Hydrol. Earth Syst. Sci., 16, 39487, 2012 Dy -K

www.hydrol-earth-syst-sci.net/16/391/2012/ Hydrology and
d0i:10.5194/hess-16-391-2012 Earth System
© Author(s) 2012. CC Attribution 3.0 License. Sciences

Sensitivity of SWAT simulated streamflow to climatic changes within
the Eastern Nile River basin

D. T. Mengistu2 and A. Sorteberg?3

LArba Minch Institute of Technology, Arba Mich University, Ethiopia
2Geophysical Institute, University of Bergen, Norway
3Bjerknes Centre for Climate Research, University of Bergen, Norway

Correspondence tdD. T. Mengistu (derte4@yahoo.com, dme061@uib.no)

Received: 6 September 2011 — Published in Hydrol. Earth Syst. Sci. Discuss.: 5 October 2011
Revised: 12 January 2012 — Accepted: 26 January 2012 — Published: 9 February 2012

Abstract. The hydrological model SWAT was run with 47 temperature and precipitation scenarios from 19
daily station based precipitation and temperature data for thdOGCMs participating inCMIP3 were used to estimate fu-
whole Eastern Nile basin including the three subbasins: thd@ure changes in streamflow due to climate changes. The cli-
Abbay (Blue Nile), BaroAkobo and Tekeze. The daily and mate models disagreed on both the strength and the direc-
monthly streamflows were calibrated and validated at six outtion of future precipitation changes. Thus, no clear conclu-
lets with station-based streamflow data in the three differensions could be made about future changes in the Eastern Nile
subbasins. The model performed very well in simulating thestreamflow. However, such types of assessment are impor-
monthly variability while the validation against daily data tant as they emphasise the need to use several an ensemble
revealed a more diverse performance. The simulations inef AOGCMs as the results strongly dependent on the choice
dicated that around 60 % of the average annual rainfalls obf climate models.

the subbasins were lost through evaporation while the esti-
mated runoff coefficients were 0.24, 0.30 and 0.18 for Ab-
bay, BaroAkobo and Tekeze subbasins, respectively. About

half to two-thirds of the runoff could be attributed to surface 1  Introduction

runoff while the other contributions came from groundwater.

Twenty hypothetical climate change scenarios (perturbedNumerous studies have been conducted at different scales
temperatures and precipitation) were conducted to test theanging from small watersheds to the entire globe to assess
sensitivity of SWAT simulated annual streamflow. The resultthe impacts of climate change on hydrologic systems (Jha
revealed that the annual streamflow sensitivity to changes iret al., 2006). As Jha et al. (2006) noted with reference Ar-
precipitation and temperature differed among the basins anaell et al. (2001), nearly 80 studies were published in the
the dependence of the response on the strength of the changlege 1990s in which climate change impacts for one or more
was not linear. On average the annual streamflow responsegatersheds were analysed using a coupled climate model hy-
to a change in precipitation with no temperature changedrologic model approach. However, more than half of the
were 19 %, 17 %, and 26 % per 10 % change in precipitationstudies were carried out for river basins in Europe (Jha et
while the average annual streamflow responses to a change &l., 2006) and relatively few studies have been conducted

temperature and no precipitation change were4 % K1, in tropical region in Africa. The River Nile is already un-
—6.4%K1, and —1.3% K1 for Abbay, BaroAkobo and der great pressure from various competing applications as
Tekeze river basins, respectively. well as social, political and legal conditions within the ripar-

ian countries (Taye et al., 2011). To understand and resolve
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the potential water resource management problems assocgxcept the latter, have all been investigating the upper Blue
ated with water supply, power generation, and agriculturalNile basin but there are still very few published studies on the
practices as well as for future water resource planning, resetwo other basins (Tekeze and BaroAkobo). Recently, Sete-
voir design and management, and protection of the naturagen et al. (2008) investigated the Lake Tana Basin (part of the
environment, it is necessary to provide quantitative estimate®lue Nile) using the hydrological model (SWAT) and stud-
of the hydrological effects of climate change. In this regardies applying the same model have also been conducted for
as Taye et al. (2011) stated several studies have been cothe Meki basin (Central Ethiopia) and the upper Awash basin
ducted on the sensitivity of streamflow to climate changes(western catchment of the Awash basin in Ethiopia) by Zeray
for many parts of the Nile. Among these studies, Elsahmayet al. (2007) and Checkol (2006), respectively. These three
et al. (2009) run an ensemble of climate change scenariostudies showed that the SWAT model was able to describe
using the Nile Forecasting Model with bias corrected pre-the study areas with a quality that makes it suitable for water
cipitation and temperatures from 17 coupled general circuresource management use.
lation models (AOGCMs) for the 2081-2098 period to as- The aim of this paper is to test the applicability of the Sail
sess the effects on the streamflow of the Blue Nile at Diemand Water Assessment Tool (SWAT) physically distributed
which belongs to Eastern Nile basin. One of the conclu-model over the three major subbasins in Eastern Nile at larger
sions in Elshamy et al. (2009) was that the uncertainty inwatershed scale and thereby complementing other older stud-
future precipitation change due to increased greenhouse gass that have simulated parts of the catchment. Sensitivity
emissions are large, making the future changes in streamflowtudies to assess the potential impacts of climate change on
very uncertain. Recently Taye et al. (2011) simulated the cli-the annual streamflow is performed using twenty hypothet-
mate change impact on hydrological extremes in two regionscal climate change perturbations in temperature, precipita-
(Nyando basin found in white Nile and Lake Tana catchmenttion or both. In addition, the sensitivities found above to-
located in upper Blue Nile subbasin) and noted that for Lakegether with 47 temperature-precipitation scenarios from 19
Tana catchment the GCM uncertainty was more importantAOGCMs which were participating inpahse 3 of the Cou-
than the hydrological models uncertainty. pled Model Inercomparison Project (CMIP3) are used to as-
Abbay (Blue Nile), BaroAkobo (Sobat) and Tekeze (At- sess the uncertainty in future streamflow changes for the
bara) are the three major river basins in the Eastern NileEastern Nile.
which all originated from the Ethiopian Highlands. 86 % (or
82 kn?) of the total average flow of the Nile at Aswan is esti- o
mated to origin from these three river basins (Arsano, 2005)2 Description of the study area
Several attempts have been made to implement hydrologic
models for the Blue Nile basin. Sutcliffe et al. (1989) and
Dugale et al. (1991) used a simple daily hydrological model
calibrated by METOSAT derived rainfall estimates and the
National Oceanic and Atmospheric Administration, USA in

af‘he Eastern Nile and their tributaries all originate on the
Ethiopian plateau and the three subbasins of the Eastern Nile
lies between 5N 33 E and 13 N 39 E with altitude ranges
from 390m in part of BaroAkobo to over 4500 m in the

; . : . . Tekeze river basin (MOWR, 2002). The total average annual
collaboration with the Egyptian Ministry of Public Works has flows are estimated to be 50.0, 23.6 and 8.2 billion cubic me-

developed a comprehensive model of the Nile to predict '[heters from the Abbay, BaroAkobo and Tekeze river basins

inflow to the Aswan Dam (Barrett et al., 1993; Schaake et al., . i

1993; Johanson and Curtis, 1994: Todd et al., 1995). How. cSPECtively (Arsano et al., 2004; MoWR, 2002). They pro-
. . .. vide 86 % of the waters of the Nile (Abbay 59 %, BaroAkobo

ever, as Conway (1997) stated, both of these |nvest|gat|oni4% Tekeze 13 %, Swain, 1997)

suffered by the lack of in situ data, in particular subbasin dis- According to materials published by the Ethiopian Cen-
charge data to calibrate the hydrological models and 9augGal statistical Agency, the Blue Nile has a total length of
estimates of daily rainfall to calibrate the METEOSAT de- 1450 kilometers. of WHiCh 800 km are inside Ethiopia. The

rived estimates of rainfall. Corway (1997) applied a grid- Blue Nile flows south from Lake Tana and then west across

based water balance model with limited meteorological an oo .
i . . thiopia and northwest into Sudan. Although there are sev-
hydrological data inputs on a monthly time step for the Blue .
eral feeder streams that flow into Lake Tana, the source of

Nile catchment. According to Conway (1997) the correlation the river is generally considered to be a small spring at Gish

between observed and simulated annual flows was 0.74 fo .
a 76-yr data period and the mean error was 14 %, althougﬁ&bbay (Lesser Abbay) north of Lake Tana at an altitude of

relatively large errors occurred in individual years. Further- approximately 2744m. Other affluent streams of this lake

more, Mohamed et al. (2005) focused on the interaction beln.CIUde’ from G°r9°ra' Magech, Gumara, Ribb, and Kilt
L . Rivers. Lake Tana’s outflow then flows 30 km before plung-
tween the climatic processes and the hydrological processes

on the land surface in the subbasins of Nile (White, BlueNd over the Tis Issat Falls. The river then loops across north-

Nile, Atbara and the main Nile) using a regional atmosphericWeSt Ethiopia through a series of deep valleys and canyons

and join Rahad and Dinder rivers downstream of Roseires in
model to show that the model could reproduce runoff reason- o .

: ; - __Sudan, after which it is known as the Blue Nile.
ably well over the subbasins of the Nile. The above studies
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There are numerous tributaries of Abbay between Lakedata such as elevation, land use and soil properties as well as
Tana and the Sudanese border. Some of these are Bashilmeteorological data and, river discharge data for calibration
Walaka, Jamma, Muger, Guder, Anger, Didessa, and DabugArnold and Allen, 1996).

Rivers from the left bank, and Muga, Temcha, Lah,

Chamoga, Fettam and Beles Rivers from right bank of the3 2 Hydrological processes

main Abbay River. After flowing past Roseires inside Su-
dan, the Blue Nile joins the White Nile at Khartoum and,

as the River Nile, flows through Egypt to the Mediterraneanotrans iration (ET), surface runoff, infiltration, percolation
Sea at Alexandria. Due to the high seasonal variability in P ' ’ » P '

; . L hallow and deep aquifers flow, and channel routing (Arnold
rainfall over the Ethiopian plateau, the seasonal variation o : o :
. . : .. et al., 1998). The effects of spatial variations in topogra-
the flow of the Abbay is large with maximum runoff is in : -
o . . . phy, land use, soil and other characteristics of watershed
August when it is about 60 times greater than its minimum - 1oav are incorporated by dividing a basin into several
in the month of February (Arsano, 2005). y g9y P y g

. subbasins based on drainage areas of tributaries and is fur-
The Baro-Akobo (Sobat) river system marks a 38.0 kmther divided the subbasins into a number of hydrological

e ) LS eresponse unit (HRUs) within each subbasin, based on land
Western Ethiopian Highlands. The Baro River is created bycover and soils. Each HRU is assumed spatially uniform in

the confluence of the Birbir and Gebba Rivers, east of MetutermS of land use, soil, topography and climate. The subdivi-

'f? the IIIubtater]or Zorr:?hof t(r;e Otr)olrmi\zRe_glor;, I_Eth'Op_'t‘?]' tI:]thgn sion of the watershed enables the model to reflect differences
bow;wesf roggd € grg €la feglorlll otjhom WL'J g tl in evapotranspiration for various crops and soils. All model
Or RIVEr from sudan and RIvers from Northern LJganda 0computations are performed at the HRUs level.

form the Sobat. Other notable tributaries of the Baro include The fundamental hydrology of a watershed in SWAT is
the Alwero and Gilo Rivers. Of the Sobat River tributaries, based on the following water balance equation

the Baro River is the largest, contributing 83 % of the total
water flowing into the Sobat. During the rainy season, be-gSwW

tween June and October, the Baro River alone contributes 3, = Rday— Qsurt— Ea— Wseep— Qgw (1)
about 14 % of the Nile’s water at Aswan, Egypt. In contrast,
these rivers have very low flow during the dry season.

The Tekeze (Atbara), rises in Northern Ethiopia Highlands : L
and have the Angereb and Guang as its major tributaries, iEunoﬁ_(mm), Eq is the amount of e_vapotransplranon (mm),
replenishes the main Nile north of Khartoum. The Tekeze Vseep!S the amount of water entering the vadose zone from
joins the Atbara River after entering northeastern Sudan. Th(%‘he soil proflle.(mm), ?nfﬂg"" Is the amount of ground flow
climatic pattern and physical environment of the Tekeze sub-mm)' A detall descr_lptlons of the different model compo-
system are very similar to those of the Abbay subbasin. nents can be found in Arnold et al. (1998) and Neitsch et

The climate varies from warm, desert-like climate at the al. (2002a).

Sudan border, to wet in the Ethiopian Highlands. The annua
rainfall ranges from 800 mm to 2200 mm with an average of

about 1420 mm for the Abbay river basin. The gnnual rainfall 5 range of spatially distributed data such as topographic fea-
reaches at maximum of 3000 mm over the highlands and §res, soil types, land use and the stream network (optional)

minimum of 600mm in the lowlands with annual average 4re needed for the model. Table 1 summarizes the input data
rainfall of about 1419 for the case of BaroAkobo Basin. In ;sa in the AVSWAT-X interface.

contrast to the Abbay and BaroAkobo river basins, the annual

rainfall for Tekeze is much lower, ranging from 600mm to 3.3.1 Digital elevation model

1200 mm with an average of about 900 mm. Most of rainfall

occurs from June to September for all the three subbasing. DEM was created using a 1 Knresolution topographic

(MoWR, 2002). database obtained from the Ethiopian Ministry of Water Re-
sources. The DEM (see Fig. 2) was used to delineate the wa-
tershed and the drainage patterns of the surface area analysis.

3 Methods and materials Subbasin parameters such as slope gradient, slope length of

the terrain, and the stream network characteristics such as

channel slope, length, and width were derived from DEM.

The hydrological processes included in the model are evap-

Where SW is the soil water content (mn®&hay is the amount
of precipitation on (mm),Qsuf is the amount of surface

5.3 Physiographical data for the three subbasins

3.1 Model description

3.3.2 Land use and soil maps
We used the physically based, distributed parameter model-

SWAT (Soil and Water Assessment tool, version SWAT2005)Land use is one of the main factors affecting surface ero-
which operates on daily time step and uses physiographication, and evapotranspiration in a watershed. The source of
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Table 1. Data sources for the Eastern Nile basin.

Data Type Scale Data Descriptions

DEM 1kmx 1km Elevation data from Ethiopia ministry
(Topographical data) of water resources

Soil 10kmx 10km  Soil texture data from ministry of

water resources supplemented by
the FAO soil data base

Land use 1kmx 1km Land classification and their
attributes from Ethiopia ministry
of water resources

@ SUDAN
ABBAY@ Ba
ABBAY@Kes
BARO@Gamb
GILO

TEKEZE@Em

DEM
400 - 800
801 - 1300
1301 - 1700
1701 - 2200

EEEOOME

2201 - 2600
2601 - 3100
3101 - 3500
3501 - 4000
4001 - 4400
4401 - 4500

NN | [ NN

300 0 300 600 Kilometers
|

Fig. 1. Map showing an outline of Ethiopia and the water sources of
Eastern Nile basin including stream gauges at the major tributaries
(dots) and stream gauges for calibration and validation of the model 8
(boxes).

300 0 300 690 Kilometers

Fig. 2. Topography (m) of the eastern Nile basin based on a
1 x 1 km digital elevation model.

land use map of the study is the Ministry of Water Resources

Ethiopia and land use/land cover map was taken from the igarent types of soil texture and physical-chemical prop-

global HydrolK dataset (Hansen, 1998) and modified t0 COrgieg are required for SWAT simulations. These data were

respond with the SWAT predefined land uses classification,ysined from various sources. The soil map obtained from
(Fig. 3). Ministry of Water Resources of Ethiopian at Water Re-
More than 50 %, _23% and ,15'7 % of Abbay, Teke;e andsorces Information and Metadata Base Centre department.
BaroAkobo subbasin, respectively, are used for agriculturg,,,ever, several properties like moisture bulk density, sat-
whereas forest, grass, bush and shrubs cover the rest. Fgtaieq hydraulic conductivity, percent clay content, percent
detail see Fig. 3. Land use of the study area has changegjj; content and percentage sand content of the soil which are
over time (Rientjes et al., 2011) due to over increasingeqjired by SWAT model were not incorporated. These ad-
population density, changing agricultural practices, urban-yitiona| data were substantiated from various sources such
ization and water related infrastructure such as irrigationg g \wambeke (2003); USDA (1999) and FAO (1995). As it
and hydropower production. - As no detailed mapping ofig shown in Fig. 4, the major soil types are lithosols and
these changes exists for the whole region it is not takergyic cambisols for Tekeze subbasin: Chrome Acid Luvi-

Into account. sols, Eutric Vertisol, Luvisols and lithic Leptosols for Abbay
and Dystric cambisols and orthic Acrisols for BaroAkobo
subbasin.
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Landuse

I Water
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A Temperature stations

@ Rainfall stations
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[ Bare ground
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200 0 200 400 Kilometers

Fig. 5. Main rivers and meteorological stations in the eastern Nile
basin.
Fig. 3. Map of landuse of the three sub-basins of the Eastern Nile

(Tekeze, Abbay and Baro Akobo).
marize the number of stations in each subbasin. The average

percentage of missing data in the observed datasets was less
than 10 % and 5 % of precipitation and temperature, respec-
tively. Missing values were filled using the SWAT built-in

Soil

E Cameic aronasols weather generator developed by Nicks (1974). The weather
Byaic Cambei generator used a first-order Markov chain model. For each
yetic Loptosels .
Eutric Gambisols subbasin input to the weather generator was observed pre-
Eutno Leptosols cipitation data for the weather station that was nearest the

— At centroid of the subbasin and having a record length from

EEZSEEEEEZZ‘;'T 1967-2006. Given the observed wet and dry days frequen-
Hapiec Luvisol cies, the model determine stochastically if precipitation oc-
Hanlic Phacozems curs or not. When a precipitation event occurs, the amount
Rendsic Leptosols is determined by generating values from a skewed normal

-stiﬁ.‘i'%ﬁﬁli‘.’i.s daily precipitation distribution or a modified exponential dis-
ater . . . .

- urban tribution which is calculated based on the observed data. The

amount of daily precipitation is partitioned between rainfall
and snowfall using average daily air temperature.

3.3.4 Riverdischarge

Hydrological discharge data were collected from the Min-
istry of Water Resources of Ethiopia. Table 3 summarizes the
number of stream gauges with the date of the record length
Fig. 4. Map of soil types of the three sub-basins of the Eastern Nile ;sed for calibration and validation. All the flow data were
(Tekeze, Abbay and Baro Akobo). daily except at Diem (Abbay, Sudan Border) where only
monthly data was available.

3.3.3 Meteorological data 3.4 Model setup

SWAT requires daily meteorological data, which were col- The Abbay, BaroAkobo and Tekeze stream network and sub
lected from the Ethiopian National Meteorological Agency watersheds were delineated using ARCSAWT-X with the
(NMSA) for the period 1987-2006. We use 60 and 97 sta-SWAT suggested drainage area required to form the origin
tions with temperature and precipitation, respectively. Fig-of the stream. 24, 29, 25 sub watersheds; and 309, 128
ure 5 shows the stations used in this study and Table 2 sumand 313 HRUs of Abbay, BaroAkobo and Tekeze river basin
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Table 2. Meteorological data sources for Eastern Nile basin.

Data type Number of stations Data descriptions

Temperature Abbay; 42 stations Daily data from the Ethiopian

(TmaxandTnin) BaroAkobo; 8 stations National Meteorological Agency
Tekeze; 10 stations (NMSA)

Precipitation Abbay; 74 stations Daily data from the Ethiopian
BaroAkobo; 12 stations  National Meteorological Agency
Tekeze; 11station (NMSA)

Table 3. Streams gauges and their corresponding drainage area with calibration and validation dates used for model simulations.

Stream gauge Drainage

name (basin) Area (kﬁ) Calibration date Validation date

Tana outlet (Abbay) 15321 1 January 1991-31 December 1996 1 January 1997-31 December 2000
Kessie (Abbay) 65784 1 January 1991-31 December 1996 1 January 1997-31 December 2000
Diem (Abbay) 17400 1 January 1991-31 December 1996 1 January 1997—-31 December 2000
Embamadre (Tekeze) 45694 1 January 1994-31 December 1999 1 January 2000-31 January 2003
Gambella (BaroAkobo) 23461 1 January 1990-31 December 1998 1 January 1999-31 December 2004
Gilo (BaroAkobo) 10137 1 January 1990-31 December 1998 No recorded data

as a function of 2% land use and 5% soil types within According to Lenhart et al. (2002) the sensitivity of a flow
a given watershed, respectively were delineated up to théo a parameter can be categorized into four classes. If the rel-
point of outlets for each subbasin. These points constituenative sensitivity lies between 0-0.05 and 0.05-0.2, then the
of a drainage area of 174000, 43906, and 76343 km parameter are classified as negligible and medium, respec-
that drain about 86%, 60% and 93 % of the entire Ab- tively, whereas if it is varying between 0.2-1.0 and greater
bay (201340krf), BaroAkobo (74102kf) and Tekeze than 1 then categorized as high and very high class, respec-
(82350kn?) subbasins, respectively which all are found tively. Out of 28 selected parameters the curve number, avail-
in Ethiopia. able water capacity, average slope steepness, saturated hy-
The Soil Conservation Service (SCS) curve number pro-draulic conductivity, soil evaporation compensation factor,
cedure (USDA-SCS,1972) was applied to estimate surfaceoil depth, maximum canopy storage, threshold water depth
runoff volumes due to the unavailability of sub daily rainfall in the shallow aquifer for flow, and baseflow alpha factor
data required for the Green and Ampt method that SWAT of-were identified as being parameters to which the flow has
fers a different option to estimate surface runoff. The poten-medium, high or very high sensitivity. The ranking of the
tial evapotranspiration (PET) estimates and channel routingparameters were different at various outlets where sensitiv-
were performed using Hargreaves and Muskingum methodsty test was carried out. However the curve number §CN

respectively. was the main sensitivity parameter for all outlets. This is
o . due to the fact that the curve number depends on several
3.5 Sensitivity analysis factors including soil types, soil textures, soil permeability,

_ land use properties etc. In addition, the relative sensitivity
After pre-processing of the data and SWAT model set Up,qt the available water capacity (Sol-AWC), the soil evapora-

simulation was done for the periods indicated in Table 3y, compensation factor (ESCO) and the saturated hydraulic
for the three subbasins. The built-in SWAT SenSIthlty anal- Conductivity (SOl-K) were also hlgh in all outlets. From the

ysis tool that uses the Latin Hypercube One-factor-AT-a-gonsitivity test, eight parameters having a relative sensitiv-
Time (LH-OAT) (Van Griensvenet al., 2002, 2005) was used. iy, greater than 0.05 (sensitivity of the flow to the parame-

Six outlets (Fig. 1) were selected for the sensitivity analy- o categorized as medium or higher) were selected for the
sis; three of them (Tana outlet, Kessie and Diem) in the Ab-jipration process.

bay, and two in BaroAkobo (Gambella and Gilo) and one in
Tekeze (Embamadre).
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Table 4. List of adjusted parameters with calibrated values after manual and automatic calibration at the selected outlets for three subbasins

of Eastern Nile using SWAT 2005 model.

Id Parameter Description Range Initial values Calibrated values

Abbay Baro Tekeze

1 CN Initial SCS CN Il value +25% * —10% —-12% —-24%

2  SolK Saturated Hydraulic conductivity (mm mnd) +25% *x —4% 1.3% 19%

3 ESCO Soil evaporation compensation factor 0.0-1.0 0.95 0.7 0.58 0.8
4 SOLAWC  Available water capacity (mm water mm sof) +25% ¥ +25% 7% 9.4%

5 SOLz Soil depth (mm) +25% ** —4% 25% 13%

6 GWQMN Threshold water depth in the shallow aquifer for flow (mm)  0.0-5000 0.0 200 319 53
7  CANMX Maximum canopy storage 0-10 0.0 9.7 2.4 0.31

8 ALPHA BF Base flow alpha factor 0.0-1.0 0.048 0.048 0.01 0.002

The ranges are based primarily on recommendations given BW#T User’'s Manua(Neitsch et al., 2002a). SWAT default parameters and SWAT driven parameters were used.
** Field measured and from literature collected parameters.

3.6 Calibration and validation ENS> 0.5, Santhi et al., 2001). Finally, the automatic cal-
ibration algorithm in SWAT is used for fine tuning the cali-

Watershed models contain many parameters; these IoaramB[ation.This is based on the Shuffled Complex Evolution al-

Ead . ; gorithm developed at the University of Arizona (SCE-UA)
ters are classified into two groups: physical and process p"jl\gllvhich is a global search algorithm that minimizes a single

rameters. A physical parameter represents physically mea-, .~ . X
Py P b phy y bjective function for up to 16 model parameters (Duan et

surable properties of the watershed (e.g. areas of the catclg—I 1992
ment, fraction of impervious area and surface area of wa-"’ ):

ter bodies, surface slope etc) while process parameters rep- 1he performance of SWAT was evaluated using the Nash-

resents properties of the watershed which are not directiypuicliffe efficiency value (ENS) and the coefficient of deter-

R . 2 .
measurable e.g. average or effective depth of surface soffination ®<). The difference between the ENS and fh%
moisture storage, the effective lateral inflow rate, the coef-S that the ENS can interpret the model performance in the

ficient of non-linearity controlling the rate of percolation to "eplicating individually observed values while e does

the groundwater (Sorooshian and Gupta, 1995). Thus, calilot (Rossi et al., 2008). It is only measuring the deviation
brations against available streamflow observations are ofteffom the best fit line. In addition systematic difference be-
conducted to tune the model. Because automatic calibratiofVeen the model and observations in the percentage (PBias)
relies heavily on the optimization algorithm and the Spec_and the ratio of the root mean square error betwe_er) the sim-
ified objective function we follow the recommendations of Ulated and observed values to the standard deviation of the
Gan (1998) to use both manual and automatic calibratiorPPservations (RSR) was used. The equations and the inter-
procedures. We first conducted manual calibration of dailyPretation of the values are given in Table 5. After manual and
stream using the procedure developed by Santhi et al. (2001 wtomatic calibration the_ daily, monthly and annual stream-
Parameters identified from the sensitivity analysis were var/lOW were compared against the observed data.

ied in sequence of their relative sensitivity within their ranges

(Table 4) until the volume is adjusted to the required quan-3.7 Climate sensitivity scenarios

tity (Zeray et al., 2007).This process continued till the vol-

ume simulated is withint15 % of the gauged volume.The Climate sensitivity scenarios were performed by perturbing
surface runoff adjustment was then followed by that of thethe baseline simulation (the validated simulation forced with
baseflow. Here,the same apporach was followed being thebserved station data) as input. The climate perturbations
adjustment made to the most sensitivity parameters affectingre given as a percentage change in precipitation (precipi-
the baseflow. Each time the baseflow calibration is finalized tation is multiplied with a given factor). Thus, the number
the surface runoff volume was also checked as adjustmerf wet and dry days was not perturbed, only the precipita-
of the baseflow parameters can also affect the surface runoffon intensity. The temperature perturbation is applied by
volume. The same procedure was followed to calibrate theadding the prescribed change to the baseline simulation tem-
water balance of the monthly flows. After each calibartion, peratures (Varanou et al., 2002). Each scenario was then run
the coefficient of determintation (proportion of the variance for the same simulation period as the baseline simulation.
in the observations explained by the modef) and Nash-  The perturbations applied are with temperature increases of
Sutcliffe effficeny value (ENS) were checke{> 0.6 and 0, +2 and +£C and precipitation changes 620 %, —10 %,
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Table 5. General reported ratings for Nash-Sutcliffe efficiency (ENS) , Mean relative bias (PBIAS), Root mean square error-standard
deviation ratio (RSR) and Coefficient of determinatid®) for calibration and validation process (adopted from Rossi et al., 2008).

Formulae Value Rating

>0.65 Very good

Z (Xobs(i) —Ymod el(l'))2
ENS=1-| =L 0.54t00.65 Adequate
X (xobs(i)—¥ob9)*

>0.50 Satisfactory
<+20% Good

Z (*obs(#)—ymod eli))
PBIAS= | =L -100 +20%1t040% Satisfactory
Z (Xobs(i))

i=1

>+40% Unsatisfactory
0.0<RSR<0.5 Verygood

n 0.5<RSR<0.6 Good
Z (*obs(i) —Ymod el(i))2 = -

RSR= [ = .
/ _Zl(xobs(i)*ﬁbs)z

0.6<RSR<0.7 Satisfactory

RSR>0.70 Unsatisfactory

n 2
[Z (Xobs(i) —Xobs) ()’mod eli)—y model)]
R2= L1 _ Satisfactory
Z(Xobs(i)—fobS)ZZ(}’mod elli)=Ymod el)2

—5%, 0%, +5, +10% and +20% and combination of the To be able to investigate if there is any nonlinearity in the
above temperature and precipitation perturbations. Climaticstreamflow change when both precipitation and temperature
variables such as relative humidity, wind speed, cloud coverare changed we estimate the linear combination of the two.
and solar radiation were considered to be unchanged.

The CMIP3 (Meehl et al., 2007) global coupled climate AQ 7 ap = 90 AP+ 90 AT €)
models (AOGCMs) were also applied to calculate annual ’ P [Ap,aT=0 AT |AT, AP=0
mean temperature and precipitation changes from th_e bas\?/here the local derivatives for each parameter is calculated
foal of 47 clmate change smulations were aseessed for eacls, e Sensiviy response when e other factor s kept
subbasin using three different emission scenarios (SRES AZLgj changgd.ﬁioF/or ]?)t(smp!ean/?P”AP'M:.o a;ﬁ the re N
A1B and B1) and 19 models. Together with the sensitiv- PONSES In 1ivo of the simulations covering the precipl

1 1 0,
ity tests mentioned above and estimate of the impact of thetaltlon perturbationst5, 10 and 20% and no temperature

AOGCMs temperature and precipitation changes on the anPerturbation. Any deviation from this will indicate nonlin-

nual streamflow of the different subbasins were conducted. ear effects. that may arise as precipitation and temperature is
changed simultaneously.

3.8 Sensitivity of annual streamflow to climate change

The relative sensitivity of the streamflodaQ A p. A7) tO €i- 4 Results and discussion

ther a precipitation4 P) or a temperatureAT) change or a

L . The result part starts with a validation of the SWAT model in
combination of the two is calculated as:

the three different sub-basins, then estimates of the individ-
ual sensitivity of the streamflow to temperature and precip-
-100 (2)  itation in conducted before we investigate if the combined

effect of temperature and precipitation changes may pro-
where Q is the annual or seasonal streamflow calculatedvide any non-linearities in the streamflow response. Finally
using Eq. (1). we combine the sensitivity simulations with temperature and

(Qap.ar — Qap=0.aT=0)

AQap AT =
OAP=0,AT=0
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Fig. 6. Daily observed (blue) and simulated (red) streamflow during the calibration and validation period{&)Bh Akobo at Gambella
and(b) Tekeze at Embamadre.

precipitation changes from the CMIP3 coupled climate mod-4.1.2 BaroAkobo calibration and validation
els to investigate the range of possible streamflow responses
given the uncertainty in the global model’'s temperature andFigures 6a and 7b show the time-series comparison of pre-
precipitation change. dicted and measured daily and monthly streamflows for the
BaroAkobo subbasin at River Baro near Gambella over the
9yr (1990-1998) calibration period. In general, SWAT ac-
4.1.1 Abbay calibration and validation curately tracked the measured streamflows for the time, al-
though some peak flow months were over predicted. The
The model was calibrated for the Abbay subbasin with oneyime series comparison of predicted and measured cumula-
upstream (Tana), one mid-way (Kessie) and one downstrearye daily and monthly streamflows for the 6 yr (1999-2004)
(at the Sudan Border) gauging station. It slightly overes-yajidation period is shown in the right side of the dashed line
timated the flow in the upper and middle part of the basinef Figs. 6a and 7b. The predicted flows closely followed
and underestimated it in the lower part (Table 6) during thethe corresponding measured flows, with less over prediction
calibration period (the calibration and validations periods ¢ peak flow months, as compared to the calibration period.
are given in Table 3). The overestimation of these simula-pajly and monthly statistics computed for the calibration and
tions was particularly pronounced during extreme events (No{,gjidation periods. (Tables 3 and 4) also show strong corre-
shown). However, there were good agreements between sinations between the simulated and measured flows. The vali-
ulated and observed flows on both daily and monthly timegation period statistics were weaker than those computed for
scale (Fig. 7a) for most of the years except 1995, when littleyne calibration period (e.g. for daily data the Nash-Sutcliffe
precipitation was recorded at Tana outlet. The ENS BAd  efficiency value (ENS) ranged from 0.70 to 0.81 for the cal-
ranged from 0.62 to 0.90 and 0.90 to 0.97, respectively foripration period and was only 0.64 for the validation period

daily calibration statistics were lower ranging from 0.62 to for poth of the periods).

0.65 and 0.77 for ENS angl?, respectively (see Table 6).

In the validation period, the model similarly overestimated
the flow at Tana outlet and at Kessie for the year 2000 giving
a slightly higher bias than in the validation period. Thus, the
daily and monthly ENS simulation efficiency was between
0.551t0 0.57 and. 0.53 to 0.65, respectively.

4.1 Model calibration and validation
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Table 6. Summary of daily streamflow statistics for the calibration and validation simulations for the Eastern Nile subbasins: ENS: Nash-
Sutcliffe efficiency, PBIAS: mean relative bias, RSR: root mean square error-standard deviation ratfa andfficient of determination
(see Table 5 for details).Dates for calibration and validation period is given in Table 3.

Location name (basin) Calibration Validation

ENS RSR PBIAS R? ENS RSR PBIAS R?
Tana outlet (Abbay) 0.65 0.48 38 0.77 055 0.74 25 0.78
Kessie (Abbay) 0.62 0.57 142 0.77 0.57 0.66 9.9 071
Embamadre (Tekeze) 050 0.74 20 0.60 0.8 0.60 6.9 0.68
Gambella (BaroAkobo) 0.70 0.45 —-10.9 0.65 0.64 0.40 -25.0 0.79
Gilo (BaroAkobo) 0.81 046 -11.1 0.86
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Fig. 8. Annual streamflow changes (%) to precipitation change (%)4'3'1 Sensitivity to precipitation changes

holding temperature fixed for the three basins. o ) S
Sensitivity of annual streamflow to changes in precipitation,

holding the temperatures fixed (Eq. 2) was different among
4.1.3 Tekeze calibration and validation the three subbasins. As a first approximation, a linear re-

gression analysis of the streamflow responses for the vari-
Calibration and validation of the Tekeze subbasin were carous scenarios indicated that a 10% change in precipitation
ried out at Tekeze River near Embamadre and the predictediould produce a 19 %, 17 %, and 26 % change in streamflow
streamflow closely followed the measured flows, with anfor Abbay, BaroAkobo and Tekeze river basin respectively
ENS of 0.8 and 0.5, and with 2 of 0.81 and 0.60 for  (Fig. 8). Table 9 and Fig. 10 shows that the Abbay subbasin is
monthly and daily values during the calibration and valida- equally sensitive to a reduction and increase in precipitation
tion periods (Tables 7 and 6), respectively. Further, a bias otind the sensitivity is changing linearly with the precipitation
2% in the calibration period also indicated a good agreementhange. This was not the case for Tekeze. The sensitivity to
between measured and simulated monthly flows (Table 7). a precipitation increase was larger than to a decrease in pre-

cipitation (—42 % and 63 % change for-a20 % and +20 %
4.2 The annual water balance of the eastern Nile precipitation changes, respectively). For the BaroAkobo sub-

. basin, this was the opposite. Sensitivity was stronger to a de-

Table 8 illustrates the average annual water balance compQs; . in precipitation {38 % and 29 % for-20 and +20 %

nents of the Eastern Nile Basin during the calibration and Val'precipitation change, respectively). See Table 9 and Fig. 10
idat_ion periods. 58/57 percent (calibration period/valid::xtion]cor details. The cha;‘lge in sensitivity was likely due to the
period), 5,6/58 percent and 62/64 percent 9f the averagQyitrerence in topography and catchment characteristics of the
annual rainfalls were lost throu.gh evaporation in Abbay, subbasins. In the case of Tekeze basin, most of the region is
_BaroAI_<obo_ and Tekez_e s_ubba3|_n of the Ea_stern Nile Olur'Categorized with a gentle slope, where a sheetflow change
ing calibration anq yalldatlon pen_od, respectively. The av-; dominating during an increase in precipitation. This is in
erage runoff coefficients were estimated to be 0'2.4’ 0.30an ontrast to BaroAkobo where 2/3 of the total drainage area is
0.18 for Abbay, BaroAkobo and Tekeze subbasins respec

velv. surf & ied 55/58 5 21.6/74 a plain. The land use and soil types of the two basins are also
tively. Surface runofif carrie -5 percent, 71. per'quite different. The depth of the soil in the Tekeze subbasin

gent_ and ?11/54[_ dpe_rcent of the }Natirbzield gurirfktrl;e Calgis shallower than BaroAkobo subbasin. Therefore, with an
ration an val ation Process for Abbay, BaroAkobo andi, e asse jn precipitation, the response of the catchment gen-
Tekeze subbasins respectively. While, the groundwater con

buti 46/43 tor Abbay. 31 7/30 ; erating direct streamflow will be smaller since more water
tributions were percent for ay, oi. percent forfivrated down to recharge the groundwater in the case of

BacrjoAl|<_c(;bo_ and 59/ 37 percept f?r Tekeze during C""“br"’lt'onBaroAkobo subbasin. Thus, the sensitivity of BaroAkobo to
and validation period respectively. an increase in precipitation will be smaller.

4.3 Sensitivity of annual Eastern Nile streamflow to

climate change 4.3.2 Sensitivity to temperature change

The impact of the perturbed temperature and precipitation! "€ relative sensitivity of streamflow to changes in temper-
scenarios on annual streamflows in the three subbasins afjure, holding the precipitation fixed (Eq. 2) was relatively

shown in Table 9 and details are given in the sections belowmodest in all the three subbasins (Fig. 9). A linear regres-
sion analysis of the streamflow responses for the various tem-

perature scenarios indicated that e€Clincrease in tempera-
ture would produce a 4.4 %, 6.4%, and 1.3 % reduction in
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Table 7. Summary of monthly streamflow statistics for the calibration and validation simulations for the Eastern Nile subbasins. ENS: Nash-
Sutcliffe efficiency, PBIAS: mean relative bias, RSR: root mean square error-standard deviation ratfa apdfficient of determination
(see Table 5 for details). Dates for calibration and validation period are given in Table 3.

Location Calibration Validation

ENS RSR PBIAS R2 ENS RSR PBIAS R2
Tanaoutlet 0.85 0.32 7.2 0.90 053 0.71 21 0.86
Kessie 0.62 0.58 28 0.90 0.54 0.80 37 0.86
Diem 090 031 -11.3 0.97 0.65 0.39 82 092
Embamadre 0.80 0.45 22 081 0.83 0.42-13.9 0.88
Gambella 090 031 -38 092 0.81 0.44 —-23.0 0.89
Gilo 093 040 -24 0091 - - - -

Table 8. Annual averaged calibrated/validated hydrological balances and percent contribution of water balance components for the Eastern
Nile basin SUR® surface runoff, LATd : lateral flow into stream, GWD!"': groundwater in the shallow aquifer, EF evapotanspi-

ration, PET: potential evapotranspiration (Hargreaves method is used), BER@rcolation below root zone (groundwater recharge),
TLOSY!': transmission losses.

Subbasin Period Rainfall SURQ LATQ" cw. Q! ETV PETY PERC! TLOSY!
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
Abbay Calibration/validation ~ 1422/1547 314.4/410 1.63/1.7 264.8/302 820.9/816 1585/1558 286/327 11/12
% 100/100 22/26 0.1/0.1 19/20 58/57 20/21 0.8/0.8
BaroAkobo Calibration/validation 1774/1682 527/492 0.3/0.24 233/199 997/979 1519/1542  253/215 24/23
% 100/100 30/29 0.2/0.1 13/12 56/58 14/13 1/1
Tekeze Calibration/validation 931/872 169/162  1.3/1.0 164/140 579/556 1396/1419 179/154 5/4
% 100/100 18/19 0.1/0.1 18/16 62/64 19/18 0.5/0.5

streamflow for Abbay, BaroAkobo and Tekeze river basintion response (Fig. 10). The only hint of a non-linear effect is
respectively (Fig. 9). However, the sensitivity was not lin- in the Tekeze basin where combining &Cltemperature in-

ear. Two of the subbasins (Abbay and BaroAkobo) showed arease with a positive precipitation increase gave a response
larger sensitivity from 0 to +2C than from +2C to +4°C. that was around 2 % smaller than the linear combination of
The reason was mainly due to the evaporation losses from théhe sensitivities (Fig. 10c).

soil. When the temperature rises, the available water at the

top surface of the soil gets lost easily whereas it is difficult 4 4 Estimation of future streamflow using CMIP3

to evaporate water from the deeper layers of the soil. Thus, simulations

a small change in temperature dries out the upper soil layer

while alarger change will be less efficient in changing EVap0-r; assess the uncertainty in future streamflow changes for

ration as the upper soil is already tried out. The Tekeze bas"f'he Eastern Nile we calculated the temperature and precipi-
was less sensitive to temperature change C(_)m_pared to ﬂ}?ition changes in the CMIP3, global coupled climate models
other basins because the basin already had limited moistur,

. : ) FAOGCMS) with three different emission scenarios (SRES
for approximately 2/3 of the year with today’s temperatures.Az' A1B and B1). A total of 47 simulations with 19 differ-
ent models were conducted. As the AOGCMs often have,
4.3.3 Sensitivity to the combined effect of temperature  |arge biases when it comes to reproducing the regional cli-
and precipitation matic features (e.g. Elshamy et al., 2009), they are not well
suited to force hydrological models without extensive bias
Comparing the relative sensitivities of the streamflows whencorrections. An alternative approach is to use the combined
both temperature and precipitation were changed with theéemperature and precipitation changes of the AOGCMs,
linear combination of sensitivities for the separate temper-with the sensitivities of the above simulatio®sQap a1
ature and precipitation changes (Eq. 3) revealed that all re(Eq. 2), whereAP and AT are taken from the AOGCMs
gions shows a combined response that is very similar to th@ndA Qap ar is the linearly interpolated results of the sen-
linear combination of the separate temperature and precipitasitivity simulations. For example, if the temperature change
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Table 9. Percentage change in simulated average annual streamflow for each of twenty climate change scenarios compared with the baselin
scenario (Eq. 2).

Precipitation change (%)

Temp.
change Abbay BaroAkobo Tekeze
(°C) —20 -10 -5 0 5 10 20 —20 -10 -5 0 5 10 20 —20 —10 -5 0 5 10 20
0 -349 -182 -93 0.0 9.8 196 403 —-37.6 -225 -146 0.0 22 109 289 —421 -19.9 -10.8 0.0 126 33.0 627
+2 —-386 -—-223 -135 -44 52 149 354 —43.0 -284 -206 -64 -53 42 218 —41.4 -191 -95 1.3 139 338 635
+4 —-404 -244 -157 -6.6 29 125 328 —435 -29.1 -214 -73 -43 3.3 208 —449 -235 -140 -34 88 279 570
B IPCC MEAN 5 Summary and conclusion
0, ¢ BCCR-BCA2O . ) .
e O3 This study report on a first attempt to use a physically based,
sl ol distributed hydrological model (SWAT) run with daily station
1=} y —CM2. .. . . .
3 ¢ GFDL-CM2.1 based precipitation and temperature data and calibrated with
< m ~1QQ. . . .
5 L . g daily streamflow measurements to simulate the Eastern Nile
z A GISSER streamflow.
= - * * v IA7P~F90ALSL0g . . . .
E al J = INV-CM3.0 SWAT2005 adequately simulated monthly variability in
s .\ A > NSRS flows for the Eastern Nile basin. The total simulated monthly
= . 39
=, & : o g M streamflow ranged from good (0.65ENs < 0.75 to very
O V=== 3 "y BN 5 . .
£ B o L MRI-CGCM23.2 good (Ens > 0.75). The average daily and monthly differ-
= CCSM3.0 .
N ainke POMI ence between the observed and simulated flow (PBIAS) was
B [f * v ] UKMO-HadCM3 0, 1 1 i 1
. . CRMOHSdCELA good (PBIASg +20%) for the pallbratlop period with 'ghe
ol exception of the Abbay subbasin where it was only satisfac-
i tory (20 %< PBIAS < + 40 %). In summary, good perfor-

o 12 3 4 5 6 mance of the model in the validation period indicate that the
TEMPERATURE CHANGE (C) . . . . . . .
fitted parameters during calibration period listed in Table 4

Fig. 11. Change in temperaturé) and precipitation (%) for the ~ €@N be taken as a representative set of parameters for the
period 2081-2100 compared to 1981-2000 from 19 AOGCMs andEastern Nile watershed and further simulation and evalua-
three emission scenarios (totally 47 simulations). Red square indition of alternative scenario analysis for other periods using
cates the mean change over all simulations. the SWAT model. The model simulated monthly flows better
than daily flows and the model was probably not adequate
for studies of single sever events in small catchments.
is 3.1°C and precipitation change is 18 40 p a7 is the Sixty percent of the average annual rainfalls were esti-
linear interpolation for the four sensitivity simulations %2 mated to be lost through evaporation. The simulations es-
and +10%, +2C and +20%, +4C and +10% and +2C  timated the runoff coefficients to be 0.24, 0.30 and 0.18 for
and +20%. The results revealed that all models agreed on apbay, BaroAkobo and Tekeze subbasin respectively. Sur-
temperature rise, but they disagreed on the direction of preface runoff carried around 55% of the streamflow in the
cipitation change (Fig. 11).The large uncertainty in the mod-Abbay and Tekeze while in BaroAkobo the percentage was
els precipitation change translated into large uncertainties itabbout 72. The remaining contribution was from groundwater.
the streamflow changes (Fig. 12). Around 60%, 40% and The streamflow sensitivity to changes in precipitation and
55 % of the estimates indicated an increased annual flow iﬁemperature differed among the basins and depended on
the Abbay, BaroAkobo and Tekeze, respectively and the enthe strength of the changes. The annual streamflow re-
semble mean changes were modest in all three basins (5 %ponses to a 10 % change in precipitation with no temper-
—1%, and 12 % the Abbay, BaroAkobo and Tekeze, respecature change were on average 19 %, 17 %, and 26 % for Ab-
tively). However, the extremes ranged from a 152 % increaseyay, BaroAkobo and Tekeze river basin respectively. How-
in streamflow in the Tekeze basin using the CCSM 3.0 SRESver, the responses to a reduction and increase in precipita-
A2 scenario changes to a 55 % reduction in the same basifign were not the same. While BaroAkobo was more sensi-
using the same scenario, but the values were from the GFDkjve to a reduction in precipitation, Tekeze showed a larger
CM2.0 model (Fig. 12c). This is in line with the large spread sensitivity to an increase.
found for the Abbay in Elshamy et al. (2009). The streamflow sensitivity to temperature was moderate.
The average annual streamflow responses t6@ dhange
in temperature and no precipitation change wer#4 %,
—6.4%, and—1.3 % for the Abbay, BaroAkobo and Tekeze
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Fig. 12. Change in annual streamflow (%) for tit@) Baro Akobo, (b) Abbay and(c) Tekeze basins using the calculated combined
temperature-precipitation sensitivities and precipitation and temperature changes (2081-2100 compared to 1981-2000) from 19 AOGCMs
and three emission scenarios (totally 47 simulations for each sub-basin).
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