nash and
Sutcliffe, 1970) and RVE is the relative volume error. The Nash–
Sutcliffe coefficient (NS) compares observed and simulated hydro-
graphs and has an optimal value of 1. The relative volume error
compares observed and simulated total discharge volumes and
has an optimal value of 0%. For the 17 sub-basins defined by the
catchment areas upstream the discharge recording nodes of the
water distribution model (see Fig. 1), parameters related to the rou-
tines of the HBV model are optimised. Parameters related to the soil
moisture routine are FC (maximum soil moisture storage), LP (limit
above which evapotranspiration reaches its potential value) and
Beta (parameter of power relationship to simulate indirect runoff).
Parameters related to the runoff routines are PERC (constant perco-
lation rate occurring when water is available), ks (recession coeffi-
cient for runoff from slow flow reservoir) and kf (recession
coefficient for runoff from fast flow reservoir). The optimal param-
eter configuration is determined by two sequences of single param-
eter optimisation as shown in Fig. 4. The optimum of a single
parameter is found by a golden-section parameter search (Kiefer,
1953) keeping other parameters constant. When other parameters
are changed the optimum of a single parameter might have chan-
ged, and therefore the parameters are optimised in sequences. First
the soil moisture routine is calibrated and second the runoff rou-
tines are calibrated.

3.2. Rainfall and evapotranspiration from GCMs

Gridded GCM data used in this study have been retrieved from
the Program for Climate Model Diagnosis and Intercomparison
(PCMDI, 2009) and contain daily values for temperature and rain-
fall. We resampled the results from three GCMs to the NHSM spa-
tio-temporal resolution. These were the ECHAM5 model (Roeckner
et al., 2003), the GISS-ER model (Schmidt et al., 2006) and the
CSIRO-mk3.0 model (Gordon et al., 2002). For all models, datasets
are supplied for the periods 1961–1990, 2046–2065 (hereafter
identified as 2065) and 2081–2100 (hereafter identified as 2100).
Simulations for the latter two periods are based on both SRES B1
and A2 scenarios (Nakicenovic and Swart, 2000). The GCMs have
different spatial resolutions where ECHAM and CSIRO use a T63
grid (�200 km) and GISS uses a 5� (longitude) � 4� (latitude) grid
size (�500 km). Reference evapotranspiration is determined using
GCM simulated temperature and the mean daily percentage of an-
nual daytime hours (from Brouwer and Heibloem, 1986) using the
Blaney–Criddle method (Blaney and Criddle, 1950), since not all
variables required for the FAO method (Allen et al., 1998) are avail-
able from the GCMs. This method might result in considerable
underestimations in dry, sunny areas and overestimations in
humid, cloudy areas (Brouwer and Heibloem, 1986).

GCMs generally have difficulties in representing the Nile
climate. Therefore, a bias correction is applied to GCM simulated
rainfall and GCM based evapotranspiration to represent the mean



Fig. 3. Network of inflows, outflows, diversions, reservoirs, irrigation areas and storages in the Nile basin upstream of Lake Nasser as implemented in RIBASIM.
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monthly observed climatology. This bias correction is performed by
multiplying daily GCM values with the ratio of the mean monthly
observed value and the mean monthly GCM simulated value for
the respective month, both at the sub-catchment scale to obtain a
correct monthly water balance at the sub-catchment scale (see
Fig. 1). For rainfall, the bias correction is only applied when the sim-
ulated rainfall is more than 1 mm. When the simulated rainfall is
less than 1 mm, the sub-catchment is dry according to the GCM
simulations and rainfall is not corrected; the original simulated va-
lue is retained. Although the rainfall and evapotranspiration data
are bias-corrected to represent the mean climate, biases still exist
in the representation of for instance interannual variability of
monthly rainfall, temporal variability of daily rainfall and the spa-
tial variability of climate at scales smaller than the sub-catchment
scale.

The observed climate and simulated climates by different GCMs
will be compared through the resulting discharge as simulated by
NHSM. Two variables will be used in this comparison: the mean
monthly discharges and the interannual variability of the monthly
discharge expressed as the coefficient of variation of the monthly
discharge (standard deviation divided by mean). Impacts of
changes in simulated climates by different GCMs under two differ-
ent SRES scenarios will be presented relative to the observed mean
monthly discharge.

4. Results and discussion

4.1. Calibration of NHSM

The calibration results for the 17 sub-catchments at a daily
scale are shown in Table 2. Only the results for the outflow points
of the White Nile and Blue Nile and the most downstream station
of the Main Nile will be discussed in more detail. Figs. 5–7 show
the observed and simulated hydrographs with a monthly time step
for these points, i.e. Malakal, Khartoum and Dongola respectively.

Downstream the confluence of the White Nile and the Sobat
River at Malakal, the simulated and observed hydrographs visually
show generally a good agreement (see Fig. 5). This is supported by



Fig. 4. Optimisation algorithm for six parameters (FC, LP, Beta, PERC, ks, kf) of the
HBV hydrological model. DY is the difference between objective function values Y in
subsequent model iterations.
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a RVE of 4.5%. Nevertheless, a NS coefficient of 0.37 indicates a
moderate predictive value. The low value is mainly caused by
two highly overestimated discharge peaks in 1961 and 1962 for
both the White Nile and Sobat River due to the spin-up of the mod-
el. Therefore, the model performance at the outlet of the White
Nile is considered to be acceptable, but poor for some individual
sub-catchments.

The discharge for the Blue Nile at Khartoum, upstream of the
Blue and White Nile confluence, is an accumulation of the up-
stream flow at Deim, retained by the Roseires and Sennar reser-
voirs, Dinder and Rahad inflow and discharge from the sub-
catchments between Deim and Khartoum. Despite the distinct
overestimation in 1964, to which all accumulated flows contribute,
the discharge at Khartoum is simulated accurately by NHSM (see
Fig. 6). A RVE of �0.2% indicates an almost zero long-term volume
error and a NS coefficient of 0.84 indicates a good agreement be-
tween observed and simulated discharge series. As shown in
Fig. 6, the timing of peaks is accurate.

Discharge of the Main Nile is an aggregation of the discharge
simulated at Malakal, routed through the lower reaches of the
White Nile and retained at the Ghabal Aulia Dam, discharge of
the Blue Nile simulated at Khartoum and discharge of the Atbara
Table 2
NHSM performance for 17 sub-catchments for the calibration period (1961–1980).

River basin No. RVE (%) NS (–) Y (–)

White Nile Jinja 1 2.4 0.85 0.83
Kamdini 2 1.2 0.80 0.79
Packwach 3 1.9 0.32 0.32
Mongolla 4 0.6 0.57 0.57
Bahr el Ghazal 5 41.0 0.00 0.00
Gambela 6 �48.0 0.22 0.15
Baro Mouth 7 �0.1 0.89 0.89
Akobo 8 �50.5 �1.36 �0.90
Hillet Doleib 9 �5.9 0.66 0.63
Malakal 10 4.5 0.37 0.36

Blue Nile Bahir Dahr 11 1.9 0.72 0.71
Guder DS 12 0.2 0.66 0.66
Deim 13 0.1 0.86 0.86
Dinder and Rahad 14 �0.8 0.64 0.64
Khartoum 15 �0.2 0.84 0.84

Main Nile Atbara 16 �1.4 0.62 0.61
Dongola 17 5.2 0.64 0.61
River, the last tributary draining the northern part of the Ethiopian
Plateau. Downstream the mouth of the Atbara River, the discharge
is only routed and no sub-catchment runoff is assumed. The result-
ing NS coefficient of 0.64 indicates a sufficient performance. A RVE
of 5.2% indicates that long-term discharges are slightly overesti-
mated. It must be noted that this long-term water balance error
is mainly caused by an incidental large overestimation of peak
flows, partly caused overestimations at Malakal and Khartoum.
Therefore, the overall conclusion is that NHSM has sufficient pre-
dictive value for discharges at Dongola.

4.2. Validation of NHSM

The validation results for the 17 sub-catchments are shown in
Table 3. This table shows clearly lower model performance in the
validation period compared to the calibration period. In some
sub-catchments performance statistics are resulting from overall
disagreement between observed and simulated hydrographs,
while in others RVE and NS are compromised by incidental peak
errors, most likely caused by poor model forcing. Validation results
for Malakal, Khartoum and Dongola will be briefly discussed, as an
example Fig. 8 shows the validation results for Dongola.

For the White Nile at Malakal, there is a distinct peak overesti-
mation in 1988 which has a dramatic effect on the NS coefficient.
Although Table 3 indeed shows a low model performance for Mal-
akal, similar to the model calibration, a comparison between both
hydrographs shows that there is a reasonable model predictive va-
lue after validation. A validation without the 1988 data increases
the NS coefficient to 0.55 (from 0.25), indicating a much better
model validation for the White Nile. For the Blue Nile, model vali-
dation in general shows satisfying results. At Khartoum, NHSM
performance is still high for the validation period. Results do not
show significant differences between observed and simulated dis-
charges. Therefore, it is concluded that the Blue Nile model simu-
lations are sufficiently predictive. Also for the Main Nile at
Dongola, the results are promising (see Fig. 8). A RVE of 8.7% is still
slightly too high and this is caused by overestimations of peak dis-
charges, as in the model calibration period. The base flow is slightly
underestimated for the validation period as was also the case in the
calibration period. Less extreme errors in simulating peak flows re-
sult in a higher NS coefficient in the validation period compared to
the calibration period.

4.3. GCM input into NHSM for current climate

4.3.1. Bias correction of GCM input
The observed annual rainfall and evapotranspiration and re-

lated GCM biases for three Nile sub-catchments are presented in
Table 4. Differences between observed and simulated values are
high for both rainfall and evapotranspiration, e.g. ECHAM underes-
timates rainfall by about 20% for the Blue Nile upstream Deim. As
an example, the spatial bias correction for average annual rainfall
for ECHAM for the NHSM grid is shown in Fig. 9. Note that the
spatial resolution of NHSM (about 20 km) is much higher than
the spatial resolution of ECHAM (about 200 km). The boundary be-
tween two ECHAM grid cells can be inside a NHSM grid cell and
this results in rows or columns of NHSM grid cells with the average
value of two ECHAM grid cells. The areally averaged rainfall in each
sub-catchment shown in Fig. 9c is equal to the observed annual
rainfall and equal for all GCMs. However, biases at smaller spatial
scales (e.g. the spatial resolution of NHSM) still exist. This may
cause differences in NHSM results, even at the sub-catchment scale
due to non-linear transformations of rainfall to runoff. The biases
are corrected on a monthly basis before using the GCM data as in-
put into NHSM. However, rainfall biases at smaller temporal scales
(e.g. the daily resolution of NHSM) remain after the application of



Fig. 5. Observed and simulated monthly discharge at Malakal downstream the White Nile–Sobat confluence in the calibration period.

Fig. 6. Observed and simulated monthly discharge at Khartoum upstream the mouth of the Blue Nile in the calibration period.
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the correction method. Biases in evapotranspiration are also
caused by differences in methods used to estimate evapotranspira-
tion; the FAO method (Allen et al., 1998) for observed evapotrans-
piration and the Blaney–Criddle method (Blaney and Criddle,
1950). Since all models show a similar bias, it is likely that the high
overestimations up to 40% are caused by the simplifications in the
Blaney–Criddle method using temperature as the sole meteorolog-
ical variable from which reference evapotranspiration is derived.

4.3.2. GCM–NHSM simulations for current climate
The GCM–NHSM simulations for the current climate have been

carried out using calibrated values of HBV parameters and bias-
corrected GCM inputs. Fig. 10a shows an extreme overestimation
of the discharge for the White Nile at Malakal for the GISS–NHSM
simulation for the reference climate. This peak is caused by a 40%
reduction in actual evapotranspiration over the Pibor sub-catch-
ment caused by differences between the soil moisture storage in
the HBV model with observed input and GISS simulated input.
Although potential evapotranspiration is bias corrected, the water
balance is governed by actual evapotranspiration being a function
of potential evapotranspiration and the state of NHSM (soil mois-
ture storage, lake storage, etc.) which depends on rainfall. Although
the mean monthly volumes are corrected, the remaining spatial
rainfall biases at scales smaller than sub-catchments and temporal
rainfall biases at scales smaller than a month influences these
states, and therefore the amount of water leaving the system by ac-
tual evapotranspiration. The CSIRO–NHSM simulation results in
the best representation of mean monthly flows for the current cli-
mate. As shown in Fig. 10b, interannual variability is different for
all GCM–NHSM combinations in comparison with observed



Fig. 7. Observed and simulated monthly discharge at Dongola upstream the High Aswan Dam in the calibration period.

Table 3
NHSM performance for 17 sub-catchments for the validation period (1981–2000).

River basin No. RVE (%) NS (–) Y (–)

White Nile Jinja 1 �1.1 0.61 0.61
Kamdini 2 �1.7 0.57 0.56
Packwach 3 �2.8 �0.10 �0.10
Mongolla 4 �3.6 �1.35 �1.31
Bahr el Ghazal 5 30.1 �0.29 �0.22
Gambela 6 �51.5 0.19 0.13
Baro Mouth 7 �7.5 0.87 0.81
Akobo 8 �54.1 �2.66 �1.72
Hillet Doleib 9 �8.0 0.45 0.42
Malakal 10 �1.2 0.25 0.24

Blue Nile Bahir Dahr 11 �9.4 0.70 0.64
Guder DS 12 �4.7 0.71 0.68
Deim 13 �1.7 0.86 0.84
Dinder and Rahad 14 �8.2 0.66 0.61
Khartoum 15 �3.7 0.84 0.81

Main Nile Atbara 16 �8.9 0.51 0.47
Dongola 17 8.7 0.74 0.68
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discharge series. The ECHAM–NHSM simulation seems to give the
best representation of interannual variability for the White Nile for
the current climate.

For the Blue Nile, GCM–NHSM simulations show a much better
agreement with observed hydrographs as shown in Fig. 11a. It
must be noted that NHSM performance with observed forcing is
also higher for this tributary in comparison to the White Nile.
However, it seems that the recession limb of the hydrograph is
not very well simulated by the model. Too much water is retained
in the model after the peak in the flooding season. The amount of
annual discharge is therefore overestimated by all GCM–NHSM
combinations. Fig. 11b shows the interannual variability only for
the flood season. All models tend to overestimate the interannual
variability, in particular the GISS–NHSM combination. Based on
the representation of the mean monthly discharge and interannual
variability, the ECHAM–NHSM combination seems to give the best
results for the current climate in the Blue Nile.

Fig. 12 shows the results of different GCM–NHSM simulations
for the Main Nile at Dongola. Mean monthly discharges and inter-
annual variability at Dongola are strongly influenced by the results
of upstream catchments. Therefore, the overestimation of the
discharge by the GISS–NHSM combination for the White Nile is
also visible in the Dongola hydrograph. The other GCM–NHSM
combinations show better representations of the mean monthly
discharge. However, the interannual variability of the CSIRO–
NHSM is much higher than for other model combinations. For
the Main Nile it is therefore concluded that ECHAM–NHSM gives
the best hydrological representation for the current climate.
4.4. GCM input into NHSM for changed climate

4.4.1. GCM simulated changed climate
Estimated changes in rainfall for 2065 and 2100 are presented

in Table 5. On average, a decrease in rainfall with �3.4% and
�2.7% is simulated for the Great Lakes district (upstream Mongo-
lla) for 2065 and 2100 respectively. For the same periods, increases
of 3.7% and 0.3% are projected for the Blue Nile upstream Deim. For
the Atbara River, the largest changes are projected with an increase
of 23.7% and 19.6% for 2065 and 2100 respectively. Different GCM–
SRES combinations do not show much agreement in future trends.
Where ECHAM simulates increasing rainfall for the White Nile for
both scenarios and higher rainfall volumes for 2100 compared with
2065, GISS predicts an opposite trend; less future rainfall with vol-
umes in 2100 lower than in 2065. CSIRO agrees with GISS and pre-
dicts less future rainfall. Overall, average GCM–SRES rainfall
predictions range from �15.3% to +5.6% for 2065 and �18.7% to
+10.7% for 2100 for the White Nile. In other sub-basins similar
trends are observed and individual projections are highly variable.
This variability has also been found in other studies (see e.g. Con-
way and Hulme, 1996; Hulme et al., 2001; Boko et al., 2007). More
detailed studies on responses of GCMs under SRES scenarios for fu-
ture climates in the Nile basin are necessary to conclude on the
causes of these results.

Estimated changes in reference evapotranspiration for 2065 and
2100 are presented in Table 5 as well. Based on the averages of all
projections, evapotranspiration is expected to be lower in 2065 and
higher in 2100 for the entire basin. The projections of CSIRO differ
from the other GCMs and the literature (e.g. Hulme et al., 2001;
Boko et al., 2007). CSIRO predicts an evapotranspiration decrease
for 2065 compared to the reference climate and an increase for
2100 compared to 2065. CSIRO is the only GCM predicting less
evapotranspiration for both periods compared to the reference



Fig. 8. Observed and simulated monthly discharge at Dongola in the validation period.

Table 4
Observed (OBS) annual rainfall and evapotranspiration and related GCM biases for different Nile sub-catchments.

River basin Rainfall Reference evapotranspiration

OBS (mm/y) (GCM–OBS)/OBS (%) OBS (mm/y) (GCM–OBS)/OBS (%)

ECHAM GISS CSIRO ECHAM GISS CSIRO

White Nile Mongolla 1256 �4.0 �28.7 13.4 1363 39.5 46.7 46.6
Blue Nile Deim 1334 �19.8 32.3 12.3 1344 30.0 29.4 38.0
Main Nile Atbara 505 8.2 6.5 47.3 1752 14.5 20.4 17.3

Fig. 9. Average annual ECHAM simulated rainfall (a), bias correction expressed as ratio of observed and ECHAM simulated rainfall: Obs/GCM (b) and bias corrected average
annual ECHAM simulated rainfall (c).
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climate, which is in disagreement with the other models and liter-
ature. ECHAM and GISS show an increase of evapotranspiration for
all sub-basins in agreement with the literature (Hulme et al., 2001;
Boko et al., 2007).

4.4.2. GCM–NHSM simulations for changed climate
The mean monthly discharge projections for 2065 and 2100 for

the White Nile at Malakal are given respectively in Fig. 13a and b.
Since most of the discharge from the Great Lakes district is lost by
the Sudd Swamps, variations in discharge at Malakal are mainly
caused by variations in discharge from the Sobat tributary and
evaporation over the swamps. It is expected that this leads to a
smaller impact of climate change on river discharge. The increasing
differences in hydrographs for 2100 compared to 2065 are ex-
pected as differences in model projections increases further in
the future. The large decrease of the discharge for 2065 using GISS
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Fig. 10. Simulated mean monthly discharge (a) and interannual variability of monthly discharge (b) at Malakal with observed input and ECHAM, GISS and CSIRO simulated
input for the current climate.

Fig. 11. Simulated mean monthly discharge (a) and interannual variability of monthly discharge (b) at Deim with observed input and ECHAM, GISS and CSIRO simulated
input for the current climate.

.
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Fig. 12. Simulated mean monthly discharge (a) and interannual variability of monthly discharge (b) at Dongola with observed input and ECHAM, GISS and CSIRO simulated
input for the current climate.
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input for scenario A2 can be explained by the large decrease of
rainfall as simulated by GISS for the White Nile (see Table 5). Dif-
ferences between GCMs for the same SRES scenario generally are
much larger than differences between the two SRES scenarios for
the same GCM (see also e.g. Elshamy et al., 2009c) except for GISS
for rainfall, which can be explained by the variation in climate pro-
jections shown in Table 5.

The mean monthly discharge projections for 2065 and 2100 for
the Blue Nile at Deim are given in Fig. 14. Hydrographs show on
average a decrease of the discharge and a shift in the flood season.



Table 5
Average GCM simulated and ECHAM, GISS and CSIRO simulated relative changes in annual rainfall (R) and evapotranspiration (ET) for scenarios A2 and B1 for 2065 and 2100 for
different Nile sub-catchments.

River basin Changes (%)

Average ECHAM GISS CSIRO

A2 B1 A2 B1 A2 B1

R 2065 White Nile Mongolla �3.4 3.8 5.6 �15.3 �6.9 �2.6 �4.7
Blue Nile Deim 3.7 9.0 5.0 11.8 3.8 �7.6 0.0
Main Nile Atbara 23.7 17.4 8.7 21.3 �6.3 41.2 60.0

2100 White Nile Mongolla �2.7 14.9 10.1 �18.9 �18.7 �1.7 �1.8
Blue Nile Deim 0.3 3.5 �0.2 11.7 4.4 �12.9 �4.6
Main Nile Atbara 19.6 11.5 5.0 10.9 �0.9 43.6 47.4

ET 2065 White Nile Mongolla �1.5 2.5 1.6 2.6 0.6 �7.3 �8.7
Blue Nile Deim �0.7 3.6 2.5 2.9 1.5 �6.6 �8.3
Main Nile Atbara �0.8 3.8 2.9 3.1 2.3 �7.5 �9.4

2100 White Nile Mongolla 1.7 8.6 4.1 6.7 2.6 �3.8 �7.8
Blue Nile Deim 2.8 10.6 5.8 7.3 2.6 �2.6 �7.0
Main Nile Atbara 2.7 11.0 6.1 7.5 3.2 �3.6 �7.9

a b

Fig. 13. Simulated mean monthly discharge at Malakal with observed meteorological input and ECHAM, GISS and CSIRO simulated input for scenarios A2 and B1 for 2065 (a)
and 2100 (b).
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However, as for the White Nile, results show a high level of
disagreement in trends. CSIRO–NHSM simulations show much
smaller discharges for the Blue Nile compared with other GCM–
NHSM simulations. Annual discharges decrease by 40% and 60%
for 2065 and 2100 respectively. Although model sensitivity to
changes in climate is high for the Blue Nile, it is striking that a rain-
fall decrease of 7.6% and a potential evapotranspiration decrease of
6.6% results in a discharge decrease of 40% for the CSIRO–NHSM
simulation for scenario A2 for 2065. Another important result is
the shift in the flood season found in all GCM–NHSM simulations
for the Blue Nile for 2100 only.

The mean monthly discharge projections for 2065 and 2100 for
the Main Nile at Dongola are given in Fig. 15. For Dongola, changes
in the flood season are mainly caused by changes in Blue Nile and
Atbara flows, while during the low flow season, changes are mainly
caused by changes in White Nile flows. For instance, the CSIRO–
NHSM B1 simulation shows an increase in low flows caused by
an increase in the White Nile discharge. The decrease in high flows
for the same simulation is caused by the lower discharges from the
Blue Nile.

It can be concluded that the differences in the future discharge
predictions based on the GCM–NHSM SRES simulations are very
high. For instance for Dongola, average projections for 2065 and
2100 are �2% and �4% respectively. Taking into account differ-
ences due different GCMs and SRES scenarios, projections are rang-
ing from �35% to +26% for 2065 and �45% to +44% for 2100. These
differences are very high in relation to the high water stress in
Egypt. A decrease of 45% and also an increase of 44% in water re-
sources would have dramatic consequences on the socio-economic
system, far beyond the reach of what could be compensated for by
improved water resources management.
4.5. Discussion

4.5.1. Calibration and validation
The automatic calibration method proved to be an efficient way

of NHSM optimisation. In an objective way, for most sub-catch-
ments an acceptable model performance has been achieved with
a small number of model runs. It seems however, that in sub-
catchments with very poor observed data, problems emerge when
optimising the runoff routine. Simulations of peak flows are cor-
rected to compensate simulations of base flow. This could be im-
proved by using an objective function which emphasises the base
flow performance in the calibration of the runoff routine.

For some simulations model performance is clearly deteriorated
by the quality of the forcing data, in particular rainfall. Obviously,
the coverage of rainfall stations over the Nile basin is low, limiting
the spatio-temporal representation of rainfall. The interpolation of
the CRU-TS2.1 data by the ERA40 dataset as proposed by Van Beek
(2008) is a method which is not extensively validated. A study on
the correlation of the interpolated dataset with station observa-
tions can give an indication of the quality of the interpolation
methods applied.



a b

Fig. 14. Simulated mean monthly discharge at Deim with observed meteorological input and ECHAM, GISS and CSIRO simulated input for scenarios A2 and B1 for 2065 (a)
and 2100 (b).

a b

Fig. 15. Simulated mean monthly discharge at Dongola with observed meteorological input and ECHAM, GISS and CSIRO simulated input for scenarios A2 and B1 for 2065 (a)
and 2100 (b).
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In the HBV model, the soil moisture routine seems to work well
in simulating actual evapotranspiration. However, in the runoff
routine problems emerge in the identification of fast and slow flow
components. The model has found to be sensitive to biases in the
rainfall grids. It is believed that the application of a semi-distrib-
uted application of HBV increases this sensitivity in comparison
with the original lumped version, i.e. a semi-distributed model, re-
quires good rainfall estimations for each grid cell whereas a
lumped version requires good average estimations for each sub-
catchment. In the water distribution model, the river dynamics
are underrepresented in the model schematisation. Particularly
in the White Nile basin, in the sub-catchment upstream Lake Al-
bert and the Sudd and Machar Swamps, improvements of the
dynamics would most likely lead to better hydrological model
simulations.

4.5.2. GCM–NHSM simulations
Regarding the simulation of the current climate by GCMs it is

recommended to only select GCMs which show a good agreement
with observed temporal variability of meteorological variables
prior to the bias correction, including the distribution of daily val-
ues, timing and interannual variability at the sub-catchment scale.
A more advanced bias correction method such as used by Ines and
Hansen (2006) and Elshamy et al. (2009a) might result in a higher
quality of the meteorological forcing. Problems with the represen-
tation of the spatial distribution of meteorological variables, partic-
ularly rainfall, can be further mitigated using dynamical or
statistical downscaling methods.

Large differences in climate and discharge projections for 2065
and 2100 have been found. These large differences in future cli-
mate projections for the Nile River basin are partly confirmed
by the literature (e.g. Conway and Hulme, 1996; Beyene et al.,
2010). An alternative option is to manipulate observed meteoro-
logical forcing series by trends derived from GCM simulations
using the change factor method. Changes in statistical properties,
such as the average and variability, of GCM simulated meteoro-
logical variables between two time periods can be used to manip-
ulate the observed forcing series to represent a future climate
period.
5. Conclusions

The Nile Hydrological Simulation Model (NHSM) with observed
meteorological forcing shows an acceptable to good performance
at the scale of main tributaries and the main river in the calibration
and validation periods. This is supported by low long-term volume
errors and a good overall agreement between observed and
simulated hydrographs. Performance in the validation is compara-
ble to performance in the calibration. For the White Nile, NHSM
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performance at the sub-catchment scale is considerably lower.
Poor results range from sub-catchments showing several peak
overestimations to sub-catchments where the hydrograph is struc-
turally underestimated. Although some of these results are likely
caused by biases in model forcing, it is also assumed that a better
representation of rainfall–runoff processes and river dynamics in
NHSM will improve model performance.

The current climate simulated by the GCMs shows a large bias
in the rainfall and reference evapotranspiration. The structural
overestimation of reference evapotranspiration ranges from +15%
in the Atbara basin to +47% in the Great Lakes district. This bias
is a product of the methods used to derive observed and simulated
evapotranspiration and the differences between observed and sim-
ulated meteorological variables. The applied correction method for
rainfall and evapotranspiration is insufficient to derive meteoro-
logical forcing from GCM simulations which sufficiently reflects
the spatio-temporal variability of observations. This is especially
the case for rainfall, which has an effect on the actual evapotrans-
piration simulated by NHSM. In turn, differences in actual evapo-
transpiration affect sub-catchment runoff and subsequently river
discharges. The GCM–NHSM simulations generally show a poor
to moderate performance for the mean monthly discharge and
the interannual variability of the monthly discharge. Simulations
are better for the Blue Nile than for the White Nile. Overall, the EC-
HAM–NHSM combination gives the best representation of the
hydroclimatology of the Nile.

The future climate simulated by the different GCMs shows dif-
ferent trends over the entire basin. This disagreement in trends
regarding the future Nile climate is supported by the literature to
some extent (e.g. Conway and Hulme, 1996; Beyene et al., 2010).
Under certain GCM SRES combinations maximum changes are
found for 2065 rather than for 2100, which contradicts with previ-
ous studies. The large differences between future climate trends
are reflected in GCM–NHSM simulations of future discharges. The
differences in future projections of water resources along the Nile
River are large and this indicates that GCM–NHSM simulations of
future discharges have a low predictive value. Considering the high
water stress in several Nile countries, the predictive value is too
low to define sensible mitigation and adaptation strategies in
water resources management.
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