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ABSTRACT 

Lake Tana Basin is of significant importance to Ethiopia concerning water resources aspects and 
the ecological balance of the area. The growing high demands in utilizing the high potentials of 
water resource of the Lake to its maximal limit, pictures a disturbing future for the Lake.  The 
objective of this study was to assess the influence of topography, soil, land use and climatic varia-
bility on the hydrological and hydrodynamic processes of the Lake Tana Basin. The physically 
based SWAT model was successfully calibrated and validated for flow and sediment yield. Se-
quential uncertainty fitting (SUFI-2), parameter solution (ParaSol) and generalized likelihood un-
certainty estimation (GLUE) calibration and uncertainty analysis methods were compared and 
used for the set-up of the SWAT model. There is a good agreement between the measured and 
simulated flows and sediment yields. SWAT and GIS based decision support system that uses 
multi-criteria evaluation (MCE) was used to identify the most vulnerable areas to soil erosion in 
the basin. The results indicated that 12 to 30.5% of the watershed is high erosion potential. Pro-
jected changes in precipitation and temperature in the basin for two seasons were analyzed using 
outputs from fifteen global climate models (GCMs). A historical-modification procedure was 
used to downscale large scale outputs from GCM models to watershed-scale climate data. The 
results showed significant changes in streamflow and other hydrological parameters in the period 
between 2045-2100. SWAT was combined with a three dimensional hydrodynamic model, 
GEMSS to investigate the flow structure, stratification, the flushing time, lake water balance and 
finally the Lake‘s water level response to planned water removal. We have found an alarming and 
dramatic fall of the water levels in Lake Tana as response to the planned water withdrawal. The 
combination of the two models can be used as a decision support tools to better understand and 
manage land and water resources in watersheds and waterbodies. The study showed that the Lake 
Tana Basin may experience a negative change in water balance in the forthcoming decades due to 
climate change as well as over abstraction of water resources.  

 

Key words: Lake Tana; Climate Change; SWAT; Hydrological Modeling; Hydrodynamic; 
GEMSS; MCE; Streamflow; Sediment yield 

1. INTRODUCTION 

1.1 Background 

Watershed hydrology is affected by vegeta-
tion types, soil properties, geology, terrain, 
climate, land use practices, and spatial pat-
terns of interactions among the different 
factors (Richey et al. 1989, Laurance 1998, 
Schulze 2000, Fohrer et al. 2001, Zhang et 
al. 2001, Huang and Zhang 2004, Brown et 
al. 2005 and so). IPCC findings indicate that 
developing countries like Ethiopia will be 
more vulnerable to climate change due to its 
economic, climatic and geographic settings. 
According to IPPC (2007), the population at 
risk of increased water stress in Africa is 
projected to be between 75-250 million and 
350-600 million people by the 2020s and 
2050s, respectively. The major problem fac-
ing Ethiopia today is the acute shortage of 

food to feed the rapidly growing population. 
The population has grown dramatically over 
the last three decades to about 78 million. 
Ethiopia‘s agriculture is increasingly unable 
to provide adequate food for the population 
that grows at 2.3 % per annum (CSA 2005). 
This has resulted in further shrinkage of 
farm sizes. Yigremew (1999) reported that 
62 % of the total farming households own 
one or less hectare of land.  

Ethiopia experiences pervasive land, water 
and environmental degradation due to loca-
lized and global climatic anomalies. These 
leave the country to recurrent crop failures 
and severe food shortages. Low soil fertility 
coupled with temporal imbalance in the dis-
tribution of rainfall and the substantial non-
availability of the required water at the re-
quired period are the principal contributing 
factors to the low and declining agricultural 
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productivity. Hence, proper utilization of 
the available soil and water resources is es-
sential to Ethiopia's agricultural develop-
ment and achievement of food security.  

The poor land use practices, improper man-
agement systems and lack of appropriate soil 
conservation measures have played a major 
role for causing land degradation problems 
in the country. Because of the rugged ter-
rain, the rates of soil erosion and land de-
gradation in Ethiopia are high. The soil 
depth of more than 34 % of the land area is 
already less than 35 cm (Zemenfes 1995; 
SCRP 1996). Hurni (1988) indicated that 
Ethiopia loses about 1.3 billion metric tons 
of fertile soil every year and the degradation 
of land through soil erosion is increasing at a 
high rate. According to Kruger et al. (1996) 
4 % of the highlands are now so seriously 
eroded that they will not be economically 
productive again in a foreseeable future. The 
Soil Conservation Research Project (SCRP 
1996) has estimated an annual soil loss of 
about 1.5 billion tons from the highland. 
These call for immediate measures to save 
the physical quality of soil and water re-
sources of the country. 

The Lake Tana Basin is one of the most af-
fected area by soil erosion, sediment trans-
port and land degradation. The land and 
water resources of the basin and the Lake 
Tana ecosystem are in danger due to the 
rapid growth of population, deforestation 
and overgrazing, soil erosion, sediment de-
position, storage capacity reduction, drai-
nage and water logging, flooding, pollutant 
transport and over-exploitation of specific 
fish species.  

The available land and water resources are 
not utilized effectively to improve the live-
lihood and socioeconomic conditions of the 
inhabitants. Sediments, organic and inorgan-
ic fertilizers from the agricultural fields that 
enter the Lake by runoff may result in eu-
trophication. So far no effective measures 
have been taken to combat flooding, soil 
erosion and sedimentation problems. Fur-
thermore, the effects of climate change on 
water availability have not been adequately 
dealt with respect to water resources analys-
es, management and policy formulation in 

the country. Studies have shown that Blue 
Nile River basin is one of the most sensitive 
basins for changing climate and water re-
sources variability in the region (Kim and 
Kaluarachchi, 2009). Hence it is necessary to 
improve our understanding of the problems 
involved due to the changing climate. The 
lack of decision support tools and limitation 
of data concerning weather, hydrological, 
topographic, soil and land use; are factors 
that significantly hinder research and devel-
opment in the area. There is a need for hy-
drological and sediment transport research 
of the Lake Tana Basin that can improve 
catchment management programs. 

Appropriate decision support tools are 
needed for better assessment of the hydrol-
ogy, soil erosion and hydrodynamic 
processes in the upland watershed and 
downstream waterbody for planning and 
implementations of soil and water conserva-
tion measures. The tools concern various 
hydrological, soil erosion and hydrodynamic 
models as well as geographical information 
system (GIS). The modeling tools will finally 
help to make appropriate planning and time-
ly decision which ultimately help to save the 
physical quality of the land and water re-
courses. 

1.2 Objectives of the study 

Lake Tana Basin is of significant importance 
to Ethiopia and the downstream countries 
concerning the water resources aspects and 
the ecological balance of the area. Many 
years of miss management, constraints im-
posed by population growth, and draughts 
are causing its rapid detrition. To safeguard 
this ecologically sensitive basin, economical, 
social and technical measures must be taken 
with no further delay.  

The present research is an attempt to obtain 
a scientific understanding of the hydrological 
characteristics of the basin as well as defin-
ing adequate tools for long term predictions 
of the basin characteristics. The focus is on 
various hydrological, surface erosion and 
hydrodynamic processes of the basin. The 
thesis concerns the application of the physi-
cally based, spatially distributed watershed 
model (SWAT) and an integrated system of 
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3-D hydrodynamic and transport modules 
(GEMSS) which are embedded in a geo-
graphic information system (GIS).  

The main objectives were to test the per-
formance and feasibility of the two models 
to examine the influence of topographic, 
land use, soil and climatic condition on 
streamflow, soil erosion and sediment yield 
and hydrodynamic processes of lake Tana. 
The specific focus are: 

 identify and organize the existing weath-
er, measured streamflow and sediment 
yield, land use and soil database of the 
Lake Tana basin for testing of a wa-
tershed and waterbody models and de-
velopment of different management 
scenarios 

 to identify the most sensitive flow and 
sediment parameters in the area and to 
calibrate and validate the SWAT model 
for prediction of stream flow and sedi-
ment yield using different calibration 
and uncertainty analysis algorithms (Pa-
per I and III).  

 to assess the model sensitivity to subba-
sin delineation, slope discretization and 
rainfall variability on streamflow and se-
diment yield in the study area (Paper I 
and III). 

 to assess the hydrological water balance 
of the lake Tana basin as well as the 
lake‘s water balance (Paper I and V). 

 to delineate the erosion vulnerable areas 
through physically based SWAT model 
and the MCE technique within a GIS 
context (Paper II). 

 to investigate how changes in tempera-
ture and precipitation might translate in-
to changes in streamflow and other 
hydrological components using outputs 
from different global climate models 
(Paper IV). 

 to combine the hydrological model 
SWAT and the hydrodynamic model 
GEMSS for better understanding of the 
processes of water both in the upland 
watershed and in the downstream water 
body for the purpose of investigating the 

basic flow structure and stratification 
(Paper V).  

 to improve the understanding of the in-
fluence of the freshwater inflow to the 
Lake Tana and withdrawal of water by 
tunnel that is under construction, for di-
version of water to nearby watershed on 
the future water balance of Lake Tana 
(Paper V). 

1.3 Overview of Hydrological and Soil 
Erosion Modeling 

Simulation programs implementing wa-
tershed hydrology and river water quality 
models are important tools for watershed 
management for both applied and opera-
tional research purposes. For this purpose 
several available empirical, physically based 
or conceptual models could be used. Empir-
ical models are based on defining important 
factors through field observation, measure-
ment, experiments and statistical methods 
(Petter 1992). They are useful in predicting 
the hydrology or soil erosion, but are site 
specific and require long-term data (Elire-
hema 2001).  

Physically based models are based on know-
ledge of the fundamental processes and in-
corporate the laws of conservation of mass 
and energy (Petter 1992). These physical 
processes vary both temporally and spatially. 
They consider the spatial and temporal 
changes of different factors (Jaroslav 
et al. 1996). Physically based distributed wa-
tershed models play a major role in analyz-
ing the impact of land management practices 
on water, sediment, and agricultural chemi-
cal yields in large complex watersheds. 

Many hydrological and soil erosion models 
are developed to describe the hydrology, 
erosion and sedimentation processes. These 
models are generally meant to describe the 
physical processes controlling the transfor-
mation of precipitation to streamflow and 
detachment and transport of sediments.  

There are different hydrological models de-
signed and applied to simulate the rainfall 
runoff relationship under different temporal 
and spatial dimensions. The focus of these 
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models is to establish a relationship between 
various hydrological components such as 
precipitation, evapotranspiration, surface 
runoff, ground water flow and soil water 
movement (infiltration). Many of these hy-
drological models describe the canopy inter-
ception, evaporation, transpiration, snow-
melt, interflow, overland flow, channel flow, 
unsaturated subsurface flow and saturated 
subsurface flow. These models range from 
simple unit hydrograph based models to 
more complex models that are based on the 
dynamic flow equations.  

Erosion modeling is based on understanding 
the physical laws of landscape processes that 
occur in the natural environment. Erosion 
models can provide a better understanding 
of natural phenomena such as transport and 
deposition of sediment by overland flow and 
allow for reasonable prediction and forecast-
ing. Many different models have been pro-
posed to describe and predict soil erosion by 
water and associated sediment yield. They 
vary considerably in their objectives, time 
and spatial scales involved.  

In recent years, distributed watershed mod-
els are increasingly used to implement alter-
native management strategies in the areas of 
water resources allocation, flood control, 
impact of land use change and climate 
change, and finally environmental pollution 
control. Many of these models share a 
common base in their attempt to incorpo-
rate the heterogeneity of the watershed and 
spatial distribution of topography, vegeta-
tion, land use, soil characteristics, rainfall 
and evaporation. Some of the watershed 
models developed in the last two decades 
includes CREAMS (Chemicals, Runoff, and 
Erosion from Agricultural Management Sys-
tems) (Knisel 1980), EPIC (Erosion Produc-
tivity Impact Calculator) (Williams 1995), 
AGNPS (Agricultural None Point Source 
model) (Young et al. 1989), SWAT (Soil and 
Water Assessment Tool) (Arnold et al. 1998) 
and HSPF  (Hydrologic Simulation Pro-
gram-Fortran) (Bicknell et al. 2001), 
ANSWERS (Areal Non-point Source Wa-
tershed Environmental Response Simula-
tion) (Beasley & Huggins 1982), EROSION-

3D (Schmidt 1999), EUROSEM (European 
Soil Erosion Model) (Morgan et. al. 1998), 
WEPP (Water Erosion Prediction Project) 
(Laflen et al. 1991) etc. Many of these wa-
tershed models are applied for runoff and 
soil loss prediction (e.g. Morgan 2001, Srini-
vasan et al. 1998, Grønsten and Lundek-
vam 2006), water quality modeling (e.g. 
Debele et al. 2006, Santhi et al. 2006, Ab-
baspour et al. 2007), land use change effect 
assessment (e.g. Sheng et al. 2003, Claessens 
et al. 2006, Wu et al. 2007) and climate 
change impact assessment (e.g. Andersson 
et al. 2006, Huang et al. 2005; Zhang 
et al. 2007). Among the foregoing models, 
the physically based distributed model 
SWAT is a well established model for ana-
lyzing the impact of land management prac-
tices on water, sediment, and agricultural 
chemical yields in large complex watersheds. 
It is one of the watershed models for long-
term impact analysis. It is widely applied in 
many parts of United States and many other 
countries (e.g. Bingner 1996, Peterson and 
Hamlett 1998; Srinivasan et al. 1998; Arnold 
et al. 1998; Benaman et al. 2005, Heuvel-
mans et al. 2004; Bouraoui 2005). A com-
prehensive review of SWAT model 
applications is given by (Gassman 
et al. 2007). There are few applications of 
SWAT model to Ethiopian conditions in 
relatively small watershed areas (e.g. Alami-
rew 2006, Setegn et al. 2007). The present 
study considers large scale application of the 
model on a catchment area where most of 
the topographic features have slopes greater 
than 5 %. For estimation of curve number 
to slopes above 5 % an equation developed 
by Williams (1995) can be used. 

1.3.1. Watershed models prediction uncer-
tainties 

An important issue to consider in the pre-
diction of hydrology, sediment yield and wa-
ter quality is uncertainties in the predictions. 

According to Yang et al. (2008) the main 
sources of uncertainties are: 

 simplifications in the conceptual model. 
For example, the simplifications in a hy-
drologic model, or the assumptions in 
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the equations for estimating surface ero-
sion and sediment yield. 

 processes occurring in the watershed but 
not included in the model. For example, 
wind erosion,  soil losses caused by 
landslides, 

 processes that are included in the model, 
but their occurrences in the watershed 
are unknown to the modeler or unac-
countable; for example, reservoirs, water 
diversions, irrigation, or farm manage-
ment affecting water quality, 

 processes that are not known to the 
modeler and not included in the model. 
These include dumping of waste material 
and chemicals in the rivers, or processes 
that may last for a number of years and 
drastically changes the hydrology or wa-
ter quality such as constructions of 
roads, bridges, tunnels and dams, and 

 errors in the input variables such as rain-
fall and temperature.  

1.3.2. Calibration and uncertainty Analysis 

The ability of a watershed model to accu-
rately predict stream flow and sediment yield 
is evaluated through sensitivity analysis, 
model calibration, and model validation. The 
sensitive parameters are further used to find 
the most reasonable parameter values for 
better estimations of the streamflow and 
sediment yield. Many distributed watershed 
models use different factors and parameters 
for the simulation of the hydrological 
processes. Hence, it is essential for these 
models to pass careful calibration tests and 
uncertainty analysis. The use of several cali-
bration and uncertainty analysis techniques 
are common among researchers (e.g. Ab-
baspour et al. 2004, Abbaspour 2005, Eck-
hardt and Arnold 2001, Yang et al. 2007). In 
this thesis application of SUFI-2, ParaSol 
and GLUE calibrations and uncertainty al-
gorithms are discussed. 

1.4 Overview of coupled 3D Hydrody-
namic Modelling 

Many of watershed models are used to simu-
late the processes that take place in the upl-
and watershed for prediction of runoff and 

soil loss, water quality modeling, land use 
and climate change impact assessment. 
These models lack the capacity to simulate 
the hydrodynamics and water quality 
processes of larger water bodies. In the oth-
er hand there are a number of hydrodynamic 
and water quality models, such as 
ECOMSED (Blumberg and Mellor 1987), 
CE-QUAL-W2 (Cole and Wells 2003), 
WASP (Wool et al. 2003), GEMSS (ERM 
2006), and EPD-RIV1 (Martin and Wool 
2002), which have been used to analyze the 
hydrodynamics and water quality processes 
in larger water bodies.  

The existing research in modeling of large 
water bodies is extensive ranging from sim-
plified analytical approaches to fully 3D 
models and experimental studies (e.g. Armi 
1986, Finnigan and Ivey 1999, Na and Park, 
2005). The central themes of most of these 
studies are exchange and mixing processes 
that are related to stratification. Mixing 
processes are primary controlled by bathy-
metry, rotational effects, meteorological and 
boundary forcing that includes among oth-
ers wind action, buoyancy force due to den-
sity gradients (usually due to spatial and 
temporal variations of temperature and sa-
linity variations), surface heat flux, and tidal 
forcing.  

There is no single model available that has 
the capacity to simulate various hydrody-
namic and water quality variables in the upl-
and watershed and larger water bodies 
simultaneously. For proper land and water 
resources planning and management there is 
a need to adapt a combined approach which 
integrate the hydrological process that un-
dergoes in the upland watershed and hydro-
dynamic processes in the downstream water 
bodies. Different studies have shown that 
the main management approach which 
combines the land-lake processes is to ex-
ternally link the watershed and water body 
models. This combination involves simula-
tion of the watershed hydrological variables 
using an appropriate watershed model, and 
uses the time-series outputs from the model 
as input to the hydrodynamic model. 

In this paper, a physically based watershed 
hydrological model SWAT and a fully tran-
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sient, three-dimensional model of flow and 
material transport (GEMSS) were combined 
to analyze the watershed-lake interaction in 
the study area. The approach is the first in 
its kind in the area. 

There are limited studies concerning the 
coupling of watershed and water body hy-
drodynamic models. Debele et al. (2006) 
coupled SWAT and CE-QUAL-W2 to ana-
lyze the combined process of water quantity 
and quality of both upstream watershed and 
Cedar Creek Reservoir in Texas USA. Bdour 
and Papanicolaou (2003) coupled a two-
dimensional hydrodynamic and sediment 
routing model with upland erosion model in 
a mountainous watershed. Their purpose 
was to develop a composite tool that can be 
applicable to mountain watersheds and inte-
grates watershed and in stream processes to 
bridges the gap in restoration management 
plans. Arheimer and Olsson (2003) de-
scribed integration and Coupling of Hydro-
logical Models with water quality models 
that refers to applications of models in the 
European watersheds. But there is no re-
search output found which shows an inte-
gration of watershed and water body models 
in the study area. 

In this study the output from the watershed 
model SWAT was combined with 3D hy-
drodynamic model to understand the wa-
tershed-lake interaction and analyze the 
hydrodynamic processes in the lake. Hence, 
The objective of this work was first to cali-
brate and validate the two models, and com-
bine SWAT and GEMSS for better 
understanding of the hydrological processes 
in the upland watershed and in the down-
stream water body. This help to investigate 
the basic flow structure and stratification. 
Moreover our particular interest is to inves-
tigate the influence of the water withdrawal 
from Lake Tana for diversion of water to 
nearby watershed, on the water balance of 
Lake Tana. 

1.5 Overview of GIS Application in 
Land and Water Resources  

Analysis of spatial information is becoming 
an emerging approach which is capable of 
acquiring, managing and analyzing complex 

problems of river basins and lake water-
sheds. In recent years, GIS has shown to be 
a good alternative to serve as a better deci-
sion support tool in the planning, manage-
ment and implementation of soil and water 
resources. GIS is a very useful tool for stor-
ing, processing and manipulating and visua-
lization of spatial databases. Consequently, 
the integration of multi-criteria evaluation 
(MCE) within a GIS context could help us-
ers to improve decision making processes. 
The main purpose of the MCE technique is 
to investigate a number of alternatives in the 
light of multiple criteria and conflicting ob-
jectives (Voogd 1983). To carry out that, it is 
necessary to generate compromise alterna-
tives and a ranking of alternatives according 
to their degree of attractiveness (Janssen and 
Rietveld 1990). In the last decade, MCE has 
received renewed attention in the context of 
a GIS-based decision making (Pereira and 
Duckstein 1993, Heywood et al. 1995, Malc-
zewski 1996). Different studies have been 
conducted using MCE technique in the area 
of the natural resources management (e.g. 
Tecle and Yitayew 1990, Ceballos-Silva and 
Lo‘pez-Blanco 2003, Leskinena and Kangas 
2005, Bello-Pineda et al. 2006, Hajkowicz 
and Higgins 2006). In this study, MCE 
seems to be applicable to GIS-based spatial 
delineation of erosion vulnerability which 
helps to carry out the delineation of the 
most erosion prone area in the Lake Tana 
Basin. 

1.6 Overview of Hydrological Response 
to Climate Change 

In recent years, there is an increased concern 
over climate change caused by increasing 
concentration of CO2 and other trace gases 
in the atmosphere. A major effect of climate 
change is alterations in hydrologic cycles and 
changes in water availability. Increased eva-
poration, combined with changes in precipi-
tation characteristics, has the potential to 
affect runoff, frequency and intensity of 
floods and droughts, soil moisture, and wa-
ter supplies for irrigation and hydroelectric 
generation. Moreover, watershed hydrology 
is affected by vegetation types, soil proper-
ties, geology, terrain, climate, land use prac-
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tices, and spatial patterns of interactions 
among these factors (Richey et al. 1989; 
Laurance 1998, Schulze 2000; Zhang et al. 
2001, Huang and Zhang 2004, Brown et al. 
2005 and so on). IPCC findings indicate that 
developing countries like Ethiopia will be 
more vulnerable to climate change due to its 
economic, climatic and geographic settings. 
According to IPPC (2007), the population at 
risk of increased water stress in Africa is 
projected to be between 75-250 million and 
350-600 million people by the 2020s and 
2050s, respectively. Moreover, yields from 
rain-fed agriculture could be reduced by up 
to 50% in some countries that mainly de-
pend on rain-fed agriculture.  

Assessing the impact of climate change on 
stream flows, soil moisture, ground water 
and other hydrological parameters, essential-
ly involves projections of climatic variables 
(e.g., precipitation, temperature, humidity, 
mean sea level pressure etc.) at a global 
scale. Downscaling of global-scale climatic 
variables to local-scale hydrologic variables 
is an important step to be carried out before 
computations of hydrological components. 
Projections of climatic variables globally can 
be done with General Circulations Models 
(GCMs), which provide projections at large 
spatial scales. However, the raw outputs of 
GCMs are spatially too coarse to be useful 
for assessing the impacts of climate change 
on watersheds. Such large-scale climate pro-
jections must then be downscaled to obtain 
smaller-scale hydrologic projections with 
appropriate linkages between the local cli-
mates. A number of studies have investi-
gated downscaling methods for establishing 
a connection between coarse-resolution 
GCMs and river basin hydrologic models 
(e.g. Wilby et al. 1998, 2000, Hay and Clark 
2003, Wood et al. 2004, Benestad et al. 
2008).  

Many previous studies have assessed the im-
pact of climate change on hydrology (Gleick 
and Chalecki 1999, Neff et al. 2000, Grois-
man et al. 2001, Chang 2003, Novotny and 
Stefan 2007). Studies indicate that water re-
sources variability is mainly associated with 
climate change. Furthermore, a variety of 
studies have been done on the impact of 

land use changes on hydrology (Fohrer et al. 
2001, Niehoff et al. 2002, Fohrer et al. 2005, 
Li et al. 2007, Ghaffari et al. 2009). But a 
few studies have quantified the combined 
effects of future climate and land use 
changes on hydrology (Tu 2009; Van Roos-
malen et al. 2009; Quilb´e et al. 2008).  

In this study the possible effects of climate 
change on water resources was investigated 
by analyzing outputs from GCM models. 
Our first study compared projected changes 
in precipitation and temperature across fif-
teen models for two seasons, to get an indi-
cation of the consistency of the projected 
changes in the region. Our second study in-
vestigated how changes in temperature and 
precipitation might translate into changes in 
stream flow, soil moisture, ground water and 
other hydrological parameters using outputs 
from a four climate models. Among the dif-
ferent Spatial Report on Emissions Scena-
rios (SRES), which were published by the 
intergovernmental Panel on Climate Change 
(IPCC 2000), AlB, A2 and B2 scenarios were 
used for this climate change impact study. 
This study used climate scenario data for 
two future windows (2046-2065 and 2080-
2100) on a daily base for maximum tempera-
ture, minimum temperature and precipita-
tion. The global scale model was downscaled 
to a watershed scale using historical-
modification procedure of Harrold and 
Jones (2003). Hence, the main objective of 
this study is to investigate the hydrological 
response to climate change in the Lake Tana 
Basin, Ethiopia using the SWAT model. 

There are limited climate change impact stu-
dies in Ethiopia (Tarekegn and Tadege 2006, 
Kim et al. 2008, Abdo et al. 2009). But many 
of the previous research confirm the influ-
ence of climate variability in the region 
based on very limited GCM‘s. To make con-
clusion on the effect of climate change in 
the watershed hydrology using limited GCM 
may not give a clear over view of the future 
changes. High uncertainty is therefore ex-
pected in climate change impact studies if 
the simulation results of a single GCM are 
relied upon (IPCC 1999). To avoid predic-
tion uncertainties due to the nature of the 
GCM‘s and error during downscaling 
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process different models were used to show 
the response of different models to the 
possible changes in the future hydrological 
processes. Moreover, the daily climate pro-
jections were generated by modifying the 
historical datasets to represent the changes 
in the GCM climatologies. This is different 
from the approach more usually thought of 
as ―statistical downscaling‖, where scenarios 
are created as a function of the daily outputs 
from GCM themselves. 

2. DESCRIPTION OF THE STUDY 

AREA  

2.1 Location, topography, climate and 
Drainage basins of Ethiopia 

Ethiopia is situated in East Africa which lies 
between 3030‘ and 14050‘ North latitudes 
and 32042‘ and 48012‘ East longitudes. It has 
a surface area of about 1.127 million km2. 
The country consists of three climatic zones 
depending on topography and geographic 
location: the cool zone above 2,400 meters 
where temperatures range from near freez-
ing to 16 °C; the temperate zone at eleva-

Fig. 1. Map showing Ethiopian major river drainage basins (source: Ethiopian Ministry of 
Water Resources - MoWR) 
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tions of 1,500 to 2,400 meters with 
tures from 16 to 30 °C and the hot zone be-
low 1,500 meters with both tropical and arid 
conditions and daytime temperatures 
ing from 27 to 50 °C. Annual rainfall varies 
from less than 100 mm in the low lands 
along the border with Somalia and Djibouti 
to 2,400 mm in the southwest highlands, 
with a national average of 744 mm/year. 
The topography of Ethiopia ranges from 
very high mountain ranges (the Semien 
Mountains, Ras Dejen 4,620 m, and the Bale 
Mountains), to one of the lowest elevation in 
Africa (the Danakil depression  
-155 m). The main rainy season is from June 
to September (longer in the southern high-
lands) preceded by intermittent showers 
from February to March; the rest of the year 
is mainly dry weather. Ethiopia is known for 
its enormous water resources potential. It is 
still known as the water tower of Africa, the 
source of the Nile River and many trans-
boundary rivers. The total annual runoff is 
estimated about 110 billion m3, and only less 
than 5 % is used in the country, the remain-
ing leaves the country as transboundary riv-
ers such as Blue Nile, Baro-Akobo, Wabi 
Shebele, Tekeze, Genale-Dawa etc. Ethiopia 
has three principal drainage systems. The 
first and largest is the western system, that 
includes the watersheds of the Blue Nile 
(known as the Abbay in Ethiopia), the Te-
keze, and the Baro rivers. All three rivers 
flow west to the White Nile in Sudan. The 
second system is the Rift Valley internal 
drainage system, composed of the Awash 
River, the Lakes Region, and the Omo Riv-
er. The Awash flows northeast to the Dena-
kil Plain before it dissipates into a series of 
swamps and Lake Abe at the border with 
Djibouti. The Lakes Region is a self-
contained drainage basin, and the Omo 
flows south into Lake Rudolf, on the border 
with Kenya. The third system is the Shebele 
and Genale rivers. Both of these rivers ori-
ginate in the Eastern Highlands and flow 
southeast toward Somalia and the Indian 
Ocean. Only the Genale (known as the Jub-
ba in Somalia) makes it to the sea; the She-
bele disappears in sand just inside the 

coastline. Figure 1 shows the different major 
river basins of Ethiopia. 

2.2 General Characteristics of Area un-
der Investigation 

2.2.1. Blue Nile River Basin  

The Blue Nile River (Abbay/ዓባይ in local 
language) originates from the Lake Tana in 
Ethiopia. It flows south from Lake Tana and 
then west across Ethiopia and northwest 
into Sudan. The Blue Nile eventually joins 
the White Nile at Khartoum, Sudan and the 
Nile continuous through Egypt to the Medi-
terranean Sea at Alexandria.  The river has a 
drainage area of 199812 km2 and supplies 
nearly 84 % of the water of the Nile River 
during high-flow season. It accounts for 
about 17.5 % of the land area and 50 % of 
its annual average surface water resources of 
Ethiopian. It is the main source of water for 
Ethiopia, Sudan and Egypt (Peggy 
et al. 1994). Flow volumes along the Blue 
Nile range from approximately 4 billion m3 

annually at the outlet of the Lake Tana to 
50 billion m3 at the Ethio-Sudan border. 
From Lake Tana, the Blue Nile travels 
35 km to the Tissisat falls, where the river 
drops 50 m; it then flows through a gorge, 
which in some places is as deep as 1,200m. 
The major tributaries joining the Blue Nile 
between Lake Tana and Sudan border are: 
Beshilo, Didessa, Finchaa, Guder, Muger, 
Wenchit, Jemma, Birr, Temcha and Beles. 
The flow of the Blue Nile reaches its maxi-
mum discharge in the main rainy season 
(from June to September), when it supplies 
more than two thirds of the water of the 
Nile river. The basin has an average annual 
runoff of about 50 billion m3.  

2.2.2. Lake Tana Basin 

Lake Tana basin is one of the major basins 
that significantly contribute to the livelih-
oods of tens of millions of people in the 
lower Nile river basin. Lake Tana occupies a 
wide depression in the Ethiopian plateau. 
The lake is shallow, oligotrophic, and fresh-
water, with weak seasonal stratification 
(Wood and Talling 1988, Wudneh, 1998). 
The lake is believed to have been formed 

http://www.britannica.com/eb/article-9015757/Blue-Nile-River
http://www.britannica.com/eb/topic?idxStructId=581175&typeId=13
http://www.britannica.com/eb/topic?idxStructId=581175&typeId=13
http://www.britannica.com/eb/article-9011469/Awash-River
http://www.britannica.com/eb/article-9011469/Awash-River
http://www.britannica.com/eb/topic?idxStructId=428426&typeId=13
http://www.britannica.com/eb/topic?idxStructId=428426&typeId=13
http://www.britannica.com/eb/article-9067222/Shebeli-River
http://www.britannica.com/eb/article-9044065/Jubba-River
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due to damming by lava flow during the Pli-
ocene (Mohr 1962), but the formation of the 
depression itself started in the Miocene 
(Chorowiz et al. 1998). Lake Tana basin 
comprises a total area of 15,096 km2 includ-
ing the lake area. The estimated mean annual 
precipitation of the study area ranges from 
1,200 to 1,600 mm based on data from 1961 
to 2000 depending on the studies (Gamachu 
1977, Conway 2000, Kim et al. 2008, Setegn 
et al. 2009a). The annual mean actual evapo-
transpiration and water yield of the catch-
ment area is estimated to be 773 mm and 
392 mm, respectively (Setegn et al. 2009a). It 
is rich in biodiversity with many endemic 
plant species and cattle breeds; it contains 
large areas of wetlands; it is home to many 
endemic birds and cultural and archaeologi-
cal sites. This basin is of critical national sig-
nificance as it has great potentials for 
irrigation; hydroelectric power; high value 
crops and livestock production; ecotourism 
and others. Lake Tana is located in the 
country's north-west highlands (Lat 12° 0' 
North, Lon 37° 15' East) (Figure 2). The 
lake is a natural type which covers 3000 – 
3600 km2 area at an elevation of 1800 m and 
with a maximum depth of 15 m. It is ap-
proximately 84 km long, 66 km wide. It is 
the largest lake in Ethiopia and the third 
largest in the Nile Basin. GilgelAbay, Ribb, 
Gumera and Megech are the main rivers 

feeding the lake which contributes more 
than 93 % of the inflow. It is the main 
source of the Blue Nile River that is the only 
surface outflow for the Lake. The climate of 
the region is ‗tropical highland monsoon‘ 
with main rainy season between June and 
September. The air temperature shows large 
diurnal but small seasonal changes with an 
annual average of 200C. 

2.2.3. Anjeni Gauged watershed 

Anjeni gauged watershed is situated in 
37°31‘E / 10°40‘N, in the Northern part of 
Ethiopia. Its altitude ranges from 2407 to 
2507 m above sea level. Hydrological cat-
chment area is 113.4 ha. Mean annual rain-
fall and temperature is 1,690 mm and 16°C, 
respectively. The watershed was established 
by the Soil Conservation Research Pro-
gramme (SCRP) in 1981 with the support of 
the Swiss Agency for Development and Co-
operation (SDC). The land use map of An-
jeni area indicated that 36 % of the land is 
cultivated for field crops, legumes and vege-
tables, 36 % of the watershed is pasture land 
and 29 % of the watershed is forest land 
(Figure 3a). The majority of the soil type of 
the watershed is similar to Lake Tana basin 
except Vertic Luvisols, Humic Nitisols, 
Haplic Lixisols, Haplic Lixisols, Haplic Lix-
isols, Haplic Lixisols, Haplic Acrisols, Hum-
ic Alisols and Dydtric Cambisols (Figure 3b) 

Fig. 2. Location Map of the study area 
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3. METHODS  

The present study concerns the application 
of a physically based watershed model 
SWAT and a three dimensional (3D) hydro-
dynamic model GEMSS (Generalized Envi-
ronmental Modeling System for Surface 
waters), GIS based decision support system 
that uses multi-criteria evaluation (MCE) 
and climate change impact on water re-
sources in the Lake Tana Basin and Anjeni 
gauged watershed. The application of the 
SWAT models involved calibration and vali-
dation, sensitivity and uncertainty analysis. 
For this purpose SUFI-2, ParaSol and 
GLUE calibration and uncertainty analysis 
algorithms were used.  

3.1. Description of Soil and Water As-
sessment tool (SWAT) Model 

SWAT is a public domain model actively 
supported by the USDA (United States De-
partment of Agriculture) – ARS (Agricultur-

al Research Service) at the Grassland, Soil 
and Water Research Laboratory in Temple, 
Texas, USA. SWAT is a river basin scale, a 
continuous time, a spatially distributed mod-
el developed to predict the impact of land 
management practices on water, sediment 
and agricultural chemical yields in large 
complex watersheds with varying soils, land 
use and management conditions over long 
periods of time (Neitsch et al. 2005). SWAT 
can analyze both small and large watersheds 
by subdividing the area into homogenous 
parts. As a physically-based model, SWAT 
uses hydrologic response units (HRUs) to 
describe spatial heterogeneity in terms of 
land cover, soil type and slope within a wa-
tershed. The SWAT system embedded with-
in geographic information system (GIS) that 
can integrate various spatial environmental 
data including soil, land cover, climate and 
topographic features. Currently SWAT is 
imbedded in an ArcGIS interface called 
ArcSWAT. It is computationally efficient, 

Fig. 3.  a) left side - Land use map, b) right side - Soil map of Anjeni gauged watershed: LVv-
Vertic Luvisols, ALh-Haplic Alisols, NTh-Haplich Nitisols, NTu-Humic Nitisols, RGe- Eutric 
Regosols, LXh- Haplic Lixisols, Ach-Haplic Acrisols, ALu- Humic Alisols, CMd- Dydtric Cam-
bisols, LPq-Lithic Leptosols. FPEA-Field Peas, CORN-Corn, WWHT-Winter Wheat, BARL-
Spring Barley, TEFF-Teff, GRBN-Green Beans, ALFA-Alfalfa, SOYB-Soybean, LETT-Head 
Lettuce, FLAX-Flax, LENT-Lentils, RNGE-Range-Grasses, FRSE-Forest-Evergreen, CUCM-
Cucumber, URLD- Residential-Low Density, FRST- Forest-Mixed, RNGB- Range-Brush 
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uses readily available inputs and enables us-
ers to study long-term impacts. 

3.1.1. Hydrological Component of  SWAT 

The Simulation of the hydrology of a wa-
tershed is done in two separate divisions. 
One is the land phase of the hydrological 
cycle that controls the amount of water, se-
diment, nutrient and pesticide loadings to 
the main channel in each subbasin. Hydro-
logical components simulated in land phase 
of the Hydrological cycle are canopy storage, 
infiltration, redistribution, evapotranspira-
tion, lateral subsurface flow, surface runoff, 
ponds, tributary channels and return flow. 
The second division is routing phase of the 
hydrologic cycle that can be defined as the 
movement of water, sediments, nutrients 
and organic chemicals through the channel 
network of the watershed to the outlet. In 
the land phase of hydrological cycle, SWAT 
simulates the hydrological cycle based on the 
water balance equation (equation 1). 
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In which SWt is the final soil water content 
(mm), SWo is the initial soil water content on 
day i (mm), t is the time (days), Rday is the 
amount of precipitation on day i (mm), Qsurf 
is the amount of surface runoff on day i 
(mm), Ea is the amount of evapotranspira-
tion on day i (mm), Wseep is the amount of 
water entering the vadose zone from the soil 
profile on day i (mm), and Qgw is the amount 
of return flow on day i (mm). 

Brief description of some of the key model 
components are provided in this thesis. 
More detailed descriptions of the different 
model components are listed in (Arnold 
et al. 1998, Neitsch et al. 2005). 

Surface runoff occurs whenever the rate of 
precipitation exceeds the rate of infiltration. 
SWAT offers two methods for estimating 
surface runoff: the SCS curve number pro-
cedure (USDA-SCS 1972) and the Green & 
Ampt infiltration method (Green and 
Ampt 1911). Using daily or sub daily rainfall, 

SWAT simulates surface runoff volumes and 
peak runoff rates for each HRU. In this 
study, the SCS curve number method was 
used to estimate surface runoff because of 
the unavailability of sub daily data for Green 
& Ampt method. 

The SCS curve number equation is:. 
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In which,  Qsurf is the accumulated runoff or 
rainfall excess (mm), Rday is the rainfall depth 
for the day (mm), S is the retention parame-
ter (mm). The retention parameter is defined 
by equation 3. 
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SWAT2005 version includes two methods 
for calculating the retention parameter; the 
first one is retention parameter varies with 
soil profile water content and the second 
method is the retention parameter varies 
with accumulated plant evapotranspiration. 
The soil moisture method (equation 4) over-
estimates runoff in shallow soils. But calcu-
lating daily CN as a function of plant 
evapotranspiration, the value is less depen-
dent on soil storage and more dependent on 
antecedent climate.  
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In which S is the retention parameter for a 
given day (mm), Smax is the maximum value 
that the retention parameter can have on any 
given day (mm), SW is the soil water content 
of the entire profile excluding the amount of 
water held in the profile at wilting point 
(mm), and w1 and w2 are shape coefficients. 
The maximum retention parameter value, 
Smax, is calculated by solving equation 3. us-
ing CN1. 
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When the retention parameter varies with 
plant evapotranspiration, the following equa-
tion is used to update the retention parame-
ter at the end of every day: 

 

surfday

prev

oprev QR
S

Scncoef
ESS 









 


max

exp  (6) 

 

In which Sprev is the retention parameter for 
the previous day (mm), Eo is the potential 
evapotranspiration for the day (mm/day), 
cncoef is the weighting coefficient used to cal-
culate the retention coefficient for daily 
curve number calculations dependent on 
plant evapotranspiration, Smax is the maxi-
mum value the retention parameter can 
achieve on any given day (mm), Rday is the 
rainfall depth for the day (mm), and Qsurf is 
the surface runoff (mm). The initial value of 
the retention parameter is defined as 
S=0.9Smax. 

The SCS curve number is a function of the 
soil‘s permeability, land use and antecedent 
soil water conditions. SCS defines three an-
tecedent moisture conditions: I – dry (wilt-
ing point), II – average moisture, and III –
 wet (field capacity). The moisture condition 
I curve number is the lowest value the daily 
curve number can assume in dry conditions. 
The curve numbers for moisture conditions 
I and III are calculated with equations 7 and 
8. 
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𝐶𝑁3 = 𝐶𝑁2𝑒𝑥𝑝 000673 100 − 𝐶𝑁2   (8) 

 

Typical curve numbers for moisture condi-
tion II are listed in various tables (Neitsch 
et al. 2005). The values are appropriate for a 
5 % slope. Williams (1995) developed an 
equation to adjust the curve number to a 
different slope (equation 9). 

 

  2

23

2 )86.13exp(21
3

)(
CNslp

CNCN
CN S 




     (9) 
 

In which CN1 is the moisture condition I 
curve number, CN2 is the moisture condi-
tion II curve number for the default 5 % 
slope, CN3 is the moisture condition III 
curve number for the default 5 % slope, 
CN2S is the moisture condition II curve 
number adjusted for slope and slp is the av-
erage percent slope of the sub basin. 

SWAT calculates the peak runoff rate with a 
modified rational method. There are many 
methods that are developed to estimate po-
tential evapotranspiration (PET). Three me-
thods are incorporated into SWAT: the 
Penman-Monteith method (Monteith 1965), 
the Priestley-Taylor method (Priestley and 
Taylor 1972) and the Hargreaves method 
(Hargreaves et al. 1985). For this study Har-
greaves method was used due to limitation 
of weather data such as wind speed, humidi-
ty and sunshine hours.  

The simulation of groundwater is partitioned 
into two aquifer systems i.e an unconfined 
aquifer (shallow) and a deep-confined aqui-
fer in each sub basin. The unconfined aqui-
fer contributes to flow in the main channel 
or reach of the sub basin. Water that enters 
the deep aquifer is assumed to contribute to 
stream flow outside the watershed (Arnold 
et al. 1993). In SWAT the water balance for 
a shallow aquifer is calculated with equation 
10.  

 

𝑎𝑞𝑠 ,𝑖 = 𝑎𝑞𝑠 ,𝑖−1 + 𝑤𝑟𝑐𝑟𝑔 − 𝑄𝑔𝑤 − 

 

wrevap − wdeep − wpump ,sh    (10) 

 

In which aqsh,i is the amount of water stored 
in the shallow aquifer on day i (mm), aqsh,i-1 
is the amount of water stored in the shallow 
aquifer on day i-1 (mm), wrchrg is the amount 
of recharge entering the aquifer on day i 
(mm), Qgw is the groundwater flow, or base 
flow, into the main channel on day i (mm), 
wrevap is the amount of water moving into the 
soil zone in response to water deficiencies 
on day i (mm), wdeep is the amount of water 
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percolating from the shallow aquifer into the 
deep aquifer on day i (mm), and wpump,sh is 
the amount of water removed from the shal-
low aquifer by pumping on day i (mm). The 
steady-state response of groundwater flow 
to recharge is estimated by equation 11 
(Hooghoudt 1940). 

 

wtbl

gw

sat
gw h

L

K
Q

800
     (11) 

 

In which Ksat is the hydraulic conductivity of 
the aquifer (mm/day), Lgw is the distance 
from the ridge or subbasin divide for the 
groundwater system to the main channel 
(m), and hwtbl is the water table height (m). A 
water table fluctuation due to non-steady-
state response of groundwater flow to peri-
odic recharge is calculated by equation 12 
(Smedema and Rycroft 1983). 

 

800

, gwshrchrgwtbl
Qw

dt

dh 
   (12) 

 

In which 
dt

dhwtbl  is the change in water table 

height with time (mm/day), wrchrg,sh is the 
amount of recharge entering the aquifer on 
day i (mm) and   is the specific yield of the 

shallow aquifer (m/m). Assuming that varia-
tion in groundwater flow is linearly related 
to the rate of change in water table height, 
equations 11 and 12 can be combined to 
obtain equation 13. 

 

   gwshrchrggwgwshrchrg

gw

satgw
QwQw

L

K

dt

dQ



 ,,2

10 


 (13) 

 

In which gw  is the baseflow recession con-

stant or constant of proportionality. The 

baseflow recession constant, gw , is a direct 

index of groundwater flow response to 
changes in recharge (Smedema and Ry-

croft 1983). gw  varies from 0.1-0.3 for land 

with slow response to recharge to 0.9-1.0 for 
land with a rapid response. Although the 

baseflow recession constant may be calcu-
lated, the best estimates are obtained by ana-
lyzing measured streamflow during periods 
of no recharge in the watershed.  

3.1.2. Sediment Component 

SWAT calculates the soil erosion and sedi-
ment yield with the Modified Universal Soil 
Loss Equation (MUSLE) 14, (Williams 
1975).  

   USLEhrupeaksurf KareaqQsed
56.0

8.11

 

CFRGLSPC USLEUSLEUSLE 
 

(14) 

 

In which  sed is the sediment yield on a giv-
en day (metric tons), Qsurf is the surface ru-
noff volume (mm /ha), qpeak is the peak 
runoff rate (m3/s), areahru is the area of the 
HRU (ha), KUSLE is the soil erodibility factor 
(0.013 metric ton m2 hr/(m3-metric ton 
cm)), CUSLE is the cover and management 
factor, PUSLE is the support practice factor, 
LSUSLE is the topographic factor and CFRG 
is the coarse fragment factor. The details of 
the USLE factors and the descriptions of the 
different model components can be found 
in (Neitsch et al. 2005) 

3.1.3. Routing face of  the hydrological cycle 

In SWAT water is routed though the chan-
nels network using either the variable sto-
rage routing or Muskingum river routing 
methods. The details of the water routing 
methods are discussed in Neitsch 
et al. (2005). The sediment routing model 
Arnold et al. (1995) that simulates the sedi-
ment transport in the channel network con-
sists of two components operating 
simultaneously: deposition and degradation. 
To determine the deposition and degrada-
tion processes the maximum concentration 
of sediment calculated by equation 15 in the 
reach is compared to the concentration of 
sediment in the reach at the beginning of the 
time step. A brief description of sediment 
routing components of SWAT is given be-
low (Neitsch et al. 2005).  

The maximum amount of sediment that can 
be transported from a reach segment is a 
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function of the peak channel velocity and is 
calculated by equation 15. 

 
exp

,,,

sp

pkchspmxchsed vCconc    (15) 

 

In which concsed,ch,mx is the maximum con-
centration of sediment that can be trans-
ported by the water (ton/m3 or kg/l), Csp is a 
coefficient defined by the user, vch,pk is the 
peak channel velocity (m/s), and spexp is 
exponent parameter for calculating sediment 
reentrained in channel sediment routing that 
is defined by the user. It normally varies be-
tween 1.0 and 2.0.  

The maximum concentration of sediment 
calculated by equation 15 in the reach is 
compared to the concentration of sediment 
in the reach at the beginning of the time 
step, concsed,ch,i. If concsed,ch,i greater than 
concsed,ch,mx, deposition is the dominant 
process in the reach segment and the net 
amount of sediment deposited is calculated 
by equation 16. If concsed,ch,i less than con-
csed,ch,mx, degradation is the dominant process 
in the reach segment and the net amount of 
sediment re-entrained is calculated by equa-
tion 17. 

 

  chmxchsedichseddep Vconcconcsed ,,,, 
 

(16) 

 

  CHCHchichsedmxchsed CKVconcconcsed ,,,,deg   (17) 

 

In which seddep is the amount of sediment 
deposited in the reach segment (metric 
tons), seddeg is the amount of sediment re-
entrained in the reach segme t (metric 
tones), Vch is the volume of water in the 
reach segment (m3), KCH is the channel ero-
dibility factor (cm/hr/Pa), and CCH is the 
channel cover factor.  

The final amount of sediment in the reach is 
determined from equation 18. 

 

deg, sedsedsedsed depichch   (18) 

 

In which sedch is the amount of suspended 
sediment in the reach (metric tons), sedch,i is 
the amount of suspended sediment in the 
reach at the beginning of the time period 
(metric tons).  

The amount of sediment transported out of 
the reach is calculated by equation 19. 

 

ch

out
chout

V

V
sedsed     (19) 

 

In which sedout is the amount of sediment 
transported out of the reach (metric tons), 
Vout is the volume of outflow during the time 
step (m3). 

3.2. Description of GEMSS Model 

GEMESS was used to investigate the hy-
drodynamic characteristics of Lake Tana. 
GEMSS is an integrated system of 3-D hy-
drodynamic and transport modules embed-
ded in a geographic information system 
(GIS) and environmental data system and 
set of pre- and post-processing tools to sup-
port 3-D modeling. GEMSS is a numerical 
model that computes time varying velocities, 
water surface elevations, and water quality 
constituents in rivers, lakes, reservoirs, estu-
aries and coastal water bodies through the 
Generalized, Longitudinal-Lateral-Vertical 
Hydrodynamic and Transport (GLLVHT) 
model which was first presented in Edinger 
and Buchak (1980, 1985). It provides three-
dimensional, time-varying simulations of 
rivers, lakes, impoundments, estuaries and 
coastal water bodies.  

The computations are done on a horizontal 
and vertical grid that represents the water-
body bounded by its water surface, shore-
line, and bottom. The water surface 
elevations are computed simultaneously with 
the velocity components. Included in the 
computations are boundary condition for-
mulations for friction, wind shear, turbu-
lence, inflow, outflow, surface heat 
exchange, and water quality kinetics.  

A GEMSS application requires two types of 
data: (1) spatial data, primarily the waterbody 
shoreline and bathymetry, but also the loca-
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tions, elevations (2) temporal data that is-
time-varying boundary condition data defin-
ing tidal elevation, inflow rate and 
temperature, inflow constituent concentra-
tion, outflow rate, and meteorological data. 
GEMSS uses many models written in 
FORTRAN code that compute time-varying 
velocities, water surface elevations, and wa-
ter quality constituent concentrations in riv-
ers, lakes, reservoirs, estuaries, and coastal 
waterbodies.  

3.2.1. Mathematical Description 

The hydrodynamic and transport relation-
ships used in GEMSS are developed from 
the horizontal momentum balance, continui-
ty, constituent transport and the equation of 
state. The basic relationships are given in 
Edinger and Buchak (1980, 1985).  

The horizontal momentum balances for the 
horizontal velocity components, u and v in 
the x and y-coordinate horizontal directions, 
with z taken positive downward are shown 
by equations 20 and 21. 

 

∂u

∂t
= g

∂z ′

∂x
−

g

ρ
  

∂ρ

∂x
 ∂z

𝑧
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−

∂vu
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−

∂wu
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 +

  
∂Ay
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∂u

∂y
 +

∂Az
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∂u

∂z
    (20) 
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−

∂vv
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−
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∂v

∂x
 +

  

∂Ay

∂y
 
∂v

∂y
 +

∂Az

∂z
 
∂v

∂z
    (21) 

 

where u, v, and w are the velocity compo-
nents (m/s) in each of the x, y, and z direc-
tions respectively, g is the gravitational 

acceleration (m/s2), ρ is the density (kg/m3), 
t the time (s), z´ is the free surface elevation 
(m), f is the Coriolis parameter, SM is the 
specific momentum term, and Ax, Ay, and Az 

are the momentum dispersion coefficients 
(m2/s) in each of the x, y, and z directions. 

 

Local continuity for the vertical velocity 
component w is (equation 22) 

 

∂w

∂z
= −

∂u

∂x
−

∂v

∂y
      (22)

      

Vertically integrated continuity for the sur-
face elevation, z‘, is (equation 23) 

 

∂z′

∂t
= − 

∂u

∂x
dz

h

z
−  

∂v

∂y
dz

h

z
    (23)

   

Where h is the water depth (m). 

 

The constituent transport relationship for n 
number of constituents (for example, salini-
ty, dye and sediment) is shown in equation 
24. 

 

∂Cn

∂t
= −

∂uCn

∂x
−

∂vCn

∂y
−

∂wCn

∂z
+ Hn +  

 

∂Dx

∂x
 
∂Cn

∂x
 +

∂Dy

∂y
 
∂Cn

∂y
 +

∂Dz

∂z
 
∂Cn

∂z
     (24)

      

Where Cn is the concentration (g/m3) of 
constituent n, Dx, Dy, and Dz are the consti-
tuent dispersion coefficients (m2/s) in each 
of the x, y, and z directions, and Hn is the 
source or sink term (g/m3/s). 

 

And, the equation of state relating density, ρ, 
to constituents is given by equation 25 

 

𝜌 = 𝑓𝑛 𝐶1,𝐶2,𝐶3,𝐶4 ………𝐶𝑛    (25) 

 

These relationships have six unknowns (u, v, 
w, z´, ρ, Cn) in the above six equations. The 
momentum and constituent dispersion coef-
ficients (Ax, Ay, Az, Dx, Dy, Dz) can be eva-
luated from velocities and the density 
structure. 

In the x and y momentum balances, the 
right-hand terms are successively the baro-
metric or water surface slope, the baroclinic 
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or density gravity slope, the Coriolis accele-
ration, the advection of momentum in each 
of the three coordinate directions, the dis-
persion of momentum in each of the coor-
dinate direction and the specific momentum 
as would apply to a high velocity discharge. 

The baroclinic and barotropic slopes are ar-
rived at from the hydrostatic approximation 
to vertical momentum and horizontal diffe-
rentiation of the density-pressure integer by 
Leibnitz‘ rule. The baroclinic slope is seen to 
be the vertical integral of the horizontal den-
sity gradient and becomes the major driving 
force for density-induced flows due to dis-
charge buoyancy (ERM 2006). 

The specific momentum terms, SMX and 
SMY, are evaluated from the velocity and 
flow rate of a discharge into a model cell as 
Udis*Qdis/Dx*Dy*Dz) where Dx, Dy and 
Dz are the model cell dimensions, the spe-
cific momentum is directed vectorially paral-
lel to the direction of the discharge velocity. 

3.2.2. Numerical scheme 

The hydrodynamic equations are semi-
implicit in time which has the advantage of 
computational stability and not being limited 
by the Courant condition. The vertical mo-
mentum dispersion coefficient and vertical 
shear is evaluated from a Von Karman rela-
tionship modified by the local Richardson 
number. Higher order turbulence closure 
schemes (2-equation model, and second 
moment closure model by Mellor and Ya-
mada (1982) are also included. The longitu-
dinal and lateral coefficients are scaled to the 
dimensions of the grid cell using the disper-
sion relationships developed by Okubo 
(1971) and modified to include the velocity 
gradients of the velocity field using the Sma-

gorinsky (1963) relationship. The wind stress 
and bottom shear stress are computed using 
quadratic relationships with appropriate fric-
tion coefficients. The transport module can 
run in fully explicit to fully implicit mode in 
vertical direction while performing explicit 
computations in the horizontal direction. 
Additional details of the model can be found 
in the technical documentation of GEMSS 
(ERM 2006).  

3.3. SWAT Model Input 

The spatially distributed data (GIS input) 
needed for the ArcSWAT interface include 
the Digital Elevation Model (DEM), soil 
data, land use and stream network layers. 
Data on weather and river discharge were 
also used for prediction of streamflow and 
calibration purposes.  

3.3.1. Digital Elevation Model 

Topography is defined by a DEM that de-
scribes the elevation of any point in a given 
area at a specific spatial resolution. A 90 m 
by 90 m resolution DEM (Figure 4) was 
downloaded from SRTM (Shuttle Radar To-
pography Mission) website on 
20 September 2007 (Jarvis et al. 2006). A 
high resolution DEM (2 m by 2 m) was also 
obtained from Soil Conservation Research 
Programme (SCRP), University of Bern, 
Switzerland. The DEM was used to deli-
neate the watershed and to analyze the drai-
nage patterns of the land surface terrain. 
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 
the DEM. 
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3.3.2. Soil Data 

SWAT model requires different soil textural 
and physico-chemical properties such as soil 
texture, available water content, hydraulic 
conductivity, bulk density and organic car-
bon content for different layers of each soil 
type. These data were obtained mainly from 
the following sources: Soil and Terrain Da-
tabase for north-eastern Africa CD-ROM 
Food and Agriculture Organization of the 
United Nations FAO (1998), Major Soils of 
the world CD-ROM FAO (2002), Digital 
Soil Map of the World and Derived Soil 
Properties CD-ROM FAO (1995), Proper-
ties and Management of Soils of the Tropics 
CD-ROM Van Wambeke (2003), Abbay 
River basin Integrated Development Master 
Plan Project - Semi detailed Soil Survey 

(1999) and the Soils of Anjeni Area, Ethi-
opia (SCRP 2000). Major soil types in the 
basin are Chromic Luvisols, Eutric Cambi-
sols, Eutric Fluvisols, Eutric Leptosols, Eu-
tric Regosols, Eutric Vertisols, Haplic 
Alisols, Haplic Luvisols, Haplic Nitisols and 
Lithic Leptosols (Figure 5a). 

3.3.3. Land Use 

Land use is one of the most important fac-
tors that affect runoff, evapotranspiration 
and surface erosion in a watershed. The land 
use map of the study area was obtained from 
ministry of water resources Ethiopia and 
Soil Conservation Research Programme 
(SCRP), University of Bern, Switzerland. 
The land use map of the area was reclassi-
fied based on the available topographic map 
(1:50,000), aerial photographs and satellite 
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2053 - 2245

2245 - 2438

2438 - 2643

2643 - 2913

2913 - 3311

3311 - 4108

0 20 40 6010 Km

±

Fig. 4. DEM of the Lake Tana Basin (meter above sea level) 

Fig. 5. a) Left - Soil types b) right - Land cover maps of Lake Tana Basin.  
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images. The reclassification of the land use 
map was done to represent the land use ac-
cording to the specific land cover types such 
as type of crop, pasture and forest. Figure 5b 
shows that more than 50 % of the Lake Ta-
na watershed is used for agriculture. 

3.3.4. Weather Data 

SWAT requires daily meteorological data 
that could either be read from a measured 
data set or be generated by a weather gene-
rator model. In this study, the weather va-
riables used for driving the hydrological 

balance are daily precipitation, minimum and 
maximum air temperature for the period 
1978 – 2004. These data were obtained from 
Ethiopian National Meteorological Agency 
(NMA) for stations located within and 
around the watershed (Figure 6). In this 
work, time series data from Bahir Dar, Adet, 
Debre Tabor, Gondar and Dangila meteoro-
logical station are used for calibration of the 
hydrological model and to downscale large-
scale atmospheric variables to local-scale 
meteorological variables. Weather data were 
also obtained from Soil Conservation Re-

Fig. 6. Weather and streamflow gauge stations, subbasins and river layers in Lake Tana Basin. 
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search Programme (SCRP) project office 
Addis Ababa, Ethiopia. In addition, a 
weather generator developed by (Schuol and 
Abbaspour 2007) was used to fill the gaps 
due to missing data. 

3.3.5. River Discharge and Sediment yield 

Daily river discharge values for Ribb, Gume-
ra, GilgelAbay, Megech rivers and the out-
flow river Blue Nile (Abbay) were obtained 
from the Hydrology Department of the 
Ministry of Water Resources of Ethiopia. 
These daily river discharges at four tributa-
ries of Lake Tana: Gumera, GilgelAbay, Me-
gech and Ribb rivers gauging stations 
(Figure 6) were used for model calibration 
(1981 – 1992) and validation (1993-2004). 
Figure 7 shows that the peak flows for all 
inflow rivers are in August. But the outflow 
river gets its peak flow at the month of Sep-
tember. There is a one month delay of peak 
flow for outflow river. This is due to the in-
fluence of the lake that retards the flow be-
fore it reaches the outlet. The data record of 
the outflow river (Abbay) at BahirDar gauge 
station was not used for model calibration 
and validation. This is due to the fact that a 
significant difference between the default 
simulated and measured stream flow data 
were observed. Water is withdrawn from the 
lake for irrigation and other purposes. But 
the amount of these abstraction losses are 
not estimated and documented well. The 
outflow river measured data were used to 
study the water balance of the lake and to 
get an estimate of the amount of unknown 
losses of water from the lake. River dis-
charge and sediment measurements on Min-
chet River were used for the simulation of 
the stream flow and sediment yield in Anjeni 
gauged watershed. 

3.4. GEMSS Model Inputs and Boun-
dary conditions 

The meteorological data used for the hydro-
dynamic modeling of Lake Tana were aver-
age air temperature in degree Celsius, dew 
point temperature in degree Celsius, cloud 
cover (10th's ), Pressure (mm of Hg), wind 
direction , wind speed (m/s) and wind direc-
tion, Relative humidity (%). These data were 

obtained from Ethiopian National Meteoro-
logical Service Agency (NMA) 

The GEMSS model requires three boundary 
conditions i.e., inflow to the lake, outflow 
from the lake and surface boundaries. Four 
major inflow rivers and small tributary rivers 
and streams, which are predicted by the 
SWAT model, were used to represent inflow 
boundary conditions to Lake Tana for the 
GEMSS model (Paper V). The daily outflow 
from the Lake Tana was used to define the 
outflow boundary condition. The tunnel wa-
ter diversion that is under construction for 
the diversion of the Lake water to the Beles 
watershed was also considers as an addition-
al outflow boundary condition which helps 
to understand the impact of the abstraction 
in the future water balance and lake ecosys-
tem.  Two water withdrawal scenarios (con-
stant and hydrograph type) were tested to 
understand the optimum level of the lake 
withdrawal without affecting the water bal-
ance of the lake.  

3.5. SWAT Model Calibration and Eval-
uation 

The calibration and uncertainty analysis were 
done using three different algorithms (Paper 
I), i.e., Sequential Uncertainty Fitting (SUFI-
2) (Abbaspour et al. 2004, 2007), Parameter 
Solution (ParaSol) Van Griensven 
et al. (2006), and Generalized Likelihood 
Uncertainty Estimation (GLUE) (Beven and 
Binley 1992). These methods were chosen 
for their applicability to both simple and 
complex hydrological models. SUFI-2 and 
GLUE algorithms account for several 
sources of uncertainties such as uncertainty 
in driving variables (e.g., rainfall), conceptual 
model, parameters, and measured data. But 
ParaSol assesses only model parameter un-
certainty. The degree to which uncertainties 
are accounted for, is quantified by a P-factor 
which is the percentage of measured data 
bracketed by the 95 % prediction uncertain-
ty (95PPU). The 95PPU is calculated at the 
2.5 % and 97.5 % levels of the cumulative 
distribution of an output variable obtained 
through Latin Hypercube Sampling method 
(Abbaspour et al. 2007). Another measure 
quantifying the strength of a calibration or 
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uncertainty analysis is the r-factor which is 
the average thickness of the 95PPU band 
divided by the standard deviation of the 
measured data. The goodness of calibration 
and prediction uncertainty is judged on the 
basis of the closeness of the p-factor to 
100 % (i.e., all observations bracketed by the 
prediction uncertainty) and the r-factor to 1. 
The average thickness of the 95PPU band 

( r ) and the R-factor are calculated by Equa-
tions 26 and 27. 
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In which M

ti
y %5.97,  and M

ti
y %5.2, represent the 

upper and lower boundaries of the 95PPU, 

and obs is the standard deviation of the 

measured data.  

The other factor is the goodness of fit that 
can be quantified by the coefficient of de-
termination (R2) and Nash-Sutcliff efficiency 
(NSE) (Nash and Sutcliffe 1970) between 
the observations and the final best simula-
tions. Coefficient of determination (R2) and 
Nash-Sutcliffe coefficient (NSE) are calcu-
lated by equations 28 and 29. RMSE-
observations standard deviation ratio (RSR) 
and Percent bias (PBIAS) were also used for 
evaluation of sediment yield prediction effi-
ciency. 

 

  

     






  



i i
sismjm

sjs
i

mim

QQQQ

QQQQ

R
2

,

2

,

2

,,
2  (28) 

 

 











i

mim

i

ism

QQ

QQ

NSE
2

,

2

)(

)(

1   (29) 

In which mQ is the measured discharge, sQ  

is the simulated discharge, 
m

Q  is the aver-

age measured discharge and 
s

Q is the aver-

age simulated discharge 

RMSE-observations standard deviation ratio 
(RSR): RMSE (Root Mean Square Error) is 
one of the commonly used error index sta-
tistics (Moriasi et al. 2007, Chu and Shirmo-
hammadi 2004, Singh et al. 2005). RSR 
standardizes RMSE using the observations 
standard deviation, and it combines an error 
index (Moriasi et al. 2007). RSR is calculated 
as the ratio of the RMSE and standard devi-
ation of measured data, as shown in equa-
tion 30. 
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Percent bias (PBIAS): PBIAS measures the 
average tendency of the simulated data to be 
larger or smaller than their observed coun-
terparts (Gupta et al. 1999). PBIAS is calcu-
lated with equation 31. 
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In which PBIAS is the deviation of data be-
ing evaluated, expressed as a percentage. 

3.6. MCE-GIS tool for Decision support 
system 

Multi-Criteria Evaluation (MCE) model (un-
der IDRISI GIS environment) is a method 
for decision support where a number of dif-
ferent criteria are combined to meet one or 
several objectives (Voogd 1983; Carver 
1991). Many GIS software systems provide 
the basic tools for evaluating such a model. 
For this study I have used GIS software 
called IDRISI which has an MCE module  

The decision regarding the selection of po-
tential areas for soil erosion was made after 
combination of four criteria (factor maps)  
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 using MCE decision wizard (Paper II, Se-
tegn et al., 2009b)). The first factor consi-
dered was slope factor, the steeper the slope 
and the longer the slope length, the higher 
will be the erosion rate. The second criterion 
was the land cover which controls the deta-
chability and transport of soil particles and 
infiltration of water into the soil. The soil 
type also plays a significant role for erosion 
depending upon its physical properties and 
sensitivity to erosion. A layer which contains 
all rivers within the catchments was also 
considered as a contributing factor in the 
study. Here, it was assumed that flood plains 
near to streams or rivers are more easily 
washed especially during high flow seasons. 
A detailed description of the method is 
found in IDRISI32 Guide to GIS and Image 
Processing (Eastman 2001). 

3.7. SWAT Model setup 

The model setup involved five steps: (1) data 
preparation, (2) subbasin discretization, (3) 
HRU definition, (4) parameter sensitivity 
analysis, (5) calibration and uncertainty anal-
ysis. 

The required spatial data sets were projected 
to the same projection called Adindan UTM 
Zone 37 N, which is the transverse mercator 
projection parameters for Ethiopia, using 
ArcGIS 9.1. The DEM was used to delineate 
the watershed and to analyze the drainage 
patterns of the land surface terrain. A prede-
fined digital stream network layer was im-
ported and superimposed onto the DEM to 
accurately delineate the location of the 
streams. The Land use/Land cover spatial 
data were reclassified into SWAT land cov-
er/plant types. A user look up table was 

created that identifies the SWAT code for 
the different categories of land cover/land 
use on the map as per the required format. 
The soil map was linked with the soil data-
base which is a soil database designed to 
hold data for soils not included in the U.S. 
The watershed and subwatershed delineation 
was done using DEM data. The watershed 
delineation process include five major steps, 
DEM setup, stream definition, outlet and 
inlet definition, watershed outlets selection 
and definition and calculation of subbasin 
parameters. For the stream definition the 
threshold based stream definition option 
was used to define the minimum size of the 
subbasin. The ArcSWAT interface allows 
the user to fix the number of subbasins by 
deciding the initial threshold area. The thre-
shold area defines the minimum drainage 
area required to form the origin of a stream. 
Different scenarios were tested to study the 
effect of subbasin discretization on SWAT 
model performance on streamflow. To ex-
plore the sensitivity of SWAT outputs to 
threshold area values for subbasin delinea-
tion, six different scenarios were tested in 
the Lake Tana Basin using the same DEM 
(Paper I). The first scenario was the value 
suggested by the interface, 49954 hectares. 
Other 5 scenarios were cases below and 
above the suggested threshold value (14,500, 
24,977, 37,465, 62,442, 74,931 and 
87,419 hectares). Other six scenarios were 
also tested for sediment yield predictions. 

Subdividing the sub watershed into areas 
having unique land use, soil and slope com-
binations makes it possible to study the dif-
ferences in evapotranspiration and other 
hydrologic conditions for different land cov-

Table 1. Multiple slope discretization scenarios (Scenario 1 is assigned to single slope discre-
tization option) 

Classes 

Multiple slope 

Scenario 2 Scenario 3 Scenario 4 

Lower 
Limit 

Upper limit Lower Limit Upper limit Lower Limit Upper limit 

1 0 1 0 3 0 5 

2 1 3 3 6 5 10 

3 3 5 6 10 10 15 

4 5 >5 10 >5 15 >5 
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ers, soils and slopes. The land use, soil and 
slope datasets were imported overlaid and 
linked with the SWAT databases. To define 
the distributions of HRUs both single and 
multiple HRU definition options were 
tested. For multiple HRU definition five 
scenarios were tested for their efficiency in 
predicting streamflow in the Lake Tana Ba-
sin. These were 20 % - 10 % - 20 %, 10 % -
 20 % - 10 %, 10 % - 10 % - 20 %, 20 % -
 20 % - 10 %, and 25 % - 30 % - 20 %. Each 
scenario was arranged in order of land use 
percentage over subbasin area, soil class per-
centage over land use area and slope class 
percentage over soil area. Land uses that 
cover a percentage of the subbasin area less 
than the threshold level were eliminated. 
After the elimination processes the area of 
the land use is reallocated so that 100 % of 
the land area in the subbasin is included in 
the simulation.  

In ArcSWAT there are two major categories 
of slope discretization i.e., single slope and 
multiple slope options. In the analysis of 
slope discretization effect on suspended se-
diment yield, both single and multiple slope 
discretization options were tested (Pa-
per III). The different scenarios are listed in 
Table 1. 

The simulation of sediment yield was also 
done for different conditions of rainfall va-
riability (±5 %, ± 10 %, ±20 %). Here, the 
aim was to evaluate the correlation between 
annual rainfall, discharge and sediment yield. 
This analysis helped to study the response of 
soil erosion and sediment transport to rain-
fall variability (III). 

The parameter sensitivity analysis was done 
using the ArcSWAT interface Van Griens-
ven et al. (2006) for the whole catchment. 
Twenty six hydrological parameters were 
tested for sensitivity analysis for the simula-
tion of the stream flow in the study area. 
Here, the default lower and upper bound 
parameter values were used. The details of 
all hydrological parameters are found in the 
ArcSWAT interface for SWAT user‘s ma-
nual (Winchell et al. 2007). 

After setting up of the model, the default 
simulations of stream flow, using the default 

parameter values, were done in the Lake Ta-
na Basin for the calibration period (1978-
1992). The default simulation outputs were 
compared with the observed streamflow da-
ta on four tributaries of Lake Tana. In this 
study the automatic calibration was done 
after the model was manually calibrated and 
reached to stage that the differences be-
tween observed and simulated flows were 
minimized and shown improved objective 
function values. The data for period 1981 to 
1992 were used for calibration in the Lake 
Tana Basin. Independent precipitation, tem-
perature and streamflow datasets (1993 to 
2004) were used for validation of the model 
in the four tributaries of Lake Tana Basin. 
Periods 1978 to 1980 and 1990 to 1992 were 
used as ―warm-up‖ periods for calibration 
and validation purposes, respectively. The 
warm-up period allows the model to get the 
hydrologic cycle fully operational. Ten years 
of precipitation, air temperature, river dis-
charge and sediment measurements on Min-
chet River were also used for the simulation 
of the stream flow and sediment yield in An-
jeni Gauged watershed (Papers III). The pe-
riod from 1984 to 1988 was used for 
calibration and the period from 1989 to 
1993 for validation. 

3.8. GEMSS Model Setup  

The modelling work of Lake Tana involved 
several steps. The first step concerned data 
acquisition and data analysis for defining the 
model geometry, mesh, boundary condi-
tions, and initial values.  The second step 
included the choices of sub-models, and 
model parameters, while in the third step the 
model was verified. The model grid was cre-
ated using 50x60 non-uniform boundary 
fitted curvilinear cells in a horizontal plane 
(XY) and 14 equally distanced vertical Z-
cells. The mean XY cell size was 1,200 m X 
800 m and the vertical layer thickness was 1 
m. The first grid line was placed at 2m above 
the zero water level reference to allow for 
water level variations. The grid size was se-
lected to give a sufficient resolution of the 
bathymetry as well as reduced CPU simula-
tion times. It can be seen that each grid 
spans adequately the areas with a sharp 
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variation in the bathymetry.  To investigate 
the influence of vertical layering on the re-
sults the number of Z-layer were increased 
from 14 to 38. For this purpose Z layer was 
divided into three regions with a thickness 
of 0.5 m, 0.4 m, and 0.3 m. The division 
covered 10 %, 80%, and 10% of the flow 
depth from surface to bottom.   

The SWAT output data for the year 2006 
were used to define the four discharge 
boundary conditions and two withdraws. 
The former corresponded to the rivers and 
the latter to the lake outlet and the planned 
pipe withdrawal. The complete set of the 
metrological data were applied to the model. 
The rainfall was uniformly distributed across 
the model. Wind was included in the hydro-
dynamic computation as well as the evapora-
tion process that was included in the water 
budget. The surface heat exchange computa-
tion was done using a term by term method 
instead of the standard k- ε approach. The 
simulations were done for one year (2006). 
The initial water level was set to 0.46 m that 
was the measured water level on January 1, 
2006.   The same method was used for the 
initial values of air and water temperatures. 
The simulation time step was 720 s.  

The transport modelling was done using 
Quickest and Ultimate schemes (ERM 2006; 
Parkash and Kolluru 2006). For temperature 
computation the non linear density function 
was used. The other numerical option was 
the use of wetting and drying option that 
allows for the influence of water level varia-
tions on the grid. All the simulations were 
done for the entire year. The main aspects 
covered were (Paper V): 

 Flow structure in terms of secondary 
flow fields and thermal stratification  

 Flushing time. This was done by instan-
taneous release of a dye tracer into the 
whole water body. The tracer with a cell 
initial concentration of 100%. The 
model uses the ratio of individual cell 
concentration to initial cell concentra-
tion to determine dilution.  

 Influence of planned water withdrawal 
from the lake through a pipe.  

To cover the foregoing issues 24 simulations 
including calibration were needed. The CPU 
time for each case varied from 24 hours to 
96 hours depending on the choice of nu-
merical scheme and the vertical grid size.  

3.9. Validation of GEMSS model 

The model validation was based on com-
parison between the measured and simulated 
water levels in the lake.  The measured water 
levels were not needed for hydrodynamic 
model thus the data could be used for vali-
dation. The first step involved the adjust-
ment of the hydrological parameters in 
SWAT model to correctly predict the in-
flows from the ungauged watershed. For this 
purpose the pre calibrated SWAT model 
results were used. The hydrological parame-
ters in SWAT were changed systematically to 
estimate a set of new values for discharge 
hydrographs for each river. The hydrody-
namic simulations were then repeated for 
each set of new hydrographs and the water 
levels were compared. The procedure re-
quired ten new simulations.  Once the clos-
est agreement was obtained the validation 
sensitivity to hydrodynamic parameters were 
investigated. This involved changing the val-
ues of the wind sheltering coefficient, vege-
tative and topographical shading factor as 
well as the value of bottom friction repre-
sented by Chezy coefficient. The vegetative 
and topographical shading factors and the 
wind sheltering coefficient were varied in the 
range 5%-10%, and 0.7-1, respectively. The 
value of Chezy coefficient was changed in 
the range 40 m1/2 /s - 80 m1/2 /s. The valida-
tion results defined in terms of the water 
levels were not affected by changing these 
hydrodynamic parameters within the tested 
ranges. The selected values for the vegeta-
tive and topographical shading and the wind 
sheltering factors and Chezy coefficient were 
0.06 and 0.8, 40 m1/2, respectively.  How-
ever, the velocity and temperature profiles, 
and surface waves could be affected by the 
choice of these parameters. To be conclu-
sive one would need extensive and detailed 
set of data on all hydrodynamic variables.  
Figure 8 shows the final validated results. 
The lower curve marked UG-calibration 
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corresponds to the case where the surface 
runoff contribution from the ungauged ba-
sin is not included. We believe the agree-
ment is reasonable considering the 
uncertainties associated with the SWAT 
model predictions of inflows from the un-
gauged parts of the water shed. One other 
source of uncertainty is additional 
source/sinks such as groundwater. The cor-
relation and Nash-Sutcliffe coefficients were 
calculated. The values of the two coeffi-
cients are 0.99 and 0.98 that suggests a close 
agreement. The maximum and mean values 
are predicted with a relative error of 2 % and 
5 %, respectively. However, the error for the 
minimum value is much higher. The figure 
also shows that the water levels are overes-
timated in the dry season and underesti-
mated in the wet season. This is related to 
the SWAT model results that showed the 
same trend in predicting the river inflows. 

3.10. Description of Global climate 
models (GCM’s) 

Global climate models, also known as gen-
eral circulation models (GCMs), numerically 

simulate changes in climate as a result of 
slow changes in some boundary conditions 
(such as the solar constant) or physical pa-
rameters (such as the greenhouse gas con-
centration) (Abbaspour et al. 2009).  

GCM output data were obtained from the 
World Climate Research Programme's 
(WCRP's) Coupled Model Inter-comparison 
Project phase 3 (CMIP3) multi-model data-
set. Two datasets were downloaded: 

i). Monthly precipitation and average sur-
face air temperatures for 15 models. 
These data were used to quantify the 
range of the projected climate changes 
for the region. A single run was down-
loaded for each scenario, and data ex-
tracted for the pixel containing the 
observation stations. 

ii). Daily data were extracted from the out-
puts of four models (cccma_cgcm3_1, 
gfdl_cm2_1, mpi_echam5, and 
ncar_ccsm3_0). These data were used to 
modify historical datasets, which were 
then input to the SWAT model to com-
pare runoff in the region for a base-
period (1980-2000) with two future pe-

Fig. 8.  Comparison of measured and simulated water levels in the lake, 2006. 
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riods (2046-2065 and 2080-2100). This 
required daily climate data. These four 
models were selected because they pro-
vided acceptably-realistic daily outputs, 
and because the modeling groups had 
provided daily minimum and maximum 
temperature outputs to CMIP3. Thus, 
the additional step of deriving these 
from daily mean temperatures could be 
avoided. 

In this study, the outputs of fifteen GCMs 
were used for the analysis of changes in ma-
jor climate variables, precipitation, minimum 
and maximum temperature in the Lake Tana 
Basin. The Global climate change models 
used for this study include Bergen Climate 
Model (BCM), Coupled Global Climate 
Model (CGCM3), CNRM-CM3, CSIRO 
Mark 3.0, CSIRO Mark 3.0, CM2.0 – 
AOGCM, INMCM3.0, IPSL-CM4, 
ECHAM5/MPI-OM, MRI-CGCM2.3.2, 
Community Climate System Model, version 
3.0 (CCSM3), Parallel Climate Model (PCM) 
and HadCM3. These models were selected 
because they had provided daily minimum 
and maximum temperature outputs (paper 
IV). 

3.11. Description of Selected climate 
change scenarios 

The Special Report on Emissions Scenarios 
(SRES) are grouped into four scenario fami-
lies (A1, A2, B1 and B2) that explore alter-
native development pathways, covering a 
wide range of demographic, economic and 
technological driving forces and resulting 
GHG emissions. In this study three SRES 
scenarios (A1B, B1, and A2) were used. 
These scenarios were constructed to explore 
future developments in the global environ-
ment with special reference to the produc-
tion of greenhouse and aerosol precursor 
emissions. Each scenario assumes a dis-
tinctly different direction for future devel-
opments. The SRES A1B Emissions 
Scenarios (a scenario in A1 family) describes 
‗‗a future world of very rapid economic 
growth, global population that peaks in mid-
century and declines thereafter, and rapid 
introduction of new and more efficient 
technologies‖. The SRES A2 Emissions 

Scenarios describes a very heterogeneous 
world with high population growth, slow 
economic development and slow technolo-
gical change. B1 describes ‗‗a convergent 
world with the same global population as in 
the A1 storyline but with rapid changes in 
economic structures toward a service and 
information economy, with reductions in 
materials intensity, and the introduction of 
clean and resource efficient technologies‖ 
(IPCC 2000). 

3.12. Downscaling of Global Climate 
Model to Watershed Level. 

This study generated daily climate projec-
tions by modifying the historical datasets to 
represent changes in the GCM climatologies. 
This is different from the approach where 
more usually thought of as ―statistical down-
scaling‖ (eg. Benestad et al. 2008), where 
scenarios are created as a function of the 
daily outputs from GCM themselves. The 
historical-modification approach was used 
because hydrological models often perform 
poorly when applied to datasets with distri-
butions of daily climate data that are differ-
ent from their training data. The statistical 
downscaling techniques often result in dis-
tributions that are noticeably different from 
observed time-series (eg with compressed 
variance).  

We followed the historical-modification 
procedure of Harrold and Jones (2003) 
which produces climate time series that have 
similar statistical properties to the observed 
calibration datasets. In summary, this me-
thod involved calculating the difference be-
tween the daily cumulative-frequency-
distributions (CFDs) of a GCM output vari-
able for a present-day period and a future 
period, and then applying these differences 
to an observed dataset. This simple ―down-
scaling‖ technique is a good compromise 
between the requirement to produce realistic 
time series, and the desire to represent the 
effects of climate change across different 
weather situations, as these are simulated in 
the GCMs.  In addition, the method is easy 
to implement and fast to run. It is a good 
solution for producing climate change sce-
narios for impact assessments.  
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Our implementation of the Harrold and 
Jones method was as follows. Cumulative-
frequency-distributions for daily precipita-
tion, maximum and minimum temperatures 
were first calculated for the GCM outputs. 
The CFDs were then calculated indepen-
dently for each month-of-year, using data 
from that month-of-year and the preceding 
and subsequent months. The differences 
between the present-day period CFD and 
the base- or scenario-period CFDs were 
then determined for the cumulative frequen-
cies 0.05, 0.15, and 0.25 to 1.0. Absolute dif-
ferences were calculated for minimum and 
maximum temperature CFDs, while for pre-
cipitation the changes were derived as ratios 
with-respect-to the present-period values. 
Because fractional changes in the low-
rainfall end of the CFDs may be large, all 
GCM rainfall values <0.1mm/day were con-
sidered to be zero, and zero values were 
omitted from the CDF calculations. The ex-
tremes of the CFDs (eg 0.001, 0.999) were 
deliberately not sampled: the time windows 
used are not long enough to define the tails 
of the CFDs, or changes in them.  The 
changes in the CFDs sampled at cumulative 
frequencies 0.05-0.95 were then linearly in-
terpolated and extrapolated to cover the en-
tire cumulative frequency range (0-1). 
Finally, the historical data were ranked and 
modified to reflect the changes in the GCM 
CFDs for each scenario and time-period. 
The result is ―downscaled‖, daily climate 
time-series.  

One further complication was that we 
wanted the downscaled time series to be at 
least 20 years long that would allow us to 
make meaningful comparisons of runoff be-
tween the scenarios and time periods. 

However, there were only 9 years of good-
quality historical data. So, 20-year scenarios 
were created by randomly drawing 20 years 
from the modified historical data. This ran-
dom sampling ensures that natural climate 
variability is propagated into the different 
scenarios. There are advantages and disad-
vantages with the approach. A potential dis-
advantage for the current study is that the 

natural variability may obscure a climate 
change signal. After all, the 20-year GCM 
outputs already represent natural variability 
to some extent. On the other hand, random-
ly re-sampling the historical data gave more 
realistic variability between the datasets. We 
can be confident that statistically-significant 
changes are meaningful; if exactly the same 
historical time-series were modified for each 
scenario, even small changes might have 
been found to be statistically-significant. 
Random re-sampling also produced more 
versatile datasets that could be used for oth-
er studies where inter-annual variations are 
important (e.g. studies of consecutive 
drought years).  

4. RESULTS AND DISCUSSION  

The results and discussion part of this thesis 
concerns the summary of the attached pa-
pers. The details are found in the papers ap-
pended to this thesis. 

4.1. Hydrological Modelling and uncer-
tainty analysis (Paper I) 

The main objective of this study was to test 
the performance and feasibility of the 
SWAT model for prediction of streamflow 
in the Lake Tana Basin. It includes five 
components: (i) the analysis of SWAT mod-
el sensitivity to the level of subbasin discre-
tization, (ii) effect of land use, soil and slope 
threshold in defining HRU on SWAT model 
performance, (iii) flow parameter sensitivity 
analysis (iv) SWAT model calibration and 
validation for flow at Gilgel Abay, Gumera, 
Ribb and Megech Rivers of Lake Tana Basin 
using manual and automatic calibration me-
thods and (v) analysis of base flow and other 
hydrological components. 

The SWAT model efficiency was assessed 
using the default simulation result and the 
measured flow data. It was observed that the 
threshold area of 14,500 hectares produced 
34 subbasins that accounts for the main 
drainage lines within the watershed. This 
area resulted in a better representation of the 
hydrological processes and produced  
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streamflow yields that had a better model 
efficiency in comparison to the measured 
streamflow. The overall results indicated 
that the simulation of streamflow is not sig-
nificantly affected by changing threshold 
area from 1/3 to 7/3 of suggested threshold 
area. This is because the prediction of sur-
face runoff is related to curve number that is 
not affected much by the size of the subba-
sin.  

The analysis of HRU definition indicated 
that multiple scenarios that accounts for 

10 % land use, 20 % soil and 10 % slope 
threshold combination give a better estima-
tion of streamflow in the Lake Tana Basin. 
It resulted in 214 HRUs for the whole basin. 
The comparison between the default model 
predictions and measured discharge pro-
duced the highest Nash-Suttcliffe efficiency 
(NSE).  

The parameter sensitivity analysis was done 
using the ArcSWAT interface for the whole 
catchment area. Twenty six hydrological pa-
rameters were tested for sensitivity analysis 

Table 2. Stream flow calibration and validation results for GilgelAbay, Gumera, Megech and 
Ribb Rivers using SUFI-2, GLUE and ParaSol methods. 

Objective function 

Rivers 

GilgelAbay Gumera Megech Ribb 

Cal Val Cal Val Cal Val Cal Val 

NSE 

SUFI-2 0.71 0.69 0.62 0.60 0.18 0.04 0.51 0.48 

GLUE 0.58 0.69 0.60 0.60 0.20 0.04 0.50 0.48 

PARASOL 0.73 0.71 0.61 0.61 0.22 0.20 0.55 0.45 

R
2
 

SUFI-2 0.80 0.80 0.69 0.70 0.19 0.32 0.59 0.55 

GLUE 0.79 0.80 0.71 0.70 0.25 0.32 0.58 0.55 

PARASOL 0.80 0.78 0.71 0.70 0.20 0.31 0.59 0.57 

p-factor 

SUFI-2 83% 79% 79% 73% 53% 57% 73% 65% 

GLUE 76% 75% 73% 64% 55% 46% 66% 61% 

PARASOL 21% 19% 19% 17% 15% 15% 17% 16% 

r-factor 

SUFI-2 0.81 0.77 0.75 0.72 0.39 0.33 0.58 0.54 

GLUE 0.65 0.69 0.62 0.65 0.11 0.13 0.45 0.49 

PARASOL 0.10 0.08 0.08 0.05 0.02 0.02 0.06 0.05 

Cal= Calibration, Val=Validation 

Table 3. Breakdown of different hydrological components for GilgelAbay River at wet and dry 
years 

Year 
Rainfall 
(mm) 

ET 
(mm) 

SW 
(mm) 

PERC 
(mm) 

SURQ 
(mm) 

GW_Q 
(mm) 

LAT_Q 
(mm) 

WYLD 
(mm) 

Calibration period 

1982 Dry 902 699 142 120 25 17 54 96 

1991 Wet 1799 813 138 580 280 421 118 819 

Validation period 

1994 Dry 1085 741 132 235 55 100 69 224 

2003 Wet 1658 700 137 562 278 390 110 778 

ET=Actual Evapotranspiration from HRU, SW=Soil water content, PERC=water that percolates past the root zone during the 
time step, SURQ=Surface runoff contribution to streamflow during time step, TLOSS= Transmisson losses, water lost from 
tributary channels in the HRU via , transmission through the bed, GW_Q= Ground water contribution to streamflow, LAT_Q= 
Lateral floe contribution to streamflow, WYLD=water yield ( water yield=SURQ+LATQ+GWQ-TLOSS-pond abstractions) 
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for the simulation of the stream flow in the 
study area. The most sensitive parameters 
considered for calibration were soil evapora-
tion compensation factor, initial SCS Curve 
Number II, base flow alpha factor, threshold 
depth of water in the shallow aquifer for 
―revap‖ to occur, available water capacity, 
groundwater "revap" coefficient, channel 
effective hydraulic conductivity and thre-
shold depth of water in the shallow aquifer 
for return flow to occur. 

4.1.1. SWAT Model Calibration and Va-
lidation 

SUFI-2, GLUE and ParaSol methods were 
used for calibration of the SWAT model in 
Gilgel Abay, Gumera, Ribb and Megech in-
flow rivers. The comparison between the 
observed and simulated streamflow indi-
cated that there is a good agreement be-
tween the observed and simulated discharge 
which was verified by higher values of coef-
ficient of determination (R2) and Nash Sut-
cliffe efficiency (NSE). In Megech River, the 
predictive performance of the model is poor 
both during the calibration and validation 
period. Calibrated and validated model pre-
dictive performances for all rivers on daily 
flows are summarized in Table 2 for all cali-
bration and uncertainty analysis methods.  

SUFI-2 Method: The SUFI-2 results indi-
cated that the p-factor which is the percen-
tage of observations bracketed by the 95 % 
prediction uncertainty (95PPU), brackets 
82 % of the observation and r-factor equals 
0.80 for Gilgel Abay River.  The 95PPU 
brackets only 53 % of the observations and 

r-factor equals to 0.39 for Megech river dur-
ing calibration period. For Gumera and Ribb 
rivers 79% and 73% of observed flow data 
was bracketed by 95PPU. Furthermore 79 % 
of the observed data bracketed by 95PPU 
for Gilgel Abay River, 73 % for Gumera, 
65 % for Ribb and 57 % for Megech rivers 
during the validation period.  

GLUE Method: In GLUE method, the p-
factor brackets 76 % of the observation and 
r-factor equals 0.65 for Gilgel Abay River.  
The 95PPU brackets only 55 % of the ob-
servations and r-factor equals to 0.11 for 
Megech River during calibration period. For 
Gumera and Ribb rivers, 73% and 66% of 
observed flow data was bracketed by 
95PPU. Furthermore, 75 % of the observed 
data bracketed by 95PPU for Gilgel Abay 
River, 64 % for Gumera, 61 % for Ribb and  

46 % for Megech rivers during the validation 
period. 

ParaSol Method: In this method, the p-
factor brackets 21 % of the observation and 
r-factor equals 0.10 for Gilgel Abay River.  
The 95PPU brackets only 15 % of the ob-
servations and r-factor equals to 0.02 for 
Megech River during calibration period. For 
Gumera and Ribb rivers 19% and 17% of 
observed flow data was bracketed by 
95PPU. Furthermore 19 % of the observed 
data bracketed by 95PPU for Gilgel Abay 
River, 17 % for Gumera, 16 % for Ribb and 
15 % for Megech rivers during the validation 
period. The analysis shows that the SUFI-2 
did not capture the observations well during 
calibration period for Megech River. This 
problem coupled with the lower values of 

Table 4. SWAT flow sensitive parameters and fitted values after calibration using SUFI-2 

No. 
Sensitive para-

meters 
Lower and Upper 

bound 

Final fitted value 

GilgelAbay 
River 

Megech 
River 

Ribb 
River 

Gumera 
River 

1 ESCO 0 - 1 0.8 0.8 0.8 0.8 

2 CN2 ±25% -10 -9 -10 -8 

3 ALPHA_BF 0 - 1 0.1 0.1 0.1 0 

4 REVAPMN 0 - 500 300 289 372 446 

5 SOL_AWC ±25% 0.2 -0.2 -0.1 0.2 

6 GW_REVAP ±0.036 0 0.1 0 0.1 

7 CH_K2 0 - 5 4.6 3.2 1.9 0.7 

8 GWQMN 0 - 5000 108 17 333 98 
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NSE and R2 for Megech River indicate that 
there is uncertainty in simulated flow due to 
errors in input data such as rainfall and tem-
perature and/or other sources of uncertain-
ties such as upstream dam constructions for 
town water supply which has a reservoir ca-
pacity of 5.3 million m3, diversion of streams 
for small scale irrigation, and other unknown 
activities in the subbasins. The study also 
used the Hargreaves method (Hargreaves et 
al.1985) to calculate evapotranspiration that 
depends on minimum and maximum tem-

peratures. Hargreaves method does not in-
clude the effect of wind on evapo-
transpiration.  In cases where the wind is a 
predominating factor the method can intro-
duce some errors. Hence, in the study area 
the wind speed ranges from 3 to 6 m/s 
which may have a significant influence on 
the loss of water by evapotranspiration. 

The lack of meteorological data did not al-
low to consider additional factors. It was 
assumed that the model deficiency in Me-
gech watershed could be due to the input 

Fig. 9. Time series of measured and simulated daily flow calibration results at GilgelAbay river 
gauge station 
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uncertainties as well as construction of infra-
structures in the upstream of the watershed. 
However, we can‘t rule out the possibility of 
an error in the type of soil and the corres-
ponding soil properties in the area.  This can 
cause some uncertainty in the simulated re-
sults. Another issue is the soil erosion that 
affects the structure, infililtration capacity 
and other properties of the soil. Since the 
model does not consider the effect of soil 
erosion on runoff, the predictions can be 
uncertain.  

The calibration process using SUFI-2 algo-
rithm gave the final fitted parameters for 
each river basin (Table 4). The final values 
for CN2, Soil_AWC include the amount ad-
justed during the manual calibration. These 
parameters were incorporated into the 
SWAT model for validation and further ap-
plications. The validation result was good 
for Gilgel Abay, Gumera and Ribb rivers 
with high values of R2 and NSE (Table 2). 
Time series of measured and simulated daily 
flows with respect to the depth of rainfall in 
Gilgel Abay River basin indicated that both 
the observed and simulated flow discharge 
follow the rainfall pattern of the area. The 
higher discharge occurs during the months 
of June to September. This high flow cor-
responds to the longer rainy season. Above 
75% of annual flow occurs in this period. 
Figure 9 shows the time series comparison 
between measured and simulated daily flow 
at Gilgel Abay river gauge station during ca-
libration period. 

The annual average rainfall and other hydro-
logical components were compared for each 
year of the calibration and validation periods 
for GilgelAbay river (Table 3). The water 
fluxes indicated that in a wet year surface 
runoff dominates water yield which is the 
total amount of water leaving the HRU and 
entering main channel during the time step. 
However, in a dry year, lateral flow contribu-
tion makes up a larger part of the water 
yield. The model can better predict the sur-
face runoff than the groundwater contribu-
tion to stream flow during wet season.  One 
reason could be due to the soil data quality 
and estimation of the curve number at dry 
moisture condition. Since the SCS curve 

number is a function of the soil‘s permeabili-
ty, land use and antecedent soil water condi-
tions the estimation of curve number at dry 
moisture condition (wilting point) might not 
be efficient  in that watershed.  

The baseflow were evaluated on an annual 
basis for Gilgel Abay, Gumera, Megech, and 
Ribb river basins. The baseflow filter pro-
gram by (Arnold and Allen 1999) generates a 
range of predicted baseflow volumes. On an 
annual basis, the measured flow at Gilgel 
Abay River gauge station is estimated as 
59% baseflow over the calibration period. In 
comparison, the simulated flow at Gilgel 
Abay is estimated as 54% baseflow over the 
calibration period. Therefore the calibrated 
model was considered to generate acceptable 
predictions of baseflow.  

The main water balance components of the 
four river basins includes:  the total amount 
of precipitation falling on the subbasin dur-
ing the time step, actual evapotranspiration 
from the basin and the net amount of water 
that leaves the basin and contributes to 
streamflow in the reach (water yield). The 
water yield includes surface runoff contribu-
tion to streamflow, lateral flow contribution 
to streamflow (water flowing laterally within 
the soil profile that enters the main channel), 
groundwater contribution to streamflow 
(water from the shallow aquifer that returns 
to the reach) minus the transmission losses 
(water lost from tributary channels in the 
HRU via transmission through the bed and 
becomes recharge for the shallow aquifer 
during the time step). The simulated annual 
water balance components for the Lake Ta-
na Basin indicated that 65% of the annual 
precipitation is lost by evapotranspiration in 
the basin during calibration as compared to 
56% during validation period. Surface runoff 
contributes 31% and 25% of the water yield 
during calibration and validation period re-
spectively. Whereas the ground water con-
tributes 45% and 54% of the water yield 
during calibration and validation period re-
spectively. 

The analysis of Lake Tana water balance in-
dicated that the estimated annual precipita-
tion falling on the lake is 1375 mm and the 
evaporation loss from the Lake is about 
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1,248 mm. Inflow from the main rivers and 
small streams to the lake was estimated to be 
3.7 billion m3. Whereas the outflow from the 
lake through Blue Nile river is estimated 
about 4 billion m3. There is an annual sur-
plus of 0.5 billion cubic meter of water. Part 
of this excess water is used for irrigation 
practices by the surrounding local farmers, 
groundwater loss and other unidentified ab-
stractions. 

4.2. Modeling of Sediment Yield (Paper 
III) 

In this paper the physically based SWAT 
model was applied to Anjeni gauged wa-
tershed for prediction of soil erosion and 
sediment yield. There are limited sediment 
data in Ethiopia to do large scale calibration 
and validation of watershed models for se-
diment yield. The first goal of the present 
study was to test the efficiency of SWAT 
model in predicting sediment yield by ac-
quiring the most sensitive sediment parame-
ters in Anjeni gauged watershed. The second 
goal was to develop calibrated sediment pa-
rameters so that the model can be used in 
ungauged watersheds with similar topogra-
phy and agro climatic characteristics for pre-
diction of sediment yield. The article 
discusses four issues (i) impact of subbasin 
discretization on simulation of sediment 
yield, (ii) slope discretization effect on sedi-
ment yield, (iii) calibration, validation and 
model evaluation and (iv) effect of rainfall 
variability on prediction of sediment yield. 

Model output varies for different subbasin 
delineations that can be a main source of 
model uncertainty. The ArcSWAT interface 
lets the user to decide the number of subba-
sins by deciding the initial threshold area. In 
this study the minimum threshold area sug-

gested by the ArcSWAT interface was 
3.4 hectares. This scenario produced 
13 subbasins. At one hectare of minimum 
threshold area the model resulted in 
37 subbasin areas that gave 34.7 tones/ha of 
average annual sediment yield. As the thre-
shold area increased from one to 
6.8 hectares the model produced 
37 tones/ha of annual average sediment 
yield. The annual average measured sedi-
ment yield in the outlet of the watershed was 
24.6 tones per hectare. Table 5 compares the 
simulated and measured sediment yields at 
the outlet of Anjeni watershed. It indicated 
that an increment of sediment yield was ob-
served as the number of subwatershed re-
duced from 37 to 7. During initial changes 
in subwatershed delineations some varia-
tions in the predicted sediment yields were 
observed. However, the sediment yield pre-
dictions stabilized with further refinements 
of subdividing the watersheds. This indicates 
that there is a threshold level of subdivision 
beyond which additional accuracy in the 
predictions will not be achieved. The study 
has shown that subbasin discretization that 
determines the number and size of subba-
sins affects the sediment prediction in the 
study area. The main reason for the sensitivi-
ty of the model to number and size of sub 
watersheds for prediction of sediment yield 
can be explained for two cases. The first 
case is that MUSLE equation is a function 
of the peak runoff rate that in turn is a func-
tion of the drainage area. Furthermore the 
peak rate of runoff is a function of time of 
concentration which is a variable depending 
on the channel length from the most remote 
point to the subbasin outlet. The second 
case is the sediment routing through chan-
nels that is a function of the peak channel 

Table 5. Sensitivity of SWAT subbasin delineation to threshold area 

Minimum area 
(ha) 

Number of sub-
basins 

Simulated annual average 
sediment yield (t/ha) 

Measured annual average 
sediment yield (t/ha) 

1.0 37 34.7 

24.6 

1.7 23 36.3 

3.4 13 36.9 

5.0 9 36.9 

6.8 7 37.0 
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velocity. This factor is a function of channel 
length and its cross sections which are af-
fected by the subbasin size. Hence the pre-
diction of sediment yield is related to subba-
subbasin size. 

Subdividing the subbasins into areas having 
unique land use, soil and slope combinations 
makes it possible to study the differences in 
evapotranspiration and other hydrologic 
conditions for different land cover, soil and 
slope types. The specific impact of slope 
discretization on sediment yield modeling 
was studied. In multiple slope scenarios the 
slope discretization that consists of fine 
slope classes such as 0-1, 1-3, 3-5 and >5 
gave optimum average monthly sediment 
yield. Whereas scenario 4 that consists of 
broad range of slope class 0-5, 5-10, 10-15 

and >15 gave higher sediment yield. This 
shows that scenario 4 did not consider the 
deposition of sediment during transport 
process and the majority of the soil particles 
eroded by surface runoff are transported 
into the streams. The second scenario (0-1, 
1-3, 3-5,>5) that accounts for lower slope 
ranges considers higher deposition of soil 
materials during the transport processes so 
that there is less suspended sediment yield at 
the outlet of the watershed as compared to 
other scenarios. The results show that slope 
gradient and slope length (topographic fac-
tor) parameters used in the MUSLE equa-
tion are sensitive factors that can affect the 
SWAT sediment yield predictions. This is 
particularly important if subbasins are 
known to have a wide range of slopes. The  

Fig. 10. Comparison between measured and simulated monthly sediment yield for calibra-
tion  
(top) and validation period (bottom)  
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most sensitive parameters for predictions of 
sediment yield in Anjeni watershed are linear 
parameter for calculating the maximum 
amount of sediment that can be entrained 
during channel sediment routing, channel 
cover factor, USLE equation support prac-
tice factor, exponent parameter for calculat-
ing sediment re-entrained in channel 
sediment routing, and minimum value of 
USLE C factor for land cover/plant. These 
parameters are listed in Table 6 with their 
calibrated values. The extent of sediment 
yield from watersheds is related to the com-
plex interaction between topography, cli-
mate, soil, vegetation and land use. In this 
study, the SWAT model was first calibrated 
and then validated for streamflow in Anjeni 
watershed (Setegn et al. 2007, Paper III). 
The sensitive parameters were adjusted to 
the level where they could represent the cha-
racteristics of the existing landuse and topo-
graphic condition of the watershed. 

The final fitted values are listed in Table 6. 
Figure 10 and 11 compares the monthly si-
mulated with measured sediment yields. The 
figures indicate adequate calibration and va-
lidation results over the whole range of se-
diment yield. The monthly simulated 
sediment yield values are plotted against the 
measured values and their distribution about 
1:1 (Figure 11). 

  

Table 6. Sensitive parameters for sediment yield prediction and calibrated values 

Parameter  Lower 
bound 

Upper 
bound 

Rank Relative 
Sensitivity 

Calibrated 
value 

Linear parameter for calculating the maximum 
amount of sediment that can be reentrained dur-
ing channel sediment routing (Spcon) 

0.0001 0.01 1 5.09 
0.005 

 

Channel cover factor (Ch_Cov) 0 1.00 2 4.08 0.35 

Channel erodibility factor (Ch_Erod) 0 1.00 3 3.12 0.50 

USLE equation support practise factor 
(USLE_P) 

0 1.00 4 0.44 0.8 

Exponent parameter for calculating sediment 
reentrained in channel sediment routing (Spexp)  

1 2.00 5 0.06 1.39 

Minimum value of USLE C factor for land cov-
er/plant (USLE_C) 

-25 25.00 6 0.00 0.27 

Fig. 11. Scatter plots of monthly simulated 
and measured sediment yields for calibration 
(top) and validation (bottom) periods 
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The simulated sediment yields are distri-
buted uniformly along the 1:1 line for both 
lower and higher values of measured sedi-
ment yields during the calibration and vali-
dation periods. The statistical comparison 
between the measured monthly sediment 
yield and best simulation result from SUFI-2 
algorithms showed a good agreement. The 
result was verified by NSE=0.81, 
PBIAS=28%, RSR=0.23 and R²=0.85 for 
calibration and NSE=0.79, PBIAS=30%, 
RSR=0.29 and R²=0.80 for validation pe-
riods. Both the NSE and RSR results show 
good result both for calibration and valida-
tion periods. The PBIAS values are good for 
both periods. The R2 statistics also shows a 
good correlation between measured and si-
mulated sediment yields. The p-factor, 
which is the percentage of observations 
bracketed by the 95% prediction uncertainty 
(95PPU), brackets 77% of the observation 
and r-factor equals 0.73 for Angeni Guaged 
watershed. 

The estimated sediment yield is a function of 
the surface runoff and peak rate of runoff. 

The sediment yield has direct relation with 
the rainfall and streamflow. The comparison 
between mean monthly rainfall, catchment 
discharge and suspended sediment yield 
shows that the higher rainfall the higher will 
be the surface runoff and the suspended se-
diment yield (Figure 12). Rainfall and runoff 
are responsible factors for the detachment, 
transport and deposition of sediment par-
ticles. At the beginning of the rainy season 
sediment concentration increases rapidly, 
reaching a peak in June in most years, i.e. in 
the first month with intensive rainfall. Sedi-
ment yield and river discharge increases 
about one month later, reaching a peak in 
July/August. The average peak rainfall in the 
area is in July and the average peak discharge 
is in August. The higher value of sediment 
yield is observed during July and August 
both for calibration and validation periods. 
During July and August there is higher in-
tensity of rainfall that contributes to the 
higher surface runoff. 

The evaluation of sediment yield sensitivity 
to the rainfall fluctuations indicated that a 

Table 7. Subbasin areas and Sediment yield in percent 

Class Area (%) Sediment yield (tones/ha) Remarks 

1 44.3 0 – 9 Very low 

2 18.8 9 – 17 low 

3 18.5 17 – 30 moderate 

4 18.4 30 - 65 Severe 
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10 % increase in annual rainfall increases the 
streamflow with 20 % and the sediment 
yield by 24 %. But 10 % reduction of rainfall 
resulted in 19 % reduction of streamflow 
and 28 % reduction in sediment yield. The 
sediment yield responses to rainfall scenarios 
show that surface erosion is quite sensitive 
in Anjeni watershed to fluctuations in preci-
pitation levels. This sediment yield sensitivity 
to rainfall fluctuations is analyzed with the 
existing landuse scenario. The current lan-
duse scenario indicated that more than 80 % 
of the land area is intensively used for agri-
culture mainly for field crops.  

4.3. Spatial Delineation of Soil Erosion 
Venerability (Paper II) 

Analysis of spatial information is becoming 
an emerging approach which is capable of 
acquiring, managing and analyzing complex 
problems of river basins and lake water-
sheds. This article explains decision support 
system with multi-criteria evaluations 
(MCEs) and physically based SWAT model 
in identifying erosion hazard areas in the 
Lake Tana Basin. SWAT calculates the se-

diment yield within each hydrological re-
sponse units (HRUs) and sub-basin. The 
GIS tool combines the slope, land cover, 
soil and river layers as the factors which 
contribute to soil erosion. Hence, the main 
goal of this study is to delineate the erosion 
vulnerable areas through physically based 
SWAT model and the MCE technique with-
in a GIS context.  

The simulated sediment yield output of the 
SWAT model has shown that 18.4 % of the 
watershed area has high potential for soil 
erosion (Table 7) which produces an average 
annual sediment yield of 30 to 65 tons per 
hectare. Based on the classes assigned to the 
annual sediment yield, the map was reclassi-
fied into 4 major categories of soil erosion 
hazards region such as very low, low, mod-
erate and severe erosion conditions (Figure 
13). 

The result of the SWAT output indicated 
that significant portions of the area which 
are known to be highly cultivated area are 
more vulnerable to soil erosion. Moreover 
areas at a higher slope condition have shown 
higher contribution of sediment yield. Some 
parts of the watershed which have higher 
erodibility characteristics due to poor soil 
physical properties contributed for a higher 
sediment yield than others. Many of the 
places which are very near to rivers and 
stream has shown a considerable contribu-
tion for higher soil erosion and sediment 
yield. The Ribb and Gumera inflow rivers 
shown to contribute large amount of sedi-
ment yield production to the Lake Tana with 
respect to their size. 

In the MCE analysis, six scenarios were 
tested to find the main factors which play a 
major role for the rate of soil erosion in the 
watershed. In the first and second scenarios, 
the main consideration was given for slope 
factor followed by land cover and soil, re-
spectively. In all cases river factor net works 
was given the lowest priority in comparison 
with others (Table 8). It was assumed that 
the position of rivers in the watershed play 
less role for the rate of soil erosion than the 
other factors. Fig. 13. Map showing sediment yield (with 

in each subwatershed of Lake Tana Basin  
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Based on the foregoing assumptions, the 
weights were derived by entering the ratings 
into a pairwise comparison matrix for each 
scenario. The pairwise comparison matrix 
for scenario one indicates that the rating of 
land cover factor relative to slope gradient is 
1:3. Soil is less important than slope, river 
factor is less important than slope factor and 

so on. The computed consistency ratio (CR) 
is 0.03 which is within the acceptable range 
(<0.10).  

In the first scenario, which gives high priori-
ty to slope gradient followed by land cover, 
soil and river factor, 25.5% of the land area 
is erosion prone area and 12% of the land 

Table 8. A pairwise comparison matrix for assessing the comparative importance of factors to 
identify erosion sensitive areas  

Scenario 1 

Criteria Slope Landcover Soil Rivers 

Slope 1    

Landcover 1/3 1   

Soil 1/5 1/3 1  

Rivers 1/9 1/5 1/3 1 

Table 9. Erosion potential areas in the Lake Tana Basin under different scenarios 

Class 
Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6 

Remarks 
Area (%) Area (%) Area (%) Area (%) Area (%) Area (%) 

1 22.5 33.6 20.6 20.9 22.8 23.2 Nil 

2 39.5 27.8 5.5 5.2 25.9 40.3 Slight 

3 12.5 25.1 45.8 43.5 40.7 24.0 Moderate 

4 25.5 13.5 28.1 30.4 10.6 12.5 High 

Fig. 14. Scenario 1 (Slope - Land cover – Soil – Rivers) and scenario 3 (Land cover – Slope – Soil 
- Rivers) showing relatively similar erosion sensitive areas with SWAT result 
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areas are moderately erosion prone. But 
22% of the land area is less erosion prone.  

In this scenario the first factor considered is 
slope factor. This factor is known to be the 
main driving force for the movement of sur-
face water. Steeper and longer slopes result 
high erosion rates. The second criterion is 
the land cover which controls the detacha-
bility and transport of soil particles and infil-
tration of water into the soil. The types of 
the soils are also play a significant role for 
erosion depending upon their physical prop-
erties and sensitivity to erosion.  

A layer which contains all rivers within the 
catchments was also considered as a contri-
buting factor in the study. Here it was as-
sumed that places close to streams or rivers 
are more easily washed especially during 
high flow seasons. In the third scenario 
which gives high priority to land cover fol-
lowed by slope, soil and river factor only 
28.5 % of the watershed has high potential 
for soil erosion. Scenario 4 which gives 
higher priority to soil data, 30.4% of the wa-
tershed has high potential for soil erosion 
(Table 9). 

Finally, the MCE erosion potential map was 
produced using GIS incorporating the MCE 
model results (Figure 14). The final map is a 
posterior probability map, showing erosion 
sensitive areas. The MCE maps were com-
pared with the map developed based on the 
SWAT output. It can be observed that Sce-
nario 1 and 3 produce a similar result with 
SWAT output. This indicates that land cover 
and slope factors contribute more to the rate 
of soil erosion than the other factors.  

The identification of the most erosion prone 
areas will help the local government and 
other stakeholders who are interested and 
involved in soil and water conservation ac-
tivities in the Lake Tana Basin to successful-
ly plan and implement appropriate soil and 
water conservation methods. Soil and water 
conservation methods require carful back-
ground information for decision makers to 
select the target area and type of interven-
tion as per the existing land use, soil type, 
topography and degree of erosion hazard. 
The result of the two model approach can 

help as a guide to spatially locate the erosion 
vulnerable area in the Lake Tana Basin. The 
spatial distribution of the soil erosion sensi-
tivity predicted in both of modeling ap-
proach indicated relatively comparable 
results in showing erosion vulnerable area in 
the Lake Tana Basin. The analysis had sown 
that more than 14% of the areas shown sen-
sitivity in both modeling approach 

4.4. Impact of Changing Climate on Wa-
ter Resources Variability (Paper IV) 

In this study, the possible effects of climate 
change on water resources in Lake Tana Ba-
sin was investigated by analyzing outputs 
from GCM models. Our first study com-
pared projected changes in precipitation and 
temperature across 15 models for two sea-
sons, to get an indication of the consistency 
of the projected changes in the region. Our 
second study investigated how changes in 
temperature and precipitation might trans-
late into changes in stream flow and other 
hydrological components, using outputs 
from the four selected climate models. 

4.4.1. Downscaled GCM versus observed 
rainfall for the base line period 

Examples of the output from the downscal-
ing procedure (aggregated to monthly val-
ues) are shown in Figure 15 for the Bahir 
Dar station, a station for which the observed 
time-series do actually cover the entire base-
period 1980-2000. The downscaled dataset 
shows similar seasonal-cycles and inter-
annual variability to the observations. This 
gives us confidence that the historical-
modification technique produces time-series 
that are sufficiently realistic to be use as hy-
drological model inputs. Precipitation is 
highly-seasonal in the study region (Figure 
15). In our analysis we have split the data 
into a wet-season (June to September) and a 
dry-season (October to May) so that the re-
sults are easier to interpret from the perspec-
tive of possible of impacts.  

Note that the observed data are not ex-
pected to temporally-correlate with the base-
period scenario data, because the scenarios 
consist of modified, randomly-resampled 
years from the historical dataset. It was ex-



Modeling Hydrological and Hydrodynamic Processes in Lake Tana Basin, Ethiopia 

 

39 

pected that the distribution of values in the 
downscaled datasets should match the ob-
served distribution. Figure 16 shows the 
cumulative frequency distributions of daily 
rainfall and maximum and minimum tem-
perature for the Bahir Dar station (where the 
observed time-series cover the entire base-
period 1980-2000) for observations and one 
downscaled dataset (the results are similar 
for the other GCMs). This shows that the 
distributions of daily climate parameters are 
represented realistically in the downscaled 
datasets. 

4.4.2. Projected future climate variable for all 
scenarios 

Projected changes in seasonal mean temper-
ature at the location of Adet station for a 
range of GCMs are shown in Figure 17, and 
changes in mean seasonal accumulated pre-
cipitation are shown in Figure 18. The Adet 
station can be taken to be representative of 
all stations in the study region, because the 
study region is relatively small compared to 
GCM resolution. Temperature changes are 

given in C, and precipitation changes as a 
percentage change on the base-period mean 
(eg. a change of 100% would imply a doubl-
ing of precipitation), and; this way of ex-
pressing changes has become a de facto  

convention. The error bars are derived from 
the 1-standard-deviation error-in-the-mean 
of seasonal average temperatures or seasonal 
cumulative precipitation. The error bars can 
be taken to represent the inter-annual varia-
bility in the models. In Figure 17 the bars 
show plus/minus the quadrature-sum of the 
errors in the base-period and scenario 
means. The error-bars in Figure 18 are de-
rived similarly, but have been converted to 
percentage changes in the base-period mean. 
The results from Figure 17 and 18 are sum-
marized in Table 10 & 11. 

The GCM runs project a wide range of tem-
perature changes for the region (Figure 17). 
Even so, all the projected changes are for 
regional warming, and the changes are nearly 
all statistically-significant (in the simple sense 
that they are greater than 3 standard devia-
tions). In addition, the ranking of the 
changes for the three scenarios is consistent 

with what we expect. For 2080-2100, the 
smallest changes are for the lowest-emission 
SRES B1 scenario and the largest changes 
are for the highest-emission SRES A2 scena-
rio.  

In contrast, Figure 18 suggests that the 
GCM‘s do not give us a confident rainfall 
for the region. Firstly, approximately half the 
models suggest increases in rainfall, and half 
suggest decreases, so there is no consensus 
between GCMs. Further, in most cases the 
projected rainfall changes are less than 3 
standard deviations; even though some of 
the changes are large in absolute terms 
(greater than 50%), we note that the larger 
changes are projected in the GCMs with the 
largest inter-annual variations. Further, for 
many GCMs, the changes in Figure 18 are 
not ranked according to the emission scena-
rios. In fact, for several of the models the 
changes are similar for all three scenarios; 
that is, they appear to be independent of the 
emission scenario. This suggests that for 
these models the differences between the 
1980-2000 base period and the future pe-
riods is partly attributable to natural varia-
tion with the base-period, because the base-
period data were taken from the climate of 
the 20th century experiments, which are 
common to all three SRES scenarios. Thus, 
we conclude that the GCMs do not project 
significant changes in rainfall in the region 
(Figure18). 

This is not to say they do not project any 
changes at all. In our experiment we simply 
compare 20-year seasonal totals, and it is 
quite possible that a more sophisticated sta-
tistical method that could use longer time-
periods (for example regressing rainfall 
against global warming) would yield statisti-
cally-significant results. However, from the 
point-of-view of water users, our finding 
that the GCMs do not show consistent and 
statistically-significant differences between 
the rainfall totals for the 1980-2000 period 
and the 2080-2100 period must be translated 
as ―no change‖. 
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Fig. 15. Examples of the down-scaled datasets: monthly-sum of base-period (1980-2000) pre-
cipitation (top), and monthly-average maximum temperature (middle) and minimum tem-
perature (lower) for the Bahir Dar station. Red line shows the observed data, other colors the 
downscaled data from 4 GCMS climate-of-the-20th-century experiment. The downscaled 
base-period shows similar seasonal-cycles and inter-annual variability to the observations, 
but of course they are not temporally correlated. 

Fig. 16. Cumulative frequency distributions (cfds) of daily (a) rainfall, (b) maximum temper-
ature and (c) minimum temperature for Bahirdar station, for the base line period (1980-2000). 
Solid black show cfds for the observed data, and grey the cfds for the station data after 
downscaling using the outputs from MPI’s ECHAM5 GCM model, climate-of-the-20th-
century experiment run. 
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Table 10. The ranges of projected changes (given as 25th-75th percentiles) for the study region 
for the 2080-2100 period from the 15 GCMs. 

Scenarios 

Rainfall Changes Temperature Changes 

Wet season Dry season Wet season Dry season 

SRES B1 -52% – 7% -60% – 7% 1.8C – 2.7C 2.0C – 2.7C 

SRES A1b -73% – 38% -56% – 34% 2.9C – 4.0C 3.0C – 3.9C 

SRES A2 -61% – 33% -81% – 24% 3.3C – 4.7C 3.9C – 4.9C 

Fig. 17. Projected changes in mean temperature at the location of Adet station for a range 
of GCMs from the CMIP3 dataset. Top row are changes in wet-season temperature, bot-
tom roware changes in dry seasons temperature. Left column are changes to 2046-2065, 
right column are changes to 2080-2100. Colors denote the SRES scenario used: blue are B2, 
green are A1b, red are A2. Error bars are 1 standard-deviation. 
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Table 11. The ranges of projected changes (given as 25th-75th percentiles) for the study region 
for the 2046-2065 period from the 15 GCMs.  

Scenarios 
Rainfall Changes Temperature Changes 

Wet season Dry season Wet season Dry season 

SRESB1 -42% – 8% -45% – 16% 1.1C – 1.7C 1.4C – 1.9C 

SRES A1b -47% – 27% -61% – 20% 1.7C – 2.4C 1.9C – 2.6C 

SRES A2 -48% – 16% -77% – 7% 1.6C – 2.3C 1.9C – 2.6C 

Fig. 18. Projected changes in mean precipitation at the location of Adet station. Top row 
are changes in wet-season precipitation, bottom row are changes in dry seasons precipita-
tion. Left column are changes to 2046-2065, right column are changes to 2080-2100. Colors 
denote the SRES scenario used: blue are B2, green are A1b, red are A2. Changes are ex-
pressed as percentages of the base-period (1980-2000) precipitation. Error bars are 1 stan-
dard-deviation. 
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4.4.3. Annual and Seasonal Streamflow 
Changes 

River discharge is an important hydrological 
component, and is greatly influenced by cli-
mate and land use. Figure 19 shows the pro-
jected effect of climate change on annual 
stream flow, as output from the SWAT 
model.  Using downscaled data from the 
CCMA, MPI and GFDL models, the 
streamflow showed a reduction under all 
SRES scenarios for both time period (2046-
2065 and 2080-2100). But with the NCAR 
model there was an increase in streamflow 
for all scenarios during the two time periods.  

The results from the hydrological modeling 
for the wet-season (June-September) stream-
flow in the GilgelAbay river are shown in 
Figure 20. Wet season streamflow is signifi-
cantly reduced in the downscaled 
cccma_cgcm3_1 model for all scenarios for 
both time periods. For the downscaled 
gfdl_cm2_1 model there are reductions of 
around 20% for the 2046-2065 period, and 
around 50% for the 2080-2100 period, with 
little variation between scenarios. Results 
from the downscaled mpi_echams5 model 
show little change. But the downscaled 

ncar_ccsm3_0 model results indicated in-
creases in streamflow for all scenarios, by 
between 0% and 50%, during both time pe-
riods.  Most of the models show similar 
trends in both the 2046-2065 and 2080-2100 
periods. 

Although the number of GCM outputs ex-
amined in the hydrological modeling study is 
smaller than in the seasonal rainfall and 
temperature studies shown in Figures 17 and 
18 (due to both data and time constraints), 
we can draw out some important points. 
Firstly, the directions of the streamflow 
changes follow the changes in rainfall (i.e. 
decreases for the cccma_cgcm3_1 and 
gfdl_cm2_1 models, increases for the 
ncar_ccma3_0 model, and no changes for 
the mpi_echam5 model). This is expected, 
given that local evapotranspiration does not 
dominate the water-cycle in the wet-season. 
But we also see that the streamflow changes 
are both larger-magnitude and more signifi-
cant than the rainfall changes. We interpret 
these aspects of the modeling results to imp-
ly that runoff changes in the region could be 
significant, even though the GCMs do not 
agree on the direction of the change.  

Fig. 19. Change in annual streamflow due to changes in precipitation and temperature for 
cccma, gfdl, mpi and ncar models under A1B, A2 and B1 scenarios for the periods 2045-

2065 and 2080-2100 expressed as a percentage of streamflow in the base period 1980-2000. 
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In this section we discuss changes in actual 
evapotranspiration (AET), soil moisture 
(SW) and ground water (GW) which are the 
most important components of the water 
cycle. Our intention is to understand how 
the changes in climate variables affect the 
different hydrological components of the 
basin, and hence the final streamflow 
changes.  

The results indicated that AET increases 
considerably in many models, but especially 
for GFDL model attributed to the increase 
in the air temperature. It was observed that 
soil moisture showed little change (between 
0 to 5% increase) for many of the models, 
except a small reduction in the GFDL and 
NCAR models during 2046-2065 and for 
AlB scenario and MPI model during 2080-
2100 time period for SRES A1B and B1. 
Ground water flow is reduced for the down-
scaled GFDL and MPI models, but the 
downscaled NCAR model has shown an 
increase in the groundwater resources. 

These increases in ET are probably due to 
increased air temperatures. The study also 
used the Hargreaves method (Hargreaves et 
al.1985) to calculate evapotranspiration that 
depends on minimum and maximum tem-
peratures. This is consistent with previous 
studies, which have shown that a significant 

variation in AET is expected to follow 
changes in air temperature (Abbaspour et al. 
2009). In some model/scenario combina-
tions, the increase in soil moisture may cause 
increased evapotranspiration. The changes 
in modeled ground water flow clearly influ-
enced the changes in stream flow. This is 
consistent with the Setegn et al. (2009a), 
who indicated that 60% of the streamflow in 

Fig. 20. Projected changes in wet-season runoff in the GilgelAbay River compared to the base-
period 1980-2000, calculated with the SWAT model. Left (a) changes to 2046-2065, right (b) 
changes to 2080-2100. Colors denote the SRES scenario used: blue are B2, green are A1B, red 
are A2. Changes are expressed as percentages of the base-period (1980-2000) wet-season ru-
noff. 

Fig. 21.  Model plan view showing the 
various cross sections. 
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the inflow rivers of Lake Tana are baseflow, 
and that future reduction in ground water 
might contribute to reduced streamflow in 
the basin. Moreover, previous studies have 
indicated that more than 60% of the hydro-
logical loss in the present system is through 
evapotranspiration. This shows that the in-
crease in evapotranspiration for the future 
scenarios may play a significant role in the 
reduction of stream flows in the GFDL and 
MPI models.  

In this study, we have used the same land 
cover data as the present time. Such a study 
should not be considered as actual scenario, 
because the latter would require including 
the impact of future landuse change. We are 
conducting further investigations regarding 
the combined effect of climate and land use 
change. We note also that in the present 
study there is no consideration of any 
changes in any soil parameters which could 
influence the soil properties of the wa-
tershed. This may explain the low response 
of soil moisture to the changes to climate in 
this study. 

There is much uncertainty in our modeling 
results. This is a combination of uncertain-
ties in the GCM outputs, as a result of the 
downscaling, hydrological parameter uncer-
tainty and neglect of land-use changes or 
potential changes in soil properties. Any or 
all of these factors may cause our results to 
deviate from reality. But even so, we are 
dedicated to perusing a thorough investiga-
tion of the combined effect of climate and 
land use/land cover on the hydrological 
processes and water recourses in the study 
area. We believe this study is an important 
first-step in this direction.  

4.5. Combined 3D Hydrodynamic and 
Hydrologic Modelling (Paper V) 

The main objective of this study was to 
combine the two powerful models for the 
assessment of the hydrodynamic processes. 
The results were obtained from the model 
outputs for water levels, velocity vectors, 
evaporation rates and  thermodynamic  pa-
rameters (temperature, dye concentration) at 
all Z-levels as well as various cross sections 
that could be defined along any grid line or 

any arbitrary line. To compute the basic hy-
drodynamic properties both the graphical 
and text outputs were used. The outputs 
could be chosen at different time intervals. 
In the present study, the model outputs were 
selected at various different time intervals 
i.e., 01/01/2006-01/02/2006: 1 hour, 
01/02/2006-04/28/2006: 1 day, and 
04/28/2006-12/31/2006: 5 days. The re-
sults are analyzed along several cross sec-
tions (Figure 21) as well as in all Z 
horizontal layers.  Vertical profiles of various 
variables were also taken at several points 
across the model.  The convention used to 
describe the flow direction is same as the 
wind direction in 0-360 degrees measured 
clockwise from north. For example WSW 
indicates a flow from West-South-West di-
rection in the third quadrant (180o-2700) to-
wards the centre. The Cartesian coordinate 
system XYZ is used where XY is in horizon-
tal plane and Z in vertical plane. Positive 
directions are in East (X) and North (Y) di-
rections. 

4.5.1. Flow structure 

The study of velocity vectors in different 
horizontal planes (12 Z-levels) revealed 
complex transient flow structures that com-
posed of several large recirculation areas 
near the island, the lake outlet region and the 
shorelines.  The range of velocity magni-
tudes in x and y directions were 0.075- 0.18 
m/s and 0.15-0.23 m/s, respectively. The 
dominate flow feature at the surface is an 
outer large recirculation motion that embod-
ies several secondary flow zones and follows 
the shoreline.  The rotation direction 
changed with the wind direction. NE and 
NW winds induced anticlockwise and 
clockwise rotations, respectively. The island 
causes a flow spilt that in turn creates 
smaller recirculation zones.  The flow also 
splits at the lake outlet region into two dis-
tinct zones, one to the east side leading into 
the outlet, and a second to the west side. 
The latter flow interacts with shoreline to 
create another recirculation area. Some of 
these flow features are shown in Figure 22  
where the velocity vectors are plotted at the 
water surface for February 10, 2006. It 
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shows the large clockwise rotation of the 
lake surface water and four smaller recircula-
tion regions.   The size and the strength of 
these regions were highly transient.  The 
typical diameter of the smaller recirculation 
zones was about 15 km. The transient fea-
ture of the surface flow is further illustrated 
in Figure 23 for April 15, 2006. The flow 
direction has shifted from the more domi-
nate NE direction to WSW direction.  The 
interesting feature is the absence of the large 
secondary flow regions, and the clockwise 
lake water recirculation.  Another flow fea-
ture was a complicated flow patterns that 
consisted of several interacting secondary 
flow regions. The feature is illustrated in 
Figure 24 for April 11, 2006 that corre-
sponds to period when the wind has a SW 
direction. The inspection of velocity vectors 
along different Z-layers showed the exis-
tence of three different flow regions. Start-
ing from the surface, the flow structure 
remained more or less unchanged within a 
relative depth of 25% (percentage of the to-
tal flow depth). The secondary flows were 
reduced below this layer having a relative 
thickness of 10%. The flow structure   
started to change significantly as the bed 
boundary was approached. The changes 
started at a relative flow depth of 60% of the 
total depth below the surface. The secondary 
flow regions decreased in size and increased 
in numbers as a response to sharp variations 
in the bed boundary and the changing flow 
directions. Figure 25 shows an example of 
the velocity vectors at depth of 9.13 m be-
low the surface for February 10, 2006. In 
comparison with Figure 22 the flow direc-
tion is now mainly in SW direction. The 
flow reversal near the boundary is an indica-
tion of secondary flows in the vertical Z-
planes. 

The flow structure was also investigated 
along different cross sections that were 
taken in W-E and S-N directions (see Figure 
21). The common feature in analogy with 
horizontal planes was a large outer recircula-
tion motion that embodies several secondary 
Fflow zones. The change in flow directions 
had a quasi -transient character with a fre-
quency of 12-48 hours. Two examples are 

given in Figure 26 and 27 for cross section 
S1. In Figure 26, the outer flow is in anti-
clockwise direction that is turned towards 
the Lake bottom creating a relative thin bot-
tom flow in W-E direction. Two large sec-
ondary flows are also observable that rotate 
in anticlockwise directions. The change in 
the rotation directions is shown in Figure 27 
for the same section but 2 days later. The 
general flow feature is identical to the previ-
ous case.  To capture the flow features with 
a significant variation in depth two diagonal 
cross sections (i.e., S11 and S12) were added.  
Here, the common flow features were the 
existence of additional secondary flow re-
gions in the narrower and deeper parts of 
the lake. The secondary flow regions had a 
persistent character. An example is given in 
Figure 28 that shows the velocity vectors 
across section S12 for December 31, 2006. 
The other important flow structure was the 
existence of a two layer flow in opposite di-
rections. The relative thicknesses of the lay-
ers were 50% each during January and 
February.  The period of direction reversal 
was about 2 days. The top layer thickness 
reduced to about 20 % during the high flow 
period (June-September). One important 
issue was the influence of the four rivers on 
the flow structure in the lake. In the present 
study, we could not capture the detailed flow 
patterns induced by the rivers due to the 
relatively coarse grid size in XY directions.   

However, the detailed inspection and study 
of the velocity vectors made it possible to 
derive the influence on the general flow fea-
tures. The latter depended strongly on the 
river flow discharge. During the low flow 
periods the lake surface water actually en-
tered the river mounts when the prevailing 
wind direction was towards the rivers and 
the wind speeds were greater than 3 m/s 
(see Figure 24). During these periods, the 
mean flow velocities at the river outlets 
(about 0.001 m/s) were significantly lower 
than the wind speed.  With the start of the 
high flow season (June-September) the in-
fluence on the flow structure became more 
significant. However, the main large flow 
patters remained unaltered. Among the four 
rivers, Gilgel Abay beginning the largest 
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showed an interesting flow feature. When 
the discharge reached values greater than 
150 m3/s, a jet flow type was established 
that followed the thwalwag line towards the 
island and then became diverted eastwards.  
The derivation was caused by incoming flow 
from west. Similar jet type flow existed for 
Gumera River but the jet was towards the 
lake outlet. The effects of the other two riv-
ers were directly detectable. To get a better 
understanding on the nature of the river in-
flows we examined the velocity profiles at 
several points along the path of the rivers. 
The transient profiles for all the three veloc-
ity components were used. The results indi-
cated that for the two major rivers the 
velocity profiles were locally increased by a 
factor 2-5 depending on the discharge. The 
increase covered about 20% of the flow 
depth. During dry season no increase was 
detected.  A similar influence on the velocity 
profiles were detected at the lake outlet.  

The hydrodynamic of Lake Tana defined in 
terms of the flow structure bears some re-
semble with a closed system similar to a res-
ervoir with an overflow type outlet. The 
flow is characterized with large recirculation 
and secondary flow regions that prevail 
throughout the entire water body of the lake. 
The principle cause of the large flow circula-
tion region at the water surface is the inter-
action of prevailing wind and the shoreline. 
The flow follows closely the shore lines and 
secondary large flow regions are created at 
the irregular boundaries due to local flow 
separation. 

A useful parameter to characterize the sec-
ondary flows is the concept of circulation. It 
is defined as the line integral of tangential 
velocity component around a close curve. 
Appling this concept to the closed recircula-
tion regions we arrive of values in the range 
300-450 m2/s. The range can be compared 
with the values obtained for the secondary 
flow regions found in different cross sec-
tions. In the narrower and deeper parts of 
the lake, the circulation increased by a factor 
of about 1.5 that implies the intensification 
of the vortices and increased strength. Some 
possible hydrodynamic implications of this 

finding are increased sediment suspension 
and the entrapment of contaminated water 
and insoluble chemicals.  The latter are of 
importance in water quality analysis. The 
surface flow patterns assume a quasi peri-
odical structure that is controlled by the 
strong periodicity detected for wind speed 
and its direction.  The large outer recircula-
tion flow in the vertical planes is induced in 
the vertical planes as the surface flow 
reaches the shoreline and is turned towards 
the lake bottom. Secondary flows are in-
duced by two related mechanism. One is the 
hydrodynamic instabilities occurring at the 
interfaces of layers with a velocity gradient. 
Second is the flow interaction with the ir-
regularities of bed. Two further mechanisms 
are the river inflows and the lake outlet that 
introduces local changes in the velocity pro-
files. A change in velocity profile creates 
shear layer instabilities.  The flow structure is 
also significantly modified by the large island 
in lake (6 km x10 km). Large three dimen-
sional boundary separations occurs around 
the island that creates a complex flow pat-
tern in combination with the high momen-
tum flows from the Gilgel Abay and 
Gumera rivers. 

Three mechanisms are recognized as the 
agents of mixing. One is the transfer of en-
ergy to the water surface by wind, second is 
the mixing energy induced by both river in-
flows and the lake outlet, and third is con-
vective mixing due to the negative buoyancy.  
The wind induced surface instabilities pene-
trate beneath the surface into the deeper 
flow region and thereby enhance the vertical 
mixing process. Evidence is provided by the 
existence of epilimnion region covering 50% 
of the flow depth is its correlation with large 
secondary flows. The study results of the 
velocity profiles provided evidence in sup-
port of an inflow type mixing in the lake. 
However, the mixing is not density driven 
since the water temperature in the river and 
in the lake remains the same. There might 
still exists a density current if dissolve mate-
rials are convected into the lake. We believe 
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Fig. 22. The velocity vectors in cm/s at the 
water surface, Feb. 10, 2006. 

Fig. 24. The velocity vectors cm/s at 
the water surface, April 11, 2006. 

Fig. 23. The velocity vectors cm/s at the wa-
ter surface, April 15, 2006. 

Fig. 25. The velocity vectors cm/s 9.13 
m below the water surface, Feb 10, 2006 
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Fig. 26. The velocity vectors cross section S1, Jan 4, 2006, 15h (W-E), legend colour in 
cm/s. 

Fig. 27. The velocity vectors cross section S1, Jan 6, 2006, 15h (W-E), legend color in cm/s. 
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Fig. 29. Temperature contours and the velocity vectors, section S4, January 2, 2006), 
legend color in °C. 

Fig. 28 The velocity vectors cross section S12, Dec 31, 2006 (NNW-SSE), legend 

colour in cm/s. 
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Fig. 30. Temperature contours and the velocity vectors, section S8, January 2, 2006), 

legend color in °C. 

Fig. 31. Temperature contours and the velocity vectors, section S8, January 20, 

2006), legend colour in °C. 
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 shear instability similar to jet flows with in-
creased local flow velocities is a possible 
scenario. A similar mixing prevails at the 
outlet of the lake however the bathymetry 
and the horizontal extent of the region limits 
mixing. 

4.5.2. Stratification and mixing 

The stratification was studied using various 
time dependent plots of temperature.  Three 
examples are given in Figures 29, 30 and 31 
for section S4 and S8. The stratification 
process differed significantly from the 
common cycle of summer stratification, re-
versed winter stratification, and the spring 
and fall overturns observed in many lakes. 
The stratification features follow a complex 
pattern with a noticeable stratification during 
the cooler period of the year, i.e., January-
February (Figure 29 and 30). During this 
period vertical stratification can also occur. 
This is shown in Figure 31 for cross section 
S8 in January 20, 2006. It shows three dif-
ferent temperature zones with a difference 
of 1 0C. The small temperature difference is 
the common feature in the lake. The tem-
perature differences are in the range 0.5 0C 
to 2 0C throughout the year with the surface 
water having higher values. Following the 
month of February the stratification be-
comes weaker with a maximum temperature 
difference of 1.1 0C prevailing in deeper re-
gions. The stratification features were fur-
ther analyzed by comparing the vertical 
temperature profiles at various locations in 
the lake. Figure 32 shows the temperature 
profiles at a point located in the middle of 
the lake (intersection of S1 and S9, 32) from 
December to January 2006. Among the 
three layers of epilimnion, metalimnion, and 
hypolimnion, the latter is not present in the 
lake.  The epilimnion layer occupies about 
14% of the total flow depth and its thickness 
increases to about 50% by the end of the 
year.  This implies increased mixing during 
this period.  The mixing is mainly wind in-
duced but inflow and outflow mixings also 
contribute to the process especially during 
the wet season. One other mode of mixing 
is of convective type that is caused by air 

temperature variations from day to night 
times.  

The stratification is an important thermody-
namic property that can significantly influ-
ence the water quality. It reduces the vertical 
mixing between the surface oxygen rich wa-
ter with the bottom oxygen deficient water.  
According to the classification of lakes 
based on stratification tropical lakes are of-
ten stratified and rarely mixed (1999). How-
ever, our study indicates that Lake Tana 
posses especial thermal characteristics. The 
combination of the meteorological condi-
tions and the shallow depth induces both 
stratification and mixing that differs from 
typical tropical lakes. The stratification is 
weak having a temperature gradient of about 
0.1 0C per meter depth and the mixed layer 
covers up to 50% of the depth.  The week 
stratification process in Lake Tana is charac-
terized by a classical summer profile which is 
more pronounced during January-February 
but it persists throughout the year with a 
lower temperature gradient. It is related to 
small variations in the climate condition of 
the area and the flow structure.  The surface 
water temperature remains always higher 
than the bottom water.  However, due to the 
climate factor there is a significant daily 
variation of air temperature. The air tem-
perature drops by 2 0C - 10 0C during nights. 
Consequently the surface water temperature 
is lowered. The general circulation pattern in 
the lake (see Figure 26 and 27) brings cooler 
surface water to the bottom of the lake. The 
temperature difference with the ambient wa-
ter enhances the stratification. The cooler 
surface water also causes convective cooling. 
A negative buoyancy or unstable stratifica-
tion yields. The cooler water sinks and 
causes the underlying warmer water to rise 
which causes mixing of the upper surface. 
The process continues until a stable density 
profile is established (see Figure 31 where 
the middle cooler water is rising to the sur-
face).   

The stratification consists only of the two 
epilimnion and metalimnion layers. The ab-
sence of the lower hypolimnion layer is an-
other especial characteristics of Lake Tana. 
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The formation of the latter layer is pre-
vented by the secondary flows in vertical 
direction that covers the entire flow depth. 
The increase wind speed and its changing 
direction enhance the mixing process and 
thereby causing the theromcline to shift 
from 14 % of the depth to 50%. The present 
results confirm the existence of week strati-
fication in Lake Tana with small temperature 
difference. However, the process has a tran-
sient character both in time and space. Ac-
cording to Wood and Talling 88 there is a 
week seasonal stratification in the lake. The 
study found no evidence of a seasonal 
change but the existence of week stratifica-
tion is confirmed.  

4.5.3. Flushing time 

The flushing features in the lake were inves-
tigated by a numerical dye tracer experiment. 
The change in the tracer mass in different 

parts of the lake is tracked by solving the 3D 
mass transport equation. The numerical 
outputs were the dye concentration and 
residence or flushing time. The dye concen-
tration in lake was reduced only by 40% dur-
ing one year. The lowest dye concentration 
was 60% that was found near the area af-
fected by the lake outlet. Figures 33 show 
the spreading of dye concentration after one 
year at the water surface. The figure which 
shows the die concentration at 9.13 m below 
the surface is found in Paper V.  There ap-
pear to be no significant difference between 
the water surface and the lower layers. The 
highest concentration i.e., 100% is seen at 
North West part of the lake. This is ex-
plained by the fact that the surface flow di-
rection is from east to west (see Figure 24) 
as well as the existence of permanent secon-
dary flows in that region. The rate of dye 
dilution is slightly faster at the water surface. 
The fact that the dye concentration only re-

Fig. 32. Monthly variation of temperature profiles during 2006 at the intersection of sections S1 
and S9. 
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duces to 60% after one year indicates a 
flushing time more than one year. This 
roughly agrees with value obtained by divid-
ing the volume of the lake with the average 
discharge at the outlet. The long flushing 
time is an alarming factor that can have seri-
ous water quality and ecological implica-
tions. 

The relatively long flushing time (1 year) in 
Lake Tana is a consequence of the flow ex-
change characteristics of the lake and the 
prevailing secondary flows. To reduce flush-
ing time the flow exchange rate and mixing 
should be increased. The exchange rate is 
controlled by the river inflows and the dis-
charge at the outlet.  However, this ex-
change mainly covers a thin layer of the 
surface water. An additional factor is the 
secondary flows in vertical planes. Especially 
during the dry season the four rivers enter-
ing Lake Tana, make little contribution to 
refresh the water due to the low discharges.  
During wet season the river discharges in-
crease but as the secondary flows are magni-

fied the main water body remains in circula-
tion in the lake. We have shown that the dye 
concentration decreases from 100% to 60% 
in one year. However, further decrease 
would require an exchange process that af-
fects the entire water body.  One other as-
pect is the irregular bathymetry of the lake 
with sharps changes in depth.  Secondary 
flows in these regions help to maintain the 
dye concentration as there is a limited ex-
change with the external flow 

4.5.4. Evaporation losses 

The knowledge on evaporation losses is an 
important consideration in determination of 
the water balance in the lake. These losses 
often make a significant part of the water 
balance. The instantaneous rate of evapora-
tion from the lake was obtained from the 
hydrodynamic model (Fig. 34). The loss is 
expressed in m3/s units for the year 2006. 
The mean instantaneous rate of evaporation 
is 193 m3/s with a minimum and maximum 
value of 52 m3/s and 798 m3/s, respectively. 

Fig. 33. Contours 
of dye concentra-
tion (mg/l) at the 
water surface De-
cember 31, 2006. 
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The temporal variation of evaporation is 
closely correlated with the air temperature 
variation throughout the year.  The total 
evaporation volume is 3033 Mm3 for 2006 
that corresponds to 1060 mm/year. The lat-
ter value is comparable with the annual value 
of 1478 mm for the period 1960-1992 (Ke-
bede et al. 2006). The annual water balance 
was derived using the simulated evaporation 
rate, rainfall, the river discharges and the 
discharge at the outlet. Figure 35 shows the 
results expressed in units of m3/s. The water 
balance agrees with Kebede et al. (2006) re-
sults. The error in the water balance is 16 
mm/year. The water balance does not in-
clude the ground water inflow. However, 

according to Kebede et al. (2006) the 
groundwater inflow is about 7% of the total 
inflow. 

4.5.5. Influence of  water withdraw 

The hydrodynamic model was used to inves-
tigate the sensitivity of the lake water level to 
the planned water withdrawal of 2985 Mm3 
each year (95 m3/s).  No accurate informa-
tion was available on the nature of this with-
drawal and whether it will be at a constant 
rate or it will be unsteady. To cover the both 
possible cases   two simulations were done. 
One corresponded to the constant discharge 
of 95 m3/s and the other to a hydrograph  

Fig. 34. Rate of evaporation loss from Lake Tana, 2006.  

Fig. 35. Water balance of Lake Tana , 2006. 
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type discharge. The hydrograph was con-
structed from the river inflow hydrographs. 
The latter could be a more realistic course of 
action. Figure 36 compares the water levels 
in 2006 with the two withdrawal cases. It 
shows a significant fall in the water levels for 
both cases. However, the hydrograph type 
withdrawal gives less reduction. Table 12 
summarizes the basic statistical parameter 
for all the three cases as well as the relative 
change. The latter is the difference with the 
present case normalized with the present 
value. The relative changes in mean values 
are 125% for the constant case and 45% for 

the hydrograph case. The falls are quite 
dramatic and are comparable to case where 
the surface runoff contributions from the 
ungauged basin to the rivers are not in-
cluded as shown in Figure 8 that compares 
the measured and calibrated lake water level 
for the year 2006. 

There is an alarming and dramatic fall of the 
water levels in Lake Tana as response to the 
planned water withdrawal. This should be a 
real cause of concern to sustainable use of 
the water resources. The result also showed 
the sensitivity of the lake to the release of 
contaminated water or chemicals into the 

Table 12. Summary of the basic statistical parameters of lake water levels for two cases of water 
withdraw from the lake, year 2006. 

Water surface Minimum Maximum Mean Standard devia-
tion 

Present -0.59 1.53 0.35 0.72 

Constant -1.01 0.85 -0.09 0.57 

Relative change (%) 71 45 125 20 

Hydrograph -0.83 1.07 0.09 0.59 

Relative change (%) 40 30 74 18 

Fig. 36. The influence of water withdrawal from Lake Tana on water levels.  
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lake. The long flushing time will not allow a 
fast decay of such contaminated materias.  

Field data collection should be the first step 
before any major water resources project is 
started. The data should include establish-
ment of measurement and control stations 
for collecting flow and water quality data. 
The lake water level, agricultural activities 
and the land use should also be monitored at 
regular bases. The comprehensive data set 
can be used for new hydrodynamic, sedi-
ment transport and water quality simula-
tions. Our calibrated model should provide a 
good starting point for these simulations 
that should cover a much longer period than 
one year. The sediment transport simula-
tions will provide an answer to a possible 
siltation of the lake. We also need to address 
the impact of climate change on the fate of 
the lake. These are all difficult challenges 
that need to be faced to safeguard the sensi-
tive echo-system of the area. 

5. SUMMARY AND CONCLUSION  

Land and water resources degradation are 
the major problems on the Ethiopian high-
lands. Lake Tana Basin is of significant im-
portance to Ethiopia concerning water 
resources aspects and the ecological balance 
of the area. The growing high demands in 
utilizing the high potentials of water re-
source of the Lake to its maximal limit, pic-
tures a disturbing future for the Lake.  

The present research is an attempt to obtain 
a scientific understanding of the hydrological 
characteristics of the basin as well as defin-
ing adequate tools for long term predictions 
of the basin characteristics.  

The focus is on the various hydrological, 
surface erosion and hydrodynamic 
processes. The main objective of this study 
was to assess the influence of topography, 
land use, soil and climatic variability in the 
hydrological and hydrodynamic processes of 
the Lake Tana Basin. Appropriate wa-
tershed-lake management system in relation 
to changing climate as well as water use was 
developed using combined upland wa-
tershed and downstream hydrodynamic 
models. The hydrological model SWAT was 

tested and applied for the assessment of the 
hydrology and sediment yield in the Lake 
Tana Basin and Anjeni watershed, Blue Nile 
Basin Ethiopia. The ability of SWAT to ade-
quately predict streamflow and sediment 
yield was evaluated through sensitivity analy-
sis, model calibration, and model validation. 
The model was successfully calibrated and 
validated for the four main tributaries of 
Lake Tana and Anjeni gauged watershed us-
ing SUFI-2, GLUE and ParaSol algorithms. 
They gave good results in minimizing the 
differences between observed and simulated 
streamflow. The model evaluation statistics 
for prediction of streamflow and sediment 
yield gave good results that were verified by 
NSE and R² greater than 0.50. The cali-
brated model was used for modeling of the 
hydrological water balance and studies the 
effect of climate change on the hydrological 
processes in the area.  

The sensitivity analysis of the model to sub-
basin delineation and HRU definition thre-
sholds showed that the flow is more 
sensitive to the HRU definition thresholds 
than subbasin discretization. Prediction of 
sediment yield is highly sensitive to subbasin 
size due to the sensitivity of overland slope 
and slope length, channel slope, and drai-
nage density. Variations in foregoing para-
meters may cause changes in sediment 
degradation and deposition and finally to the 
sediment yield. The slope discretization also 
affects the sediment yield prediction.  

The hydrological water balance analysis 
showed that baseflow is an important com-
ponent of the total discharge within the 
study area that contributes more than the 
surface runoff. More than 60 % of losses in 
the watershed are through evapotranspira-
tion. 

The annual average measured sediment yield 
was 24.6 tones/ha. The annual average si-
mulated sediment yield was 27.8 and 
30.5 tones/ha for calibration and validation 
period, respectively. The correlation be-
tween the rainfall, discharge and sediment 
yield has shown that the amount and intensi-
ty of rainfall plays an important role for the 
sediment yield.  
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Using the MCE analysis, a set of factors 
(land use, soil, slope and river layers) was 
combined to identify the most vulnerable 
areas to soil erosion. The SWAT model 
showed that 18.5 % of the watershed is ero-
sion potential areas. Whereas the MCE re-
sult indicated that from 25.5 % of the basin 
are erosion potential areas.  

An attempt was made to investigate the sen-
sitivity of water resources to the changing 
climate in the Lake Tana Basin. A historical-
modification procedure was used to down-
scale large scale outputs from GCM models 
to watershed-scale climate data. The pro-
jected changes in precipitation and tempera-
ture were compared across 15 GCM models 
for two seasons to get an indication of the 
consistency of the projected changes in the 
region. It was found that the models pro-

jected temperature increases by 2C to 5C 
for 2080-2100, depending on the model and 
emission scenario. However, the models 
projected a wide range of rainfall changes, 
both increases and decreases, but the low 
statistical-significance of the changes com-
bined with apparent systematic effects does 
not allow to make any definite conclusions 
about rainfall change in the region. Moreo-
ver, the study investigated how changes in 
temperature and precipitation might trans-
late into changes in streamflow and other 
hydrological components using downscaled 
outputs from four climate models. The re-
sults showed significant changes in stream-
flow in the period between 2045-2100. The 
direction of streamflow changes followed 
the direction of changes in rainfall. The hy-
drological response to evapotranspiration, 
soil moisture and ground water was also ex-
amined, and it was found that changes in 
ground water flow may be a significant 
component of the modeled changes in 
streamflow. Finally, it was noted that a sig-
nificant deficiency in the current climate 
change impact study is that the scenarios 
used did not consider potential changes in 
land use/land cover. Hence, we recommend 
a thorough investigation of the combined 
effect of climate and land use change on the 
hydrological processes and water recourses 
variability in the basin.  

The upland watershed model SWAT was 
combined with a fully three dimensional hy-
drodynamic model, GEMSS. The output of 
SWAT model was used to setup the boun-
dary condition for the hydrodynamic Model. 
The hydrodynamic model was used for in-
vestigating the flow structure, stratification, 
and the flushing time, and finally the Lake‘s 
water level response to planned water re-
moval.  

The flow structure is characterized with 
large recirculation and secondary flow re-
gions that prevail throughout the entire wa-
ter body of the lake. The weak stratification 
process in Lake Tana is characterized by a 
classical summer profile which is more pro-
nounced during January-February but it per-
sists throughout the year with a lower 
temperature gradient. Mixing processes in 
the lake are controlled the transfer of energy 
to the water surface by wind, mixing energy 
induced by both river inflows and the lake 
outlet, and convective mixing due to the 
negative buoyancy. The relatively long flush-
ing time (1 year) is an indication of the sensi-
tivity of the lake to the release of 
contaminated water or chemicals into the 
lake.  

There will be an alarming and dramatic fall 
of the water levels (2m for 2006) in Lake 
Tana as response to the planned water with-
drawal. The fall can be reduced to 1 m if the 
withdrawal follows the river discharge. 

Despite different source of uncertainties, the 
two models produced good simulation re-
sults for daily and monthly time steps. The 
models should serve as a starting point to 
conduct long term detailed water quality and 
sediment transport studies that are necessary 
for a sustainable use of the water resource of 
Lake Tana. The combinations of the two 
upland and downstream models help in un-
derstanding the watershed and lake interac-
tion and understand the major influencing 
factors for the lake ecosystem. 

The output of this study may support plan-
ners and decision makers to take relevant 
soil and water conservation measures and 
thereby reduce the alarming soil loss and 
land and degradation problems in the basin. 
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