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Abstract 
The use of regional climate model (RCMs) outputs in hydrological impact assessment has given due 
attention on the world. Studies that evaluate downscaled simulations of General Circulation Models 
(GCMs) by Regional Climate Models (RCMs) for African basins are noticeably missing. Recently, 
the Coordinated Regional Climate Downscaling Experiment (CORDEX) initiative has made multiple 
RCMs' outputs available for end users across the African continent. Before climate simulations 
receive applications in impact studies, accuracy of the simulation results has to be evaluated. In the 
study the impact of climate change projections on stream flow of three independent GCMs as 
simulated by the regional climate model COSMO-CLM (CCLM) over the Gibe III basin were 
evaluated. The performance of all models was assessed in several ways: At first, the performance of 
the RCM simulation results were evaluated in Gibe III basin using a suite of statistical measures such 
as bias, Root Mean Squared Error (RMSE), and coefficient of Variation (CV). The second evaluation 
was based on the combined influence of corrected RCM-simulated temperature and precipitation on 
hydrological simulations of monthly mean stream flow under current (1986–2005) climate conditions. 
Then, the hydrological simulations of projected future (2011–2030) and (2031-2050) climate 
conditions were compared with the baseline with two emission scenario projections (RCP4.5 and 
RCP8.5). Findings of this study indicate that the annual rainfall bias of the models varies between 
9.6% and 30.2% suggesting overestimation. In many aspects the MPI climate model performed best in 
terms of bias and RMSE. However, it was found that the performance of the models differs subject to 
the performance measures used for evaluation. The use of the ensemble mean rainfall simulation 
improves representation of assessed rainfall characteristics in the basin. Based on the finding climate 
change studies may benefit from the use of multi model simulation. Biases of most of the models 
prove that correction for the systematic error of RCM outputs before receiving application by users. 
The maximum and minimum temperatures were projected to increase for both-time horizons under 
both scenarios with largest increase under RCP8.5 and the lowest increase under RCP4.5. An increase 
of mean annual maximum temperature under RCP4.5 ranges from (+0.66oC to +0.48oC) and (+1.13oC 
to +1.33oC) while under RCP8.5 that ranges from (+0.88oC to 1.24oC) and (+1.58oC to 1.78oC) in 
both future periods of (2011–2030) and (2031-2050) respectively. Similarly, the annual minimum 
temperature increase ranges from (+0.32oC to +0.71oC) and (+0.92oC to +1.21oC) under RCP4.5 
scenario while (+0.56oC to +1.29oC) and (+1.14oC to +1.93oC) under RCP8.5 in both future periods 
(2011–2030) and (2031-2050) respectively. Compared to the base line period all the models indicates 
the total annual precipitation increases in near term period (2011-2030) ranging from (0.16% to 
8.36%) compared to midterm (2031-2050) as projected under the RCP4.5. In midterm periods, 
climate models predicted that a decrease in rainfall in all seasons of the year except for autumn season 
under RCP4.5 scenario, rainfall is largely predicted to increase by (36.57%) from the ensemble mean 
compared to the base line period. The stream flow projections are made for both periods in the future 
with two emission scenarios of RCP4.5 and RCP8.5. Consequently, acceptable calibration and 
validation of the model performance statistics R2, NS and Pbias were obtained. Relative to the 
baseline period the change in mean annual stream flow from 2011–2030 are mostly positive and 
indicate increase in available discharge in the river under RCP4.5 and RCP8.5 scenarios and from 
2031-2050 under RCP4.5 scenario. Flow duration curves showed that the probability of occurrence of 
high flows will be more in both future periods under RCP4.5 and RCP8.5 scenarios relative to the 
baseline period. The overall conclusion of the study is that Gibe III basin is likely to face more floods 
in the future and low flows are projected to decrease. The outcomes suggest that it is important to 
consider the influence of climate change on water resources to frame appropriate guidelines for 
planning and management. 

Keywords: COSMO-CLM (CCLM), CORDEX, CV, MPI, Gibe III, RCP, RCM, RME, bias 
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1. Introduction 

1.1. Background  

Weather is the state of the atmosphere at a given time whilst climate is the average weather over a 

period of time (Thorpe, 2005). The Intergovernmental Panel on Climate Change (IPCC) fifth 

assessment report has shown an increase of 0.85° C in the global mean temperature since 1880 until 

2012 (IPCC 2013a). These changes in global temperature have been accompanied by changes in 

climate in different ways (Feng et al. 2014). Many regions have experienced changes in 

precipitation leading to frequent occurrence of floods (Min et al. 2008, 2011) and droughts (Dai 

2011, 2013). These changes in climate system will have a strong impact on local and regional 

hydrological regimes in many regions of the world (Dibike and Coulibaly 2005, Hu  et al.  2013). 

The IPCC also has projected that if greenhouse gas emissions, the leading cause of climate change, 

continue to rise, the mean global temperatures will increase 1.4 – 5.8°C by the end of the 21st  

century (IPCC, 2001).  

The impacts of climate change to society and natural resources depend on the response of 

hydrological cycle to global warming (Marvel and Bonfils 2013). So, while discussing about 

hydrological regimes, it is extremely important to note the very basics of hydrological cycle from 

where all the hydrological components derive.  The hydrological cycle comprises different 

processes such as precipitation, infiltration, percolation, runoff and evapo-transpiration through 

which water moves continuously from ocean to atmosphere and makes a cycle. While the 

precipitation is considered as a driver of hydrological cycle (Ye Htut 2014), the increases in 

temperature leads to intensification of this cycle (Marvel and Bonfils 2013).  Thus, the change in 

climate affects all these processes involved in hydrological cycle making it one of the primary 

causes of hydrological change (Marvel and Bonfils 2013, Bhuvandas et al. 2014).  

The IPCC finding indicates that developing countries, such as Ethiopia will be more vulnerable to 

climate change. Because of the less flexibility to adjust the economic structure and being largely 

dependent on agriculture, the impact of climate change has far reach implication in Ethiopia. 

Increased industrial activity and excessive deforestation during the last century and a half has 

increased concentration of carbon dioxide in Earth's atmosphere. This has in turn initiated large 

scale atmospheric processes resulting in change of global temperature and precipitation (among 

other variables). Changes in Earth's climate system can disrupt the delicate balance of hydrologic 

cycle and can eventually lead to increased occurrence of extreme events (such as flood droughts, 

heat waves, summer and ice storms, etc) (IPCC, 2007). Therefore, there is a need to quantify and 
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assess the future scenarios of climate change and its impact on water resources of the country in 

general and the basin in particular, because the country‘s future development relies on this resource. 

Even though much research has been done in continental or global scale studies related to climate 

change, the magnitude and type of impact at the regional-catchment scale is not investigated in 

many parts of the world that also includes Ethiopia. In addition to this, the climate change studies in 

water resources of Ethiopia has largely focused on existing information over Blue Nile and not 

much research has been seen from South western part of the country (Omo-Gibe river basin). 

Investigating climate change at local level gives an opportunity to define the degree of vulnerability 

of local water resources and plan appropriate adaptation measures that must be taken ahead of time. 

Moreover this will give enough room to consider possible future risks in all phases of water 

resource development projects at the local scale. 

 

Extreme hydrological events have negatively affecting Ethiopia‘s past economic development by 

affecting crop production through drought and flooding. The future projections also show a likely 

variability of precipitation, which translates as fluctuating rainfall, reduces the availability of a 

stable water supply and increases the risk of floods. You and Ringler (2010) reported that in 

Ethiopia, climate change is expected to intensify the already high hydrological variability and 

frequency of extreme events, and drought and flood may have a significant negative effect on the 

development of the agriculture sector and the economy as a whole. Therefore, projection of climate 

change impact on water resources of the country should not be neglected on the future development 

plan. 

Therefore, researching in the area of climate change on Omo basin in particular is very vital. Hence, 

the research addresses the general trends of the future climate variables such as Precipitation, 

Maximum Temperature and Minimum Temperature compared to the present condition and the 

possible future potential impacts of climate change on the stream flow of Gibe III catchment at 

regional-scale with a Regional Climate Model Outputs, RCPs, archived in CORDEX-Africa project 

Domain.  

 Problem Statement 

Omo-Gibe River basin is one of the highest socio-economic development sites due to its 

tremendous potential for hydropower and irrigation. However, in recent years, the climate 

variations induced hydrological variability poses a challenge on decision making for planning, 

design and operation of hydropower plants. Hence, there should be a better understanding and 
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projection of all the systems which can lead to a sustainable and optimal use of water for the 

intended purpose (Shiferaw et al, 2012). Flood  and  droughts  are  the  world‘s  costliest  natural  

disasters,  causing  an  average  $6–$8 billion  in  global  damages annually  and  collectively  

affecting  more  people  than  any  other form of natural disaster (Lampros V., 2009). Ethiopia is 

one of the countries which are frequently affected by flood. The traversed large number of river 

systems causes seasonal flood.  As part of the river in Ethiopia, the past decadal year in Omo-Gibe 

basin reveals that in the basin seasonal flooding was experienced mainly due to intense 

precipitation. As a consequence of flooding spilling of the river in Omo-Gibe as well as its 

tributaries in the basin was the problem (Abdela, 2007). Accordingly, it is desirable to study the 

impact of climate change on hydrological regime at sub-basin level. For evaluating the impact of 

climate change GCM under the SRES scenarios of (B1, A1B and A2) are used in the world and in 

particular in Ethiopia‘s River basin. For regional impact studies, however, the GCMs scenario 

resolution of approximately 250–600km (IPCC, 2012) and sometimes even up to 1000 km 

(Marahatta, 2015) is inadequate, because it is lacking detailed regional information which is needed 

to resolve features at the catchment scale. Progress in regional climate models (RCMs) has recently 

made the use of RCM simulations as a basis for hydrological studies more attractive using new 

emission scenario projections of RCPs, Representative concentration pathways. RCMs transfer the 

large-scale information from GCMs to scales (25–50 km), which are closer to the catchment scale 

(Teutschbein and Seibert, 2010). Representative concentration pathways (RCPs) are new scenarios 

which overcome the shortcomings of the SRES scenarios. The SRES scenarios exaggerate resource 

accessibility and are unlikely in upcoming production outputs from fossil fuels. The RCPs are not 

linked with exclusive socioeconomic assumptions or emissions scenarios. However, these are based 

on the groupings of economic, technological, demographic, policy, and future institutional 

challenges of mitigation and adaptation. Another benefit of RCPs is their better resolution that helps 

in performing regional and local comparative studies (M.S. Babel, 2016). There have been few 

studies performed utilizing GCM under SRES scenarios for climate change impact studies in Omo 

Gibe River basin. However, Studies performed at regional scale to investigate the future changes of 

hydrologic regimes, and water resources availability under climate change in Omo-Gibe River 

basin with respect to RCMs are very limited. Therefore, studies that fill this gap and provide 

information are very important. So, this research focuses on using dynamically downscaled regional 

climate model of consortium for small scale modeling, Climate Limited area Modeling (COSMO-

CLM or CCLM) to evaluate the stream flow at Gibe III River basin for the future time periods. 

COSMO_CLM is an ensemble of climate change projections for Africa created by down scaling the 

simulations of four global climate models (GCMs) by the two emission scenario projections.  
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Hence, this research seeks to address the impact of climate change on sub-basin level and 

understanding the general trends of the future climate variables such as Precipitation, Maximum 

Temperature and Minimum Temperature based on the results of the application of the COSMO-

CLM RCM (CCLM) in the production of climate change projections for the CORDEX-Africa 

domain compared to the present condition and the effect on the reservoir inflow performance. 

Research questions to be addressed in this study are: 

1. What is the likely trend in temperature and precipitation in the 2011 to 2030s and 2031 to 2050s 
compared to a baseline period (1986-2005) according to RCMs scenarios?  

2. How much will the water availability likely change in the future compared to the baseline 
period?  

1.3. Objective of the research 

1.3.1. General Objective  

The main objective of the research is to evaluate the Impact of climate change on stream flow of 
Gibe III River basin with a Regional Climate Model Outputs.  

1.3.2. Specific objectives 

 To evaluate the regional climate model simulations of Rainfall over Gibe III River 
basin. 
 

 To assess future trends in precipitation and temperature compared to a baseline 
period in the basin. 
 

 To analyze the climate change impacts on stream flow of Gibe III River basin for 
two specified window periods of 2011-2030 and 2031-2050. 

 
  To evaluate the flow duration curve (FDC) and flood peaks. 

 

Significance of the Research 
The contribution of this research is to address valuable information on the projected climate change 

impact in Gibe III basin and assessing future water resources availability using a recent technique of 

regional Climate model from the two emission scenarios projection, RCP 4.5, and RCP 8.5. That 

helps to devise a policy framework incorporating the appropriate adaptations and mitigation 

measures to preserve water resources in light of future climate change scenarios in the basin. 
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2. LITERATURE REVIEW  

2.1. Definition of Climate Change 
 

Climate change refers to a change in the state of the climate that can be identified by changes in the 

mean and/or the variability of its properties and that persists for an extended period, typically 

decades or longer (IPCC, 2007). 

2.2. Global Climate Change 
  
Warming of the climate system in recent decades is obvious, as is now evident from observations of 

increases in global average air and ocean temperatures, widespread melting of snow and ice, and 

rising global sea level (IPCC, 2008).  The global average temperature showed a 100 year linear 

trend of 0.740c from 1996-2005 (IPCC, 2007). Trends in precipitation amount have been observed 

in many large regions. Globally, the area affected by draught has likely increased since the 1970‘s 

(IPCC, 2007). The ocean circulation is also predicted to change and sea level is expected to rise at a 

rate of about 1.7 mm/year as the ocean expands as heat is gradually diffused downwards in the 

ocean (Thorpe, 2005). There are also numerous long term changes in other aspects of climate. Some 

extreme weather events have changed in frequency and/or intensity. Hot days, hot nights, heat 

waves, and heavy precipitation events have become more frequent over most land areas.     

2.3. Climate change studies in Ethiopia 

According to the ECRGE (Ethiopian Climate change resilience green economy) vision like much of 

Africa, Ethiopia has become warmer over the past century and human induced climate change will 

bring further warming over the next century at unprecedented rates. The vision provides Ethiopia 

will see further warming in all seasons of between 0.7°C and 2.3°C by the 2020‘s and of between 

1.4°C and 2.9°C by the 2050s. It is likely that this warming will be associated with heat waves and 

higher evapo-transpiration. This current understanding of Ethiopia‘s changing climate in the past 

and future is drawn on Table 2.1 from the results of two recent studies which synthesize the results 

of multiple General Circulation Models (GCMs).( Ethiopian crgevision, 2013) 

 

 

 

 

 



6 
 

Table 2.1.Results of Climate change study in Ethiopia from multiple GCMs 

Time/Period Temprature Rainfall Extreme Events

Historical

Mean temprature 
increased by 1.3oC 
fom 1960 to 2006. 

Highly variable from year 
to year, season to season, 
decade to decade. 
Nosignificant trend 

Regular sever flood and drought 
events. No evidence of changes in 
frequency or intensity of extremes

2020s 1.2oC(0.7-2.3oC) .+0.40% increase in rainfall

Greater increase in rainfall in october 
to December, especially in south and 
east

2050s 2.2oC(1.4-2.9oC) .+1.1% increase in rainfall

Heavier rainfall events, uncertain future 
EI Nino behaviors brings large 
uncertainities

2090s .3.3oC(1.5-5.1oC) wetter Conditions

Flood and drought events likely to 
increase heat waves and higher 
evaporation  

(Ethiopian Climate change resilience green economy, 2013) 

2.4. Causes of Climate Change  
 

Climate change may be due to both natural (i.e. internal or external processes of the climate system) 

as well as anthropogenic forcing (ex. increase in concentrations of greenhouse gases). Historically, 

natural factors such as volcanic eruptions, changes in the Earth's orbit, and the amount of energy 

released from the Sun have affected the Earth's climate. Beginning late in the 18th century, human 

activities associated with the Industrial Revolution have also changed the composition of the 

atmosphere and therefore very likely are influencing the Earth's climate 

(http://www.epa.gov/climatechange/basicinfo.html). The IPCC (2007) report concluded that most 

of the observed warming over the last 50 years was likely due to the increase in greenhouse gas 

concentrations. The radiative forcing of the climate system is dominated by the long lived green 

house gases (GHG). The green house gases include Carbon dioxide (CO2), methane (CH4), nitrous 

oxide (N2O), and halocarbons. Carbon dioxide (CO2) is the most important anthropogenic GHG. 

Global GHG emissions due to human activities have grown since pre-industrial times, with an 

increase of 70% between 1970 and 2004 (IPCC, 2007). Global increase in CO2 concentrations is 

primarily due to fossil fuel use, with land-use change providing another significant contribution. 

The increase in CH4 concentration is predominantly due to agriculture and fossil fuel use. The 

increase in N2O concentration is primarily due to agriculture. Changes in the atmospheric 

concentrations of GHGs and aerosols, land cover and solar radiation alter the energy balance of the 

climate system and are drivers of climate change. They affect the absorption, scattering and 

emission of radiation within the atmosphere and at the Earth‘s surface. The resulting positive or 

negative changes in energy balance due to these factors are expressed as radiative forcing, which is 

used to compare warming or cooling influences on global climate (IPCC, 2007). 
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2.5. General Circulation Model (GCM)  

Climate models, both global and regional, are the primary tools that aid in our understanding of the 

many processes that govern the climate system (S. Jeremy et al., 2007). Climate is one of the most 

challenging geophysical systems to simulate because of the number of interacting components and 

the wide range of time and spatial scales of relevant processes and their complexity (Laprise R., 

2008). Global climate models also known as general circulation models (GCMs) have been 

developed to simulate the present climate and used to predict future climatic changes. According to 

many research GCMs are the vital resource used to perform climate change experiments regionally, 

globally and very fine scale up to point climate pattern from which climate change scenarios are 

derived; but they have main drawbacks because of their course resolution.  

A significant spatial scale problem exists between the scale of the GCMs (200-400km) and the 

scales of interest for impacts and adaptation studies which are often only tens of kilometres or less 

(Evans, J.P, 2011). Their resolution is thus quite coarse relative to the scale of exposure units in 

most impact assessments. The GCMs simulation skill decreases from climate variables to 

hydrological variables while the hydrological importance increases along the same direction (Xu, 

1999a). Further, Xu (1999a) has identified three different gaps in using the GCMs for water 

resources studies. These are: (i) The spatial and temporal scale mismatches, (ii) The vertical level 

mismatches, and (iii) The accuracy mismatch (IPCC-TGICA, 2007).  As an additional gap 

(Loaiciga et al., 1996) has mentioned the issue of feedbacks as hydrologic models are used in 

offline process modeling and GCMs do not consider lateral transfer of water within the land phase.   

Despite all the above drawbacks, there are numerous studies conducted using the available GCMs 

in different part of the world. For example, for modeling of Cascade Dams and Reservoirs 

Operation for Optimal Water Use in Omo-river basin, Teshome, (2015) utilize downscaled future 

climate predictions of the HadCM3 GCM. The impact of climate change on river discharges at four 

sub watersheds (Gibe I, Gibe II, Gibe III and Gibe IV) locations of cascade hydropower plants have 

been evaluated and analyzed using the SWAT model. He has shown that the long term average 

mean monthly temperature is found to be increased. Meanwhile, the long term average mean 

monthly areal precipitation is found to be decrease at the respective locations. 

Abdela, (2013) has used downscaled climate model outputs in Omo Gibe basin under the four 

scenarios projection of A1B_911 and A1B_912 wet and optimum B1_921 and B1_923 to evaluate 

projected stream flow at Gibe III dam site. He found projected future increase in both temperature 

and precipitation which are critical parameters governing the future flood events in the region. 
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2.6. Regional climate model (RCM) 
 

Regional Climate Models (RCMs) are developed based on the same representations of atmospheric 

dynamical and physical processes as GCMs. They have higher spatial resolution in the order of 10-

50km that can cover a sub-global domain. As a result of the higher spatial domain, RCMs provide a 

better description of orographic effects, land-sea surface contrast and land-surface characteristics 

(Christensen, 2007a). Moreover, they enhance the simulation of atmospheric circulations and 

climatic variables at fine spatial scales which shows their improved ability to reproduce present day 

climate (Xu, 2000). However, there is still some limitations (Xu, 2000) such as: (i) the inheritance 

of systematic errors in the driving fields provided by global models, (ii) lack of two-way 

interactions between regional and global climate (iii) the algorithmic limitations of the lateral 

boundary interface (iv) computationally demanding, and (v) further downscaling requirement for 

impact studies.   

There are many different RCMs currently available, for various regions, developed at different 

modeling centers of the world. However, the uncertainty issues remain another drawback in use of 

RCM. Due to this fact, several international efforts have been taken to quantify uncertainties 

through model inter-comparison. More recently, a new project called CORDEX (Coordinated 

Regional Climate Downscaling Experiment) has been initiated by the world climate research 

program simulations at 50km resolution for multiple regions. 

Due to the availability of numerous numbers of such RCMs a number of studies have been 

conducted in the past. Teutschbein and Seibert, (2012) provided a recent review on the use of 

RCMs for hydrological models. They recommend that a bias correction is necessary for using the 

outputs in any hydrological models as RCMs are susceptible to systematic model errors caused by 

imperfect conceptualization, discretization and spatial averaging within grid cells. These biases are 

typically due to the occurrence of too many wet days with low-intensity rain or incorrect estimation 

of extreme temperature in RCM simulations.  

2.7. COSMO-CLM Model Description  

An ensemble of climate change projections has been created by downscaling the results of four 

GCMs from the CMIP5 climate projections, namely: the Max Plank Institute MPI-ESM-LR, 

Hadley centers HadGEM2-ES and the National Centre for Meteorological Research CNRM-CM5 

and EC-Earth, i.e., the Earth System Model of the EC-Earth Consortium (http://ecearth.knmi.nl/) 

indicated on Table 2.2.  The historical runs, forced by observed natural and anthropogenic 

http://ecearth.knmi.nl/
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atmospheric composition, cover  from the period 1950 until 2005, whereas the projections (2006–

2100) are forced by two Representative  Concentration Pathways (RCPs),(Van Vuuren et al, 2011) , 

namely, RCP4.5 and RCP8.5. The numerical domain common to all groups participating to the 

CORDEX Africa initiatives covers the entire Africa continent at a special horizontal resolution of 

0.44o and the model grid uses 194 points from West to East and 201 points from South to North 

Figure 2.1. CORDEX-Africa domains (source: http://cordex.dmi.dk/) 

In this work we analyze the climate change projections as simulated by the regional climate model 

COSMO-CLM (CCLM).  

Table 2.2. List of Regional Climate Model and Driving GCMs 

GCMs Name Institution acronym, 
country

GCMs Horizontal 
Resolution

RCM Institutions and Country of Origin

MPI-ESM-LR MPI-M, Germany 1.90*1.90 COSMO-CLM Max plank institute, Germany

CNRM-CM5 CNRM-CERFACS, 
France 1.40*1.40

COSMO-CLM National Center for Meteorological 
Research, France

EC- EARTH EC-EARTH, European 
consortium

1.1250*1.120 COSMO-CLM Earth System Model of the European 
Consortium

HadGEM2-ES Hadley Ceneter,UK 1.8750*1.250

COSMO-CLM the Hadley center, MOHC(Met Office 
Hadley Center and Institution(Nacional de 
Pesquisas Espaciais),UK

 

2.8. CORDEX PROJECT 
 

In 2009, World climate Research program (WCRP) has initiated Global Coordinated Regional 

Downscaling Experiment (CORDEX: http://wcrp-cordex.ipsl.jussieu.fr/) with the intention of 

producing an ensemble of high-resolution climate change projections by downscaling GCM 

simulations from Coupled Model Inter-comparison Project Phase 5 (CMIP5) data archive (Taylor et 

al., 2012) on 25Km and 50Km grid spacing for 14regions of the Globe. Africa was selected as the 

first target region for the World Climate Research programmes (WCRPs) in CORDEX 

(Coordinated regional downscaling Experiment). CORDEX consists of two phases: in the first 

phase downscaling centers are asked to downscale a reference /verification period using Interim 

European Center for Medium-Range Weather Forecasts (ECMWF) Re-Analysis (ERA-Interim) 

data (Dee et al., 2011) and in the second phase they use data from the Coupled model Inter-

comparison Project phase 5(CMIP5) GCMs from the period 195-2100.  

Nikulinet al. (2012) evaluates the ability of ten RCMs over Africa and concludes that all RCMs 

simulate the seasonal mean and annual cycle quite accurately. Likewise, it is verified that the mean 

of multi-model outputs do better than individual simulation. Hernández-Díazet al. (2013) 

http://wcrp-cordex.ipsl.jussieu.fr/
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strengthens the achievement of Nikulinet al. (2012). They successfully reproduce the overall 

features of geographical and seasonal distribution over most Africa. In their report, CORDEX 

simulations succeed in reproducing the average distribution of precipitation and its large 

geographical differences. 

 

Figure 2.1. CORDEX-Africa domains (source: http://cordex.dmi.dk/) 

Note: Top Left Corner (TLC); Center Point of the Northern Boundary (CNB); Top Right Corner (TRC); 
Centre point of the Western Boundary (CWB); Centre point of the domain (CPD); Centre point of the 
Eastern Boundary (CEB); Coordinates of the Bottom Left Corner (BLC); Centre point of the Southern 
Boundary (CSB); Bottom Right Hand Corner (BRC)  

2.9. Historical Development of Future Emissions Scenario 

Representative Concentration pathway (RCP’s)  

The potential future evolution of anthropogenic emission of greenhouse gases and other radio-

active forcing substances are depicted according to a set of scenarios spanning alternative future 

development. Past generation of climate projections, in particular experiments issued from the 

CMIP3 and integrated in the IPCC Fourth Assessment Report (AR4, IPCC 2007), were base on the 

family of green gas emission storylines (Nakicenovic et al., 2000). 

In particular, medium to high range emissions according to the SRES A1B scenarios were the focus 

of the discussions and climate impact research. Deferent types of emission scenarios are used in 

climate research to assess the long term impact of atmospheric greenhouse gases and pollutants 

based on the assumptions of population growth, economic development level, etc. Scenarios 

previously approved by the IPCC included in Table 2.3.  
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Table 2.3. List of emission scenarios used in IPCC reports 
Year Name Use in 

1990 SA90 First assessment Report
1992 IS92 Second Assessment report

2000
SRES- special Report on 
Emission and Scenarios Third and Fourth Assessment Report

2009
RCP- Representative 
Concentration Pathways Fifth Assessment Report  

(BJORNS, C. 2013) 

A new generation of scenarios was developed and later used within CMIP5 of the 

intergovernmental Panel on climate change (IPCC) Fifth assessment Report (RR5) published on 

2013-2014. The new scenarios are called Representative concentrations pathways (RCPs) have 

been defined as a basis for long term and near term climate modeling experiments in the climate 

modeling community (Van Vuurent et al., 2011). 

There are four RCPs as in Table 2.4 and Figure 2.2 defined by their level of the total radiative  

forcing pathway in the year 2100, and are representative for the existing literature about emission 

scenarios. The definitions of the RCPs allows for a parallel development of new socioeconomic, 

technical, and policy scenarios that provide insights into the impact of policy decisions on the future 

climate(Van Vuurent et al., 2011). 

Table 2.4. Description of the four Representative concentration pathways (RCPs), (Van Vuurent et 

al., 2011) 

  Description  Publication-IA Model 

RCP8.5 
Rising radiative forcing pathway leading to 
8.5 W/m2 (~1370ppm CO2 eq) by 2100. (Riah et al. 2007)-MESSAGE 

RCP6 

Stabilization without overshoot pathway to 6 
W/m2 (~850ppm CO2 eq) at stabilization 
after 2100 

(Fujino et al. 2006; Hijioka et al. 
2008)-AIM 

RCP4.5 

Stabilization without overshoot pathway to 
4.5 W/m2 (~650ppm CO2 eq) at stabilization 
after 2100 

(Clarke et al. 2007; Smith and Wgley 
2006; Wise et al. 2009)- GCAM 

RCP2.6 

Peak in radiative forcing at ~3W/m2 

(~490ppm CO2 eq) before 2100 and the 
decline (the selected pathway declines to 2.6 
W/m2 by 2100). 

(Van Vuurent et al., 2007a; Van 
Vuurent et al. 2006)-IMAGE 

Note; IA Model = Integrated Assessment model; MEASSAGE= Model for Energy Supply strategy 
Alternatives and their General Environmental Impact; International Institutes for applied Systems, Austria; 
AIM = Asia-pacific Integrated Model, National Institute for Environmental studies, Japan; GCAM= Global 
change Assessment Model, Pacific North West National Laboratory, USA(Previously referred to as 
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MiniCAM); IMAGE= Integrated Model to Assess the Global Environment; Netherlands Environmental 
assessment Agency, The Netherlands.    

RCPs primary characteristics and their development 

RCP 8.5(High Emission) was developed using the MESSAGE model and the IIASA Integrated 

Assessment Framework by the International Institute for Applied Systems Analysis (IIASA), 

Austria. This RCP is characterized by increasing greenhouse gas emissions over time, 

representative of scenarios in the literature that lead to high greenhouse gas concentration levels 

(Riahi et al. 2007).   

RCP6 was developed by the AIM modeling team at the National Institute for Environmental 

Studies (NIES) in Japan. It is a stabilization scenario in which total radiative forcing is stabilized 

shortly after 2100, without overshoot, by the application of a range of technologies and strategies 

for reducing greenhouse gas emissions (Fujino et al. 2006; Hijioka et al. 2008).   

RCP 4.5 was developed by the GCAM modeling team at the Pacific Northwest National 

Laboratory‘s Joint Global Change Research Institute (JGCRI) in the United States. It is a 

stabilization scenario in which total radiative forcing is stabilized shortly after 2100, without 

overshooting the long-run radiative forcing target level (Clarke et al. 2007; Smith and Wigley 2006; 

Wise et al. 2009).   

RCP2.6 was developed by the IMAGE modeling team of the PBL Netherlands Environmental 

Assessment Agency. The emission pathway is representative of scenarios in the literature that lead 

to very low greenhouse gas concentration levels. It is a ―peak-and-decline‖ scenario; its radiative 

forcing level first reaches a value of around 3.1 W/m2 by mid-century, and returns to 2.6 W/m2 by 

2100. In order to reach such radiative forcing levels, greenhouse gas emissions (and indirectly 

emissions of air pollutants) are reduced substantially, over time (Van Vuuren et al. 2007a). 

(Characteristics quoted from van Vuuren et.al. 2011). 

2.10. Comparisons of SRES and RCPs scenarios 
 

The four RCP scenarios used in CMIP5 lead to radiative forcing values that range from 2.6 to 8.5 

W m–2 at 2100, a wider range than that of the three SRES scenarios used in CMIP3 which vary 

from 4.2 to 8.1 W m–2 at 2100 (IPCC, 2013). The SRES scenarios do not assume any policy to 

control climate change, unlike the RCP scenarios. RCP4.5 and SRES B1 have similar radiative 

forcing at 2100, and comparable time evolution (within 0.2 W m–2). The radiative forcing of SRES 

A2 is lower than RCP8.5 throughout the 21st century, mainly due to a faster decline in the radiative 

effect of aerosols in RCP8.5 than SRES A2, but they converge to within 0.1 W m–2 at 2100 (IPCC, 
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2013). RCP6.0 lies in between SRES B1 and SRES A1B. According to Dufresne et al., 2013 and 

Rogelj et al., 2012 as cited on the IPCC, 2013 results obtained with one GCM and with a reduced-

complexity model confirm that the differences in temperature responses are consistent with the 

differences in radiative forcing estimates. RCP2.6, which assumes strong mitigation action, yields a 

smaller temperature increase than any SRES scenario. The temperature increase with the RCP4.5 

and SRES B1 scenarios are close and the temperature increase is larger with RCP8.5 than with 

SRES A2. The spread of projected global mean temperature for the RCP scenarios is considerably 

larger (at both the high and low response ends) than for the three SRES scenarios used in CMIP3 

(B1, A1B and A2) as a direct consequence of the larger range of radiative forcing across the RCP 

scenarios compared to that across the three SRES scenarios. Figure 4, shows the comparison among 

different RCP and SRES scenarios for CO2 emissions.  

 
Figure 2.2. Comparison of emissions in the SRES and RCP emission scenarios (IPCC, 2013) 

2.11. Bias-Correction Methods 

Often, outputs of regional climate models cannot be directly used for impact assessment as the 

computed variables may differ systematically from the observed ones. Bias correction is therefore 

applied to compensate for any tendency to overestimate or underestimate the mean of downscaled 

variables. Bias correction factors are computed from the statistics of observed and simulated 

variables. Bias correction methods are assumed to be stationary, i.e. the correction algorithm and its 

parameterization for current climate conditions are assumed to be valid for future conditions as 

well. However, a good performance during the evaluation period does not guarantee a good 

performance under changed future conditions. Teutschbein and Seibert (2012) provide a detailed 

discussion and state that a method that performs well for current conditions is likely to perform 

better for changed conditions than a method that already performs poorly for current conditions. 
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The correction method used in the study was the power transformation. The method uses the 

exponential form Xb   that is used to adjust the statistical variance standard deviation and coefficient 

of variation of precipitation time series. The temperature was bias corrected by variance scaling 

method. 

2.12. Coupling RCM and Hydrological Model 

The CORDEX -RCM outputs represent daily areal average values at the model resolution (~50 km) 

rather than the local values that make them not to be used directly in hydrological models. 

Moreover, the RCM outputs are reported to have inherent systematic biases due to their imperfect 

conceptualization, discretization and spatial averaging within grid cells. (Graham et al. 2007a) 

Therefore, in order to use the RCM outputs in the SWAT model further correction was made on 

precipitation and temperature data. Teutschbein and Seibert (2012) provided a recent review on the 

use of RCMs for hydrological models. They recommend that a bias correction is necessary for 

using the outputs in any hydrological models as RCMs are susceptible to systematic model errors 

caused by imperfect conceptualization, discretization and spatial averaging within grid cells. These 

biases are typically due to the occurrence of too many wet days with low-intensity rain or incorrect 

estimation of extreme temperature in RCM simulations. 

2.13. Hydrological Models 

2.13.1. Definition of Modeling 
 
There are many different reasons why modeling of the rainfall-runoff processes of hydrology is 

needed. The main reasons behind are a limited range of hydrological measurement techniques and a 

limited range of measurements in space and time (Beven, 2000). Therefore, it is necessary to 

develop a means of extrapolating from those available measurements in space and time to ungauged 

catchments and into the future to assess the likely impact of future hydrological change. 

Hydrological models are characterizations of the real world system. A wide range of hydrological 

models are used by the researchers, however the applications of those models are highly dependent 

on the purposes for which the modeling is made. Beven (2000) stated that many rainfall-runoff 

models are carried out purely for research purposes as a means of enhancing knowledge about 

hydrological systems. He also Add that other types of models are developed and employed as tools 

for simulation and prediction aiming ultimately to allow decision makers to improve decision 

making about hydrological problems.  

Before developing the hydrological models it is vital to understand how the catchment responds to 

rainfall under different conditions.   
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On the basis of process description, the hydrological models can be classified in to three main 

categories (Cunderlik, 2003). 

 

1. Lumped models. Parameters of lumped hydrologic models do not vary spatially within the 

basin and thus, basin response is evaluated only at the outlet, without explicitly accounting 

for the response of individual sub-basins. The parameters often do not represent physical 

features of hydrologic processes and usually involve certain degree of empiricism. These 

models are not usually applicable to event-scale processes. If the interest is primarily in the 

discharge prediction only, then these models can provide just as good simulations as 

complex physically based models. 

 

2. Distributed models. Parameters of distributed models are fully allowed to vary in space at a 

resolution usually chosen by the user. Distributed modeling approach attempts to 

incorporate data concerning the spatial distribution of parameter variations together with 

computational algorithms to evaluate the influence of this distribution on simulated 

precipitation-runoff behaviour. Distributed models generally require large amount of (often 

unavailable) data. However, the governing physical processes are modeled in detail, and if 

properly applied, they can provide the highest degree of accuracy. 

 

3. Semi-distributed models. Parameters of semi-distributed (simplified distributed) models 

are partially allowed to vary in space by dividing the basin in to a number of smaller sub-

basins. The main advantage of these models is that their structure is more physically-based 

than the structure of lumped models, and they are less demanding on input data than fully 

distributed models.  

 

Hydrologic models can be further divided into event-driven models, continuous-process models, or 

models capable of simulating both short-term and continuous events. Event-driven models are 

designed to simulate individual precipitation-runoff events. Their emphasis is placed on infiltration 

and surface runoff. Typically, event models have no provision for moisture recovery between storm 

events and, therefore, are not suited for the simulation of dry-weather flows. On the other hand, 

continuous-process models simulate instead a longer period, predicting watershed response both 

during and between precipitation events. They are suited for simulation of daily, monthly or 

seasonal stream flow, usually for long-term runoff-volume forecasting and for estimates of water 

yield (Cunderlik, 2003). Generally for this study, semi-distributed model is selected because of their 
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structure is more physically-based than the structure of lumped model, and they are less demanding 

on input data than fully distributed models.  

2.14. Hydrological Model Selection Criteria 

There are various criteria which can be used for choosing the right hydrological model for a specific 

problem. These criteria are always driven from research problems, since every project has its own 

specific requirements and needs. Further, some criteria are also user-depended (and therefore 

subjective). Among the various project-dependant selection criteria, there are four common, 

fundamental ones that must be always answered (Cunderlik, 2003): 

1. Required model outputs important to the project and therefore to be estimated by the model 

(Does the model predict the variables required by the project such as long-term sequence of 

flow?),  

2. Hydrologic processes that need to be modeled to estimate the desired outputs adequately (Is 

the model capable of simulating single-event or continuous processes?), 

3.  Availability of input data (Can all the inputs required by the model be provided within the 

time and cost constraints of the project?), 

4. Price (Does the investment appears to be worthwhile for the objectives of the project?).  

 

2.15. SWAT-hydrological model 
 

The SWAT model (Arnold et al., 1998) is a physically based model and requires data such as 

weather variables, soil properties, topography, vegetation and land management practices occurring 

in the catchment. The model was developed for continuous simulation, as opposed to single event 

models. The physical processes associated with water flow, sediment transport, crop growth, 

nutrient cycling, etc are directly modeled by SWAT using the above mentioned input data. Some of 

the advantages of the model includes: modeling of ungauged catchments, prediction of relative 

impacts of scenarios (alternative input data) such as changes in management practices, climate, and 

vegetation on water quality, quantity or other variables. SWAT also has a weather simulation model 

that generates daily data for rainfall, solar radiation, relative humidity, wind speed and temperature 

from the average monthly variables of these data. This provides a useful tool to fill in missing daily 

data in the observed records. 
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2.16. Flow Duration Curve  

A FDC is one of the most informative methods of displaying the complete range of river discharges 

from low-flows to flood events. It is a relationship between any given discharge value and the 

percentage of time that this discharge is equaled or exceeded. Vogel et al (1990) described FDC as 

simply a non-parametric cumulative distribution function (cdf) of daily stream flows at a site. A 

FDC may be constructed using different time resolutions of stream flow data: annual, monthly or 

daily. A FDC constructed on the basis of daily flow time series provide the most detailed way of 

examining the flow-duration characteristics of a river. Curves may also be constructed using some 

other time intervals, e.g. from m-day or m-month averaged flows from initially available daily or 

monthly data. FDCs may be calculated: (i) on the basis of the whole available record period, or (ii) 

‗Long-term average annual FDC. For gauged catchments, FDCs are constructed by reassembling 

the stream flow time series values in decreasing order of magnitude. All ranked flows are plotted 

against their ranks which are again expressed as a percentage of the total number of time steps. For 

ungauged catchments, FDCs can be constructed using various methods, such as (i) Regional 

regression approach, which generally involves developing regional mathematical models by 

relating low-flow indices or FDCs with catchment physiographic and climatic characteristics, (ii) 

Regional prediction curve, where FDCs for a number of gauged catchments of varying size in a 

homogeneous region can be converted to a similar scale, superimposed and averaged to develop a 

composite regional curve (To make curves from different catchments comparable, all flows are 

standardized by catchment area, mean or median flow or other ‗index‘ flow. A curve for ungauged 

site may then be constructed by multiplying back the ordinates of a regional curve by either 

catchment area or an estimate of the index low-flow depending on how the flows for the regional 

curve were standardized. The index flow is estimated either by means of regression equation or 

from regional map, (iii) Low-flow estimation from synthetic stream flow time series - the 

alternative approach to low-flow estimate at ungauged sites is to utilize a time-series simulation 

method (stochastic and deterministic) to generate a satisfactorily long length of stream flow data 

and to calculate a set of low-flow indices and/or FDCs from the simulated series.  

When analyzing stream flow to construct an installation such as a reservoir and headwork on a 

river, two questions are frequently asked: (1) how often will the streamflow occur in the future? 

And (2) what will be the magnitude of the streamflow? Flow duration curves are the main tools to 

deal with these two questions. These curves present the percentage of times that the flow in a stream 

is likely to exceed or be equal to a specified value of the flow. These curves can be applied in 

different kinds of studies such as hydropower management, reservoir sedimentation, water quality 
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management, and low and high flow studies. The following equation is used to construct the flow 

duration curves: 

 ( )  
 

(   )
     

P or the probability of flow is equal to or exceeds a specified value (% of time), M is the rank of 

events, and N is the number of events in a specified period of time. In the present study, the 

Monthly time series were used to construct the flow duration curves for the base period (1986–

2005) and for the two window periods: the 2011-2030s and, 2031-2050s. 

INTERPRETATION OF FDC:  

The shape of the FDC is an indication of hydrological conditions in the catchment. The entire low-

flow section of the curve may be interpreted as an index of groundwater (and/or subsurface flow) 

contribution to stream flow. If the slope of the low flow part of the FDC is small, 

groundwater/subsurface flow contribution is normally significant and low-flows are sustainable. A 

steep curve indicates small and/or variable base flow contribution. A FDC is sometimes referred to 

as the ‗signature‘ of a catchment, as it describes its behavior and response. A flat FDC indicates 

little variability in the flow (slow response to rainfall), whereas a steep FDC indicates high 

variability in the flow magnitude (quick response to rainfall) is shown in Figure 2.3. 

 

     Figure 2.3.Shape of FDC represents catchment response behavior (Vogel et al, 1990) 
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3. DESCRIPTION OF THE STUDY AREA 

3.1. Omo Gibe River Basin 

The Omo-Gibe basin is one of the major river basins in Ethiopia and is situated in the south western 

part of the country covering parts of Southern Nations, Nationalities and Peoples Region (SNNPR) 

and Oromia region. The basin covers an area of 79,000 km2 with a length of 550 km and an average 

width of 140 km. The basin lies between 4.00° and 9°22‘N and 34.44° and 36°E with an average 

altitude of 2800masl. The total mean annual flow from the river basin is estimated about 16.6 BMC. 

The Omo Gibe basin is Ethiopian‘s second largest river system after that of the Blue Nile, 

accounting for 14% of Ethiopian‘s annual runoff. It flows from the northern highlands through the 

lowland zone to discharge into Lake Turkana at the Ethiopia/Kenya border in the south and is fed 

along its course by some important tributaries. Figure 3.1 shows the location area of Gibe III River 

catchment in Ethiopia. 

      

Figure 3.1. Location Map of study area  

3.1.1. Climate 

The climate of Omo-Gibe River basin varies from a hot arid climate in the southern part of the 

flood plain to a tropical humid one in the highlands that include the extreme north and north-

western part of the Basin. Intermediate between these extremes and for the greatest part of the basin 

the climate is tropical sub-humid.  
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3.1.2 Rainfall  

Rainfall in Omo-Gibe basin varies from over 1900 mm per annum in the north central areas to less 

than 300mm per annum in the south. The amount of rainfall decreases throughout the Omo-Gibe 

catchments with a decrease in elevation. Moreover, the rainfall regime is uni- modal for the 

northern and central parts of the basin and bimodal for south. 

3.1.3. Temperature  

The mean annual temperature in Omo-Gibe basin varies from 160C in the highlands of the north to 

over 300C in the lowlands of the south. The maximum temperature is higher at the southern part 

downstream of Gibe III of the basin especially at Morka mean annual maximum temperature 

reaches up to 30.6 0C. There is a little variation in minimum temperature which varies from 9.20C in 

northern part of the basin example in Gedo to 160C in southern part of the basin at Jinka. 

3.1.4. Topography 

The topography of the Omo-Gibe basin as a whole is characterized by its physical variation. The 

northern two-thirds of the basin has mountainous to hilly terrain cut by deeply incised gorges of the 

Omo, Gojeb, and Gilgel-Gibe Rivers,  The northern and central half of the basin lies at an altitude 

greater than 1500 masl with maximum elevation of 3360 masl (located between Gilgel-Gibe and 

Gojeb tributaries). 

The head waters of the Gibe River are at an elevation of about 2200 masl. Although there are some 

important tributaries from different directions, the general direction of flow of the Gibe River is 

southwards, towards the Omo River and then to Lake Turkana a fault feature, filled with alluvial 

and lacustrine sediments of recent origin associated with the Great Rift Valley. The Gibe River is 

known as the Omo River in its lower reaches, south-westwards from the confluence with the Gojeb 

River.  

3.2. Description of the three hydropower stations 

3.2.1. Gibe I 
 

The single plant adopted scheme is a purely hydroelectric project, aimed to increase energy and 

power supply to the National Grid. It is located on the Gibe River, some 260 km Southwest of 

Addis Ababa and 70 km North East of Jimma in the Oromiya Region. The catchment area covers 

about 4225km2 Gibe III. It has an installed capacity of 184 MW. The general future of Gibe I 

described in table  
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Table 3.1.basic future of Gibe I hydropower plant (EEPCo, 2004)  

                   Hydrology  Unit 
Catchment area 4225 Km2 

 
Average annual flow 50.4 m3/s 
Annual runoff 1578 Mm3 
                       Reservoir   
Maximum normal water level 1672 m. a.s.l. 
Normal operating level 1671 m. a.s.l. 
Minimum operating level 1653 m .a.s.l. 
Total storage 839 Mm3 
Live Storage 657 Mm3 
                         Dam   
Rock fill with bituminous upstream facing 1675  

Crest elevation 1675 m .a.s.l. 
Maximum height 40 m 
Installed capacity 184 MW 

3.2.2. Gibe II 
 

The Gibe II Power station is the second hydroelectric power station on the Omo River. The power 

station receives water from a tunnel entrance 7°55′27″N 37°23′16″E on the Gibe River. It has an 

installed capacity of 420 MW and was inaugurated on January 14, 2010. Almost two weeks after 

inauguration, a portion of the head race tunnel collapsed causing the station to shut down; repairs 

were complete on December 26, 2010. 

The Gibe II consists of a power station on the Omo River that is fed with water from a headrace 

tunnel and sluice gate on the Gibe River. The headrace tunnel runs 25.8 km under  the  Fofa  

Mountain  and  converts  into  a  penstock  with  a  500 m  (1,600 ft)  drop. When the water reaches 

the power station, it powers four Pelton turbines that operate four 107 MW generators. 

The Gibe II plant uses the waters discharged by Gibe I and has a gross head of 505 m used by an 

open air power station of 420 MW installed capacity. This new head is created by a waterway that 

bypasses about  10 Km of the two rivers (Gibe  and Omo).The  intake  is  located  on  the  Gibe  

river  about  200  m  downstream  of  the   Gibe  I outlet.  The waterway crosses the ridge between 

the Gibe valley and the Omo valley by means of 25.8 km of tunnel and 1.2 km of penstocks.  The 

flow discharged by the turbines of Gibe I plant and diverted into the Gibe II intake (EEPCo, 2004). 

The following table shows the basic features of this hydropower station. 
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Table 3.2.basic future of Gibe II hydropower plant (EEPCo, 2004)  

             Hydrology  Unit 
Catchment area 4304 Km2 
Average flow (receives a regulated flow from 
Gilgel Gibe I dam) 

101.5 m3/s 

            Reservoir   
Max probable flood level(Q= 2325 
m3/s),corresponding to Max operating level 

1437.6 m.a.s.l. 

Normal operating level (max retained level) 1431.5 m.a.s.l. 
Minimum operating level 1424 m.a.s.l. 
Total storage 1.9 Mm3 
                 WEIR   
Crest Elevation 1439 m.a.s.l. 
Max Height (u/s) 49 m 
Crest Length 140 m 

3.2.3.  Location of Gibe-III catchment   
The Omo-Gibe basin is one of the major river basins in Ethiopia and is situated in the southern part 

of Mereka Gena Woreda of the Dawro zone and Kindo Koyisha Woreda of Sodo zone of the 

southern nation nationalities people Regional state.  Gilg III hydropower plant is the third plant of 

the Gibe cascade hydroelectric potential in Omo-Gibe river basin. The dam has 34150 km2 

catchment areas, found at some 400km south West of Addis Ababa and 150km south west of 

Hawasa [EEPCO, 2006]. The project is located (coordinates 312200 E, 757200 N, dam axis). 

Figure 3.2 depicts the locations of Gibe III cascaded dam.  

 
 Figure 3.3. Location of main hydropower stations in Omo Gibe basin 
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Material Used  

The materials used for this research were:- 

 
Data Type Source Period Description Remark 
Weather National Meteorological  

Agency of Ethiopia 
1986-
2005 

Daily precipitation, 
Maximum and 
minimum temperature 

long period 
missing 

Hydrology Ministry of Water, 
Irrigation and Electricity of  
Ethiopia 

1986-
2005 

Daily flow data long period 
missing 

Land  
use/cover 

 (MERIS land use land 
cover,2009) 

2009 Land use  
classification map 

 

Soils Soil geo-database of 
Ethiopia‘ prepared by 
(Belete B.,et al,2013). 

2013 Soil classification  
map 

Single layer 

DEM NASA  ASTER DEM 30x30m 
ARC-SWAT 
ARC-GIS  
Cordex-RCM 
Global Mapper 

SWAT2012 
Version 10.20 
Resolution 0.440  
Version 10.02 
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4.  METHODOLOGY 

For assessing of future hydrologic regime in the selected sub-basin the following three major steps, 

has been followed first, the hydrologic model is calibrated and validated using observed climate 

variable in Arc-swat hydrological model. Before model calibration data quality checking through 

homogeneity and consistency test and filling of missing data has been conducted. 

First, the outputs of the future simulation starting from (2011-2050) were ensemble and analyzed. 

The period was separated into three-time slices namely Historical (1986- 2005), near term (2010-

2030) and mid-term (2031-2050). The study determines the future water availability using the 

reference datasets with the assumption that the land use shall not change over time. 

Second, the daily RCMs output are extracted from grid cells covering the Gibe III River basin from 

the available source and the performance of the dynamically downscaled models' simulations were 

evaluated using a suit of statistical measures in capturing and representing mean annual rainfall of 

the river basin over the period (1986–2005). Bias corrections were carried out for RCMs output to 

the nearby observed stations on the watershed; then the future changes in maximum and minimum 

temperature and precipitation were assessed in the basin.  

Third, the bias corrected RCM outputs is used in SWAT hydrologic model in order to understand 

the hydrologic behavior of the basin for the scenario periods. The bias correction of climate outputs 

were using power transformation for precipitations and Variance scaling method for temperature, 

by comparing the observed precipitation and temperature at each station with the overlapping grid 

points of the RCM.  

For the hydrological analysis, the model is set to run for two specified window periods of (2011-

2030) and (2031-2050) as a scenario period under the two emission scenario projections of the 

selected RCMs. The high and low flow behavior is then evaluated by constructing the flow duration 

curves (FDCs) on monthly base. Rainfall runoff model at different sub catchments developed by 

using Soil Water Assessment tool (SWAT) software for determining runoff resulted from 

intervening rainfall to evaluate the inflow performance of Gibe III reservoir. 

4.1. Data Availability and Analysis 

4.1.1. Hydro meteorological data 

Hydrological model SWAT largely depends on hydro meteorological data such as precipitation, 

temperature, relative humidity, wind speed and solar radiation and hydrological data such as river 
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discharge. To obtain reliable model output, the quality of input data has been checked for 

consistency using Double mass curve. The climatic variable required by SWAT consists of daily 

precipitation, maximum/minimum air temperature, solar radiation, wind speed and relative 

humidity. The model allows values for daily precipitation, maximum/ minimum air temperatures, 

solar radiation, wind speed and relative humidity to be input from records of observed data or 

generated during the simulation. Meteorological data were collected from National Meteorological 

Agency (NMA)  

Meteorological stations  

The most important time series data necessary for the research is rainfall data. These data were 

collected from Meteorological Agency. Even though there are 86 rainfall stations in and nearby of 

the basin, a representative of 10 rainfall stations of daily PPT were collected for the analysis of 

areal precipitation for the study area (Figure 4.1). The rainfall records that obtained from National 

Meteorological Agency cover the length of years from 1986 to 2005. 

 

Figure 4.1. Selected weather stations of Gibe III Catchment 

Filling of missing weather data 

In this study missing of observed rain rainfall and Temperature values are estimated by multiple 

regressions using XLSTAT by filling each from its neighboring stations. For Missing weather data 

will leave as it was in name.txt format and a negative (-99.0) inserted for missing data. This value 

tells SWAT to generate weather data for that day. The model generates a set of weather data for 
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each sub basin. The same weather generator technique was applied for filling in maximum and 

minimum temperature. 

4.1.2. Checking Precipitation data quality/Consistency 

Homogeneity of recording stations  

The consistency and homogeneity of rainfall data from individual stations was evaluated. 

Homogeneity for some stations was tested by computing non-dimensionalzing of rainfall data by 

dividing the monthly time series data by the average rainfall amount of the respective year. As 

shown in the       Figure 4.2, one can see the homogeneous nature of the stations in study region.  

100*
P
PiPi  --------------------------------------------------------------------------- (4.1) 

Where:-  

Pi = Non dimensional value of PP for month i 

P = over years averaged monthly precipitation for the station i 

iP = the over years average yearly precipitation of the station and plotted to compare the stations 

included in the computation of area rainfall with each other as shown in  Figure 4.2. 

 

      Figure 4.2.Homogeneity tests for rainfall stations 
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Consistency of recording stations  

To assess the data consistency the Double Mass Curve analysis has been used for the period of 

1986-2005. Cumulated values of a given station are plotted against accumulated values of the 

average value of other stations, over the same period of time. Through the double mass curve in-

homogeneities in the time series (in particular jumps) can be investigated, if for a change in 

observer record, in rain-gauge type, etc. This is indicated in double mass plot, showing an inflection 

point in the straight line. The data series, which is inconsistent, can be adjusted to consistent values 

by proportionality. Figure 4.3 plotted for checking of consistency of rainfall, shows Most of the 

stations were consistent except Dedo, Limu Genet and Gedo stations for these stations the necessary 

adjustment have been applied and adjusted.   

 

Figure 4.3.Consistency test graph for all the stations 

 

4.2. Estimation of Areal Precipitation  

In order to achieve accurate estimation of the spatial distribution of rainfall the Thiessen polygon 

method was considered because this method is the most important in engineering praxis especially 

in engineering hydrology. The method weighs each gauge in direct proportion to the area it 

represents of the total basin without consideration of topography or other basin physical 

characteristics.  Station weights are scalar factors used to transform point precipitation observed at 

this rainfall gauging stations into an associated mean precipitation over an area that the station data 

are assumed to represent. Arial precipitation of the Gibe III watershed is indicated on Figure 4.4 

and Table 4.1. The area represented by each gauge is assumed to be that which is closer to it than to 

any other gauge. If there are n station with rainfall value P1, P2, P3….Pn and A1, A2, A3,….An are 
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the area of the respective theissen polygons, the average rainfall over the catchment Pav is 

computed as:  

AnAAA
PnAnAPAPPav





...321
....2211

----------------------------------------------------------- (4.2) 


n

i A
AiPiPav ------------------------------------------------------------------------------(4.3) 

   Where, 
A
Ai  = weight factor for each station 

.   

Figure 4.4.Theisson Polygons for Gibe III Catchment 

Table 4.1.Rainfall Stations and their Corresponding Area 

 

 

 

 

 

S/No Rainfal Stations Area Km2 % area Cover
1 Assendabo 2734.98 8.01
2 Chida 3288.65 9.63
3 Chira 3403.5 9.97
4 Dedo 1990.54 5.83
5 Gedo 4575.97 13.4
6 Jimma 1217.29 3.57
7 Limu Genet 2619.99 7.67
8 Sekoru 4096.86 12
9 Woliso 5175.08 15.16
10 Hosana 5033.9 14.75
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4.3. Regional Climate Model Data 
 

The climate model data used were obtained from outputs of high resolution regional climate models 

of CORDEX RCMs (Flippo Giorgi, 2009), dynamically downscaled by the regional climate model 

of consortium for small scale modeling, Climate Limited area Modeling (COSMO-CLM or CCLM, 

http://www.clm-comunity.eu) (Baldauf et al., 2011). The COSMO-CLM model uses large scale 

lateral boundary conditions from four GCMs; CNRM, MPI_ESM_LR, EC_EARTH and 

HadGEM2ES. An ensemble of the CCLM model has historical runs driven by 4 different GCMs 

(Dosio et al., 2015), which covers from 1950-2005 for control period whereas the projections 

(2006-2100) are forced by two representative concentration pathways (RCPs), namely RCP4.5 and 

RCP8.5future emission scenarios. The  future  climate  change  scenarios  considered  for  this  

investigation  consisted  of  three GCMs (CNRM, MPI_ESM_LR (MPI) and EC_EARTH) due to 

time limitation. These future climate emission scenarios are based on the fifth Intergovernmental 

Panel for climate change (IPCC) report (Endris et al., 2013). The data correspond to two RCP 

scenarios of RCP4.5 and RCP8.5 for the period 1950-2100 can be obtained from CORDEX-Africa 

database.The selected two RCPs are medium‐low and high radiative forcing scenarios, respectively.

 The two RCPs use radiative forcing values of 4.5 and 8.5 W/m−2, respectively.  

The RCMs grid output that correspond to the study site were indicated in Figure 4.5. As indicated 

on the fig with the spatial resolution of 0.440 there are 25 grid points within the catchment for the 

study area. For climate change data processing the next steps were followed. 

 The first step was to download simulated daily maximum and minimum temperatures and 

daily amounts of precipitation from CORDEX project (Coordinated Regional Climate 

Downscaling Experiment) at spatial grid resolution of 0.44o (~50 Km)  (http://esgf-

data.dkrz.de/login/?next=http://esgf-data.dkrz.de/search/cordex-dkrz/) 

 The second step was to extract the RCM overlapping grids that fall into the study area for 

the Selected gauging stations from step one. Then, basin average climate model time series 

data were calculated using area weighted average for ten grid boxes.  

 The third and final step was to calculate the biases for the historical and future scenarios. In 

this step the bias correction is for daily precipitation and temperature data. Figure 4.5 shows 

location of all grid points within the catchment. 

http://www.clm-comunity.eu/
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Figure 4.5.CORDEX-RCM Grid cells covering the study area   

4.4. Correction of biased RCM simulations 

4.4.1. Purpose of bias correction 

Bias correction procedures employ a transformation algorithm for adjusting RCM output. The 

underlying idea is the identification of possible biases between observed and simulated climate 

variables, which is the basis for correcting both control and scenario RCM runs. Bias correction 

methods are assumed to be stationary, i.e., the correction algorithm and its parameterization for 

current climate conditions are also valid for future conditions. The following bias correction 

methods to adjust RCM simulations were used: (1) power transformation, (2) variance scaling 

Power Transformation for precipitation  

The precipitation is usually varied spatially and highly nonlinear in nature. Power transformation is 

a nonlinear method which corrects both mean and variance of precipitation (Yang, et al, 2015). In 

this study the RCM data of precipitation was bias corrected by using Power Transformation Method 

because it corrects the mean, variance and coefficient of variation (CV), leads to a better copy of 

observed precipitation. The correction method is applied by comparing the daily observed 

precipitation at each station with the nearest grid point of the RCM considering the grid points as a 

single station on the watershed. The power transformation method is explained in the following 

equations: 

P*=a.Pb ------------------------------------------------------------------------------------------------ (4.9) 

Where, P* is corrected precipitation, P is simulated precipitation. The parameters a and b is 

estimated by equalizing the coefficient of variation (CV) of the corrected simulations Pb and CV of 

A B 
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the observed values, both from the calibration/optimization period. Parameter b was first 

determined iteratively by ensuring that the CV of the corrected precipitation matched that of the 

observed. Then parameter a, which depends on the value of b, was determined by matching the 

means of the corrected and observed precipitation. 

Variance Scaling for Temperature 

The PT method is an effective method to correct both the mean and variance of precipitation, but it 

cannot be used to correct temperature time series, as temperature is known to be approximately 

normally distributed (Yang et al, 2015). The VARI method was developed to correct both the mean 

and variance of normally distributed variables such as temperature (Teutschbein and Seibert, 2012). 

Temperature is normally corrected using the VARI method with Eq. (4.6).  

           
 (    )

 (    )
(          )---------------------------------------------------- (4.10)                                    

Where        :  the corrected daily temperature.      : the uncoracted daily temprature from RCM 

model and       : the observed daily temprature while      is mean observed temprature and 

     is  mean simulated temprature. 

4.4.2. Performance measures of CORDEX rainfall simulations 

The performance of the CORDEX rainfall simulations are statistically based and include Bias, Root 

Mean Squared Error (RMSE), Correlation coefficient and Coefficient of Variation (CV) of the 

models. The measures are defined as: 

         
           ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅
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-----------------------------------------(4.13) 

       
  

 
 --------------------------------------------------------------------------------- (4.14)  

where the over bar symbol denotes the mean statistical operation over the analysis period (1986–

2005); the analysis period (N) covers 20 years; R denotes basin-averaged rainfall amount on a 

certain year (t); subscripts RCM and Gauge indicate basin rainfall amounts obtained from either 
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RCM simulations or the reference gauge network respectively; σ refers to standard deviation of 

either the RCM or gauge data. R without subscript indicates that the statistics is estimated 

separately for either RCM or Gauge basin rainfall amount. 

4.5. SWAT Hydrological Model selection  
 

A hydrological model Soil and Water Assessment tool (SWAT) was selected as the best modeling 

tool owing to many reasons. First and for most it is a public domain model and it is used for free. 

Secondly in countries like Ethiopia, there is a shortage of long term observational data series to use 

sophisticated models; however, SWAT is computationally efficient and requires minimum data. 

Besides, several researchers have used SWAT model in Ethiopia. For instance, SWAT model 

applicability and performance was checked in Lake Tana Basin and gave satisfactory results 

(Setegn et al. 2010). Mengistu and Sorteberg (2012) used the SWAT model to investigate the 

sensitivity of SWAT simulated stream flow to climatic changes within the Eastern Nile River basin. 

Based on the previous experiences of SWAT model obtained in Ethiopia and the above reasons the 

SWAT model is preferred for this study. The description of the model, model inputs and model 

setup are discussed in detail in the subsequent sections. 

4.6. Hydrological Modeling using SWAT  
 

The simulation of the hydrology of a watershed is done in two separate divisions. One is the land 

phase of the hydrological cycle that controls the amount of water, sediment, nutrient and pesticide 

loadings to the main channel in each sub-basin. Hydrological components simulated in land phase 

of the hydrological cycle are canopy storage, infiltration, redistribution, evapo-transpiration, 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. 

 

        ∑ (                       ) 
   -----------------------------(4.15) 

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 evapo-transpiration on day i (mm), Wseep  is 
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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). 

Using the above equation the soil moisture content for the given area is simulated. Since the soil 

moisture storage is the main concern of this study, the brief description of some of the key model 

components are provided in this thesis. Soil water may follow different paths of movement: 

vertically upward (plant uptake), vertically downward (percolation), or laterally-contributing to 

stream flow. The vertical movement as plant uptake removes the largest portion of water that enters 

the soil profile.  

The amount of soil water is usually measured in terms of water content as percentage by volume or 

mass, or as soil water potential, this soil water content is highly depends on the water balance 

values given in Equation 4.15. Mostly, taking the precipitation as source of soil water content and 

reduction of runoff, actual evapo-transpiration, and ground water from precipitation is result in 

availability of water in the soil. Therefore, SWAT model revealed quantitatively the value of soil 

water content (SW) depends on the above water balance values. 

However, water content does not necessarily describe the availability of the water to the plants, 

indicates how the water moves within the soil profile. The only information provided by water 

content is the relative amount of water in the soil. Soil water dynamics can be thought of as 

comparable to a sponge. When a sponge is saturated by soaking it in water when it is lifted out of 

the water, any excess water will drop off it. This is equivalent to drainage from the macro pores in 

the soil. Once the sponge has stopped dripping it is at field capacity.  

When the sponge is squeezed it is easy to get the first half of the water out. This first squeeze is 

equivalent to draining the sponge to the stress point and the water is removed like the RAWC 

(readily available water-holding capacity). Squeezing the second half of the sponge out is much 

harder. This is like draining the sponge to permanent wilting point. The total water squeezed out of 

the sponge from when it stopped dripping is the TAWC (Total Available Water-Holding Capacity). 

But no matter how hard the sponge is squeezed there is no way to get all the water out of it. The 

water left is the equivalent to the hygroscopic water found in soil. 

This sponge analogy is similar to how plant roots find getting moisture from the soil. From field 

capacity to the stress point it is easy to get the water. From the stress point to the permanent wilting 

point plants find it much harder to draw water from the soil and their growth is stunted. Below the 

permanent wilting point no further water can be removed and the plant dies. 
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Percolation is the downward movement of water in the soil. SWAT calculates percolation for each 

soil layer in the profile. Water is allowed to percolate if only the water content exceeds the field 

capacity of that layer (Neitsch et al., 2002).  

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 procedure and the Green 

& Ampt infiltration method. Using daily or sub daily rain-fall, SWAT simulates surface runoff 

volumes and peak runoff rates for each HRU. The SCS curve number method was used to estimate 

surface runoff because of the unavailability of sub daily data for Green & Ampt method.  

Lateral flow is common in areas with high hydraulic conductivities in surface layers and an 

impermeable or semi-permeable layer at a shallow depth. Rainfall will percolate vertically up to the 

impermeable layer and develops a saturated zone stored above this layer. This is called a perched 

water table, which is the source of water for lateral subsurface flow. SWAT incorporates a 

kinematic storage model for subsurface flow (Neitsch et al., 2002). 

Peak discharge or the peak surface runoff rate is the maximum volume flow rate passing a 

particular location during a storm event. SWAT calculates the peak runoff rate with a modified 

rational method. In rational method it is assumed that a rainfall of intensity i begins at time t = 0 

and continues indefinitely, the rate of runoff will increase until the time of concentration, t = tconc. 

The modified rational method is mathematically expressed as: 

      
              

         
  -------------------------------------------------------------- (4.16) 

Where: qpeak  is the peak runoff rate (m3/s), αtc  is the fraction of daily rainfall that occurs  During 

the time of concentration, Qsurf is the surface runoff (mm), Area is the sub-basin area  (km²), tconc 

is the time of concentration (hr), and 3.6 is a conversion factor. 

Potential evapo-transpiration- there are many methods that are developed to estimate potential 

evapo-transpiration (PET). Three methods are incorporated into SWAT: the Penman-Monteith 

method, the Priestley-Taylor method, and the Hargreaves method. In this study potential evapo-

transpiration is calculated with the Hargreaves‘ approach due to missing or unavailability of 

weather data for the stations used. For stations with only temperature but no other variables 

required by Hargreaves method can be used to calculate potential evapo-transiparation. Hargreaves 

derived an equation to calculate potential evapo-transpiration using only temperature, which is a 

measurement that can be made most accurately, and extraterrestrial radiation Ra using the relation: 
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PETHG = 0.0023*Ra*(Tmean + 17.8)*√(         )  ------------------------------------ (4.17) 

Where: PETHG is the potential evapo-transpiration by the Hargreaves method (mm/day), Ra is the 

extra-terrestrial radiation (mm/day); Tmean is the average temperature (°C); Tmax and Tmin are 

the maximum and minimum temperature (°C), respectively. 

Groundwater the simulation of groundwater is partitioned into two aquifer systems i.e. an 

unconfined aquifer (shallow) and a deep-confined aquifer in each sub basin. The unconfined aquifer 

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). The water 

balance for a shallow aquifer is calculated with equation 4.18. 

                                         ----------------------- (4.18) 

Where: 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 percolating from the shallow 

aquifer into the deep aquifer on day i (mm), and Wpump, sh is the amount of water removed from 

the shallow aquifer by pumping on day i (mm). 

 

4.7.1. Routing phase of the hydrological cycle   

The second phase of the SWAT hydrologic simulation, the routing   phase, consists of the 

movement of water, sediment and other constituents (e.g. nutrients, pesticides) in the stream 

network. As an optional process, the change in channel dimensions with time due to down cutting 

and widening is also included.  

The rate and velocity of flow is calculated by using the Manning‘s equation. The main channels or 

reaches are assumed to have a trapezoidal shape by the model. Two options are available to route 

the flow in the channel networks: the variable storage and Muskinghum methods. Both are 

variations of the kinematic wave model. While calculating the water balance in the channel flow, 

the transmission and evaporation are also well considered by the model.  

The variable storage method uses a simple continuity equation in routing the storage volume, 

whereas the Muskinghum routing method models the storage volume in a channel length as a 

combination of wedge and prism storages. In the latter method, when a flood wave advances into a 
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reach segment, inflow exceeds outflow and a wedge of storage is produced. As the flood wave 

recedes, outflow exceeds inflow in the reach segment and a negative wedge is produced. In addition 

to the wedge storage, the reach segment contains a prism of storage formed by a volume of constant 

cross-section along the reach length.  

The variable storage method was adopted. The method was developed by (Williams, 1969) and 

used in the ROTO (Arnold et al., 1995) model. Storage routing is based on the continuity equation: 

                 --------------------------------------------------------------------(4.19) 

Where: VIN is the volume of inflow during the time step (m3 water), Vout is the volume of outflow 

during the time step (m3 water), and Vstored is the change in volume of storage during the time 

step (m3 water). Detail of the equation was given in SWAT manual. 

 
4.8.2. Watershed Delineation 

As mentioned in previous sections, the watershed delineation was carried out based on an automatic 

delineation procedure based on a Digital Elevation Model (DEM). Default threshold sub-basin area 

that is suggested by the model was used to define the minimum drainage area to form the origin of a 

stream. The watershed is divided into 21 sub-basins and 201 Hydrologic Response Units (HRUs). 

The total area of the delineated basin is reported by the delineator as 3413436.94 ha 

(34,134.36km2) while the delineated basin and its 21 sub-basins are depicted in Figure 4.6. 

 

Figure 4.6. Delineated basin and its 21 sub-basins 
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4.9. SWAT Model data input and preparation 

4.9.1. 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 will also use for prediction of stream flow and calibration purposes. 

4.9.2. Spatial Data Projection 

All spatial data sets were projected to UTM 37 North and D_WGS_1984 datum (Table 4.2). Re-

projections were done using ArcGIS 10.2‘s raster and vector standard world re-project tools. 

ArcSWAT requires all data to be in the same projection before any GIS processing can take place. 

The UTM projection was chosen as it is commonly used for larger areas in GIS. 

Table 4.2.Transverse Mercator projection parameters used in the study 

 

4.9.3. Land Cover 

The land use map of Gibe III originally extracted from MERIS, 2009 to produce the land use map 

of the study area. Like with the DEM, the land cover was then cropped to fit the study area by 

overlying the Omo-Gibe watershed. MERIS land use data were prepared as per requirement of 

SWAT model and reclassified using SWAT2012 land use database as shown on the following 

figure. The details of SWAT land use code is given in Table 4.4 and Figure 4.7 

 

 

 

 

 

Projection Transverse Mercator

Projected Coordinate WGS_1984_UTM_Zone_37N

Geographic Coordinate system GCS

Datum D_WGS_1984

False_Easting 500000

False_Northing 0

Central_Meridian 39

Scale factor 0.99926

Latitude Origin 0

Linear unit Meter
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Table 4.3. Land cover types as redefined by SWAT Code 

 

Table 4.4.SWAT land cover of the study area with their aerial coverage 
 

 

Original Land use Redefined Land use according to 
SWAT database 

SWAT Code

Rain fed croplands Agricultural Land Generic AGRL

Mosaic cropland (50-70%) / vegetation
(grassland/shrub land/forest) (20-50%)

Agricultural Land-Close-grown AGRC

Open (15-40%) broadleaved deciduous
forest/woodland (>5m)

Forest-Evergreen FRSE

Mosaic forest or shrub land (50-70%) / grassland
(20-50%)

Smooth Bromegrass (grass chiefly
herbaceous including cereals)

BROS

Bare areas Barren BARR
Water bodies Water WATR

Closed to open (>15%) herbaceous vegetation
(grassland, savannas or lichens/mosses)

Pasture PAST

Mosaic grassland (50-70%) / forest or shrub land
(20-50%) 

Range-Brush RNGB

Closed to open (>15%) (broadleaved or needle
leaved, evergreen or deciduous) shrub land (<5m)

Range-Grasses RNGE

Mosaic vegetation (grassland/shrub land/forest)
(50-70%) / cropland (20-50%) 

Forest-Deciduous FRSD

Closed to open (>15%) broadleaved evergreen or
semi-deciduous forest (>5m)

Forest-Mixed FRST

Agricultural Land Generic AGRL 105500 2.821

Agricultural Land-Close-grown AGRC 2191000 58.583

Forest-Deciduous FRSD 7089 18.954

Forest-Mixed FRST 92400 2.471

Forest-Evergreen FRSE 162000 4.331

Smooth Bromegrass BROS 52800 1.411

Range-Brush RNGB 3000 0.08

Range-Grasses RNGE 418000 11.177

Pasture PAST 500 0.013

Barren BARR 5100 0.136

Water WATR 700 0.019

Land Use SWAT 
Code

Area (ha) % Area Watershed
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Figure 4.7. Land Cover Map of the Study Area 

4.9.4. Soil 

SWAT model basically needs the soil data to define HRUs. The soil map for this study was 

obtained from the GIS-based hydrological zones and soil geo-database of Ethiopia (2013). 

In order to integrate the soil map within the SWAT model, it was necessary to make a User Soil 

Database. In this database all types of soils in the study area were represented, and coupled with 

their characteristics Table 4.5 and Figure  4.8 shows the soil types of the study area with their 

corresponding area in hectare and percent.  

Table 4.5.Soil types of the study area with their aerial coverage 

 

(GIS-based hydrological zones and soil geo-database of Ethiopia, 2013) 

Soil Type Symbol Area 
(ha)

% Watershed Area
CHLUVISOLS LVx 200 0.005
DYVERTISOLS VRd 640600 17.157
EUVERTISOLS VRe 1220900 32.699
HUALISOLS ALu 332800 8.913
HUNITISOLS NTu 205200 5.496
LTLEPTOSOLS LPq 590500 15.815
RNLEPTOSOLS LPk 743500 19.913



40 
 

 

Figure  4.8.Soil map of Gibe III basin  

4.9.5. HRU Definition 
 

The HRU definition was performed through the ‗HRU analysis‘ module that requires the land 

use/land cover, the soil and slope of the basin. There are three options available in ARCSWAT for 

the definition of HRUs (Neitsch et al., 2005). We adopted the method that considers spatial 

variability of the processes and the datasets were prepared in spatial format and linked to the 

ArcSWAT. Based on the soil, land cover and slope data the definition of HRU was performed that 

assigns a unique value for each unit in the sub basin. As the area has lots of ranged topography, we 

considered four classes of slope, 0-5%, 5-10%, 10-15% and ≥15% in Figure 4.9. The multiple HRU 

definition criteria were then performed for most applications the default settings for land use 

threshold (20%) and soil threshold (10%) and slope threshold (20%) for slope of individual sub 

basin area (ArcSWAT, 2012). Overall, there were 201 HRUs defined in the entire watershed within 

21 sub basin.  

 

 Figure 4.9.Slope classes of the study area used in HRU definition 
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4.10. Sensitivity Analysis  

A sensitivity analysis was used as a screening tool for reducing the number of parameters to be 

adjusted during calibration. The sensitivity of different parameters is impacted by topography, 

geomorphology of the landscape, size of the watershed, land-use variations and human impacts. A 

summary of the sixteen sensitive parameters in the Gibe III watershed is shown in Table 4.6. 

Table 4.6. Parameters and parameter ranges used in sensitivity analysis using SWAT model 
(Abbaspour et al., 2004) 
 

Name Parameter Range Description
v__ALPHA_BF.gw    0   1 Baseflow alpha factor(days)
v__ALPHA_BNK.rte    0   1 Base flow alpha factor for bank storage
v__CANMX.hru    0   100 Maximum canopy storage

v__CH_K2.rte    -0.01   0.3
Effective hydraulic conductivity in main 
channel alluvium

v__CH_N2.rte    -0.01   0.3 Average slope of main channel
v__CH_S2.rte    -0.001   10 Average slope of main channel
r__CN2.mgt    -0.25   0.25 Initial SCS II value(none)

v__ESCO.hru    0   1 Soil evaporation compensation factor (none)
v__GW_DELAY.gw    30   450 Ground water delay(days)
v__GW_REVAP.gw    0.02   0.2 Groundwater "revap" coefficient

v__GWQMN.gw    0   2
threshold water depth in the shallow aquifer 
for flow(mm)

v__REVAPMN.gw    0   1
Threshold water depth in the shallow 
aquifer for ''revap'' to occur (mm)

r__SOL_AWC.sol    -0.25   0.25 Available water capacity(mm mm-1 soil)
r__SOL_BD.sol    -0.25   0.25 Moist bulk density
r__SOL_K.sol    -0.25   0.25 soil hydraulic conductivity(mmh-1)
v__SURLAG.bsn    0   1 Surface runoff lag time  

Note:*r-sensitive parameter shows multiply by 1+ the given fitted value.  
**v-sensitive parameter shows replace the value by the given fitted value. 

4.11. Calibration 

Physically based semi distributed model SWAT generally have a large number of parameters which 

are not directly measurable and must therefore be estimated through model calibration, i.e. by 

fitting the simulated outputs of the model to the observed outputs of the watershed by adjusting the 

model parameters. A measure of the fit between the simulated and observed outputs is called 

calibration. The goal of calibration is to find those values for the model parameters that minimize 

(Maximize) the specified calibration criterion. As per (Refsgard and Storm, 1996) three types of 

calibration procedures can be differentiated: 
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1. Trial-and-error, manual parameter adjustment; 

2. Automatic, numerical parameter optimization; 

3. A combination of (1) and (2) 

Manual calibration alone is very tedious, time consuming, and requires some experience of the user. 

For this reason automated calibration methods are increasingly being used. In the research, The 

SWAT model calibration and validation were performed using automated calibration and validation 

developed in Swat Calibration and Uncertainty Program (SWAT-CUP).  Sequential Uncertainty 

Fitting version 2 (SUFI-2) algorithms was selected in SWAT-CUP that finds out the most favorable 

model parameters within the uncertainty ranges of 95% after incorporating the possible parameters 

ranges.  

SWAT developers in Moriasi et.al, (2007) assumed an acceptable calibration for hydrology at r² 

>0.6 and NS > 0.5 these values will also considered in this study as adequate statistical values for 

acceptable calibration. Both observed and simulated stream flow should be separated into base flow 

and surface flow. The model performance statistics should be PBIAS<±25%, r² >0.6 and NS > 0.5, 

RSR<0.70 for monthly simulation period. 

  4.12. Validation 

Validation is the process of testing model performance of the calibrated model parameter set against 

an independent set of measured data. The model was validated using datasets from 2001 to 2005 at 

the location of study. The goodness of fit was evaluated with Nash-Sutcliffe efficiency (NS), R-

square (R2), root mean square error standard deviation ratio (RSR), percentage bias (Pbias). 

4.13. Model Performance 
 

The performance of a model must be evaluated on the extent of its accuracy, consistency and 

adaptability (Goswami et al., 2005).  The model simulation will be evaluated using efficiency 

criteria such as coefficient of determination, R2, Nash and Sutcliff (NS), percent bias PBIAS and 

root mean square error standard deviation ratio (RSR). The r2 coefficient and NS simulation 

efficiency measure how well trends in the measured data are reproduced by the simulated results 

over a specified time period and for a specified time step. The range of values for r2 is 1.0 (best) to 

0.0.  
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The r2 coefficient for n time steps is calculated as: 
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Where: 
siq   Is the simulated value 

oiq Is the measured values 

sq Is the average simulated value 

oq Is the average measured value 
The ENS simulation efficiency for n time steps is calculated as: 
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Where: 

qsiis the simulated value 

qoiis the measured value 

The statistical index of modeling efficiency (NS) values range from 1.0(best) to negative infinity. 

The percent bias (% bias) over a specified period with total days is calculated from measured and 

simulated values of the quantity in each model time step as: 
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Where: 

Qs is the simulated value 

Qoi is the measured value 

A value close to 0% is best for Pbias. A negative value indicates model over estimation and a 
positive value indicate model under estimation. 

RMSE Observation standard deviation ratio (RSR) also another performance rating can be 

described as follows: 

RSR standardizes RMSE using the observations standard deviation, and it combines both an error 

index and the additional information recommended by (Moriasi, 2007). RSR is calculated as the 

ratio of the RMSE and standard deviation of measured data, as shown in equation Eq. (4.23) 
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Where: Qobs is the observed flow. 
Qsim is the simulated flow. 
Qobs is mean observed flow. 
 
RSR incorporates the benefits of error index statistics and includes a scaling /normalization factor, 

so that the resulting statistic and reported values can apply to various constituents. RSR varies from 

the optimal value of 0, which indicates zero RMSE or residual variation and therefore perfect model 

simulation, to a large positive value. The lower RSR, the lower the RMSE, and the better the model 

simulation performance 

Note: NSE= 1- (RSR) 2 --------------------------------------------------------------------(4.24) 

 4.14. Parameter Regionalization  

4.14.1. Description of the catchments attributes 
 

For the purpose of getting daily flows at Gibe III dam site the transfer of model parameters were 

carried out from the nearby catchments of Abelti flow measuring station. This has been carried out 

when the calibration and validation Processes came to an end as statistical parameters responded 

well; the final values of all the sensitive parameters at the end of the calibration were transformed.  

One of the main reasons was on the bases of the similarity between their physical attributes. The 

physical similarity approach is based on the assumption that catchment physiographic 

characteristics predetermine the hydrological behavior. The catchments attributes (CAs) selected 

and used to define similarity are related to topography, land cover, soil and Mean annual Rainfall as 

Table 4.7. These CAs are generally considered as the main drivers of the hydrological process in 

the literatures of (Merz and Blöschl, 2004) and are the most common ones used to define similarity 

between catchments in model parameter regionalization schemes. The other reasons that this 

gauging station considered was the drainage area as indicated on the Table 4.8, the area cover 

relatively larger than the available flow measuring stations in the watershed of Gibe III basin. 

Further, it is situated on the main route of the river and the biggest contributor of the river flow of 

the Watershed above the dam as in (Abdela, 2013). 
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Table 4.7.Catchments physical attributes 

 

 
Figure 4.10. Map of the locations of three main flow measuring stations 

Table 4.8.The three main flow measuring stations and their watershed area (Source- Ministry of Water, 
Irrigation and Electricity) 

S/No Name of flow stations Area  Km2 % Area Covered
1 Abelti flow station 15,746 46
2 Gojeb flow station 3,577 10
3 Wabi flow station 1,866 5  

 

Gibe III_River Basin Abelti_River Basin

Slope Range

0-5        54.06 57.27

.5-10 26.80 27.4

.10-15 11.71 10.48

15-9999         7.43 4.85

Symbol

LVx 0.005 11.85
VRd 17.157 11.7

Vre 32.699 23.81

Alu 8.913 23.78

Ntu 5.496 25.32

LPq 15.815 3.53

LPk 19.913 0.01

AGRL 2.821 2.73

AGRC 58.583 69.27

FRSD 18.954 14.79

FRST 2.471 2.13

FRSE 4.331 2.3

BROS 1.411 0.3

RNGB 0.08 0.07

RNGE 11.177 8.05

PAST 0.013 0.03

BARR 0.136 0.29

WATR 0.019 0.04

2125.00 2162.00

1547.73 1530.43

Land Use

%Wat.Area

%Wat.Area

Soil Texture

SLOPE:

Mean elevation(m)

Mean Annual RainFall(mm) 

Catchment physical Attribute



46 
 

5. RESULT AND DISCUSSION   

5.1. Evaluation of the Regional Climate models simulation 

5.1.1. Annual rainfall amount 

We first compared basin mean annual rainfall amount of Gibe III as obtained from gauged data and 

model. The 20 year mean annual rainfall in the period of (1986 – 2005), gauged, rainfall amount by 

thiessen areal rainfall computations was 1365 mm. When comparing the gauged mean annual 

rainfall to model counterparts (Table 5.1), there exist large differences showing over estimation as 

large as 1775.5 mm but also under estimation at 1123.65mm for respective RCMs. It can be seen 

that all the models except MPI over estimated the observed Gibe III annual rainfall amount. 

Also bias shows large differences with the largest bias of −17.6% for MPI which suggests the 

presence of a systematic error is less than a quarter of the annual rainfall amount. The smallest bias 

of 9.6% is shown for ENSEMBLE which suggests that basin wide rainfall is well captured and 

represented. In general, biases of most of the models can be considered relatively large with values 

larger than + or −10%. Values as such indicate a need to correct the systematic error of RCM 

outputs before receiving application by users. For RMSE performance measure, MPI has the 

smallest value (276.87mmper year) where as EC-EARH resulted in the largest value (481.10 mm 

per year).  

It is important that the GCM-RCM models capture the rainfall inter-annual variability over the 

study area. We therefore compared the annual rainfall variability from models to gauged based 

counter parts by means of coefficient of variation (CV) (Eq. (4.10)). Results show that the CV of 

the gauged based rainfall for all stations is 9.06% for the 20 year period. The models show higher 

CV values than for gauged rainfall while the three models have CV of similar value. Overall one 

could say that the climate models tend to overestimate real world inter-annual rainfall variability by 

the in-situ network. However, this overestimation is only by <4%. In terms of bias and RMSE, the 

MPI model performed best whereas the EC_EARTH model performed poorest. However, this is not 

indicated when the correlation coefficient is used as an assessment criterion. There is a weak 

correlation (i.e. linear relationship) between the annual rainfall amount from models and the 

reference data. The correlation coefficient is higher than 0.3 for only one model (MPI) with MPI 

performing best as the correlation coefficient is 0.45. However, we note that correlation coefficient 

values in general cannot be considered high and thus suggest that outputs of none of the models 

well matched in-situ observations at annual base.  
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This result is consistent with the conclusions of Alemseged (2015), which indicated that at annual 

base the correlation coefficient values in Model MPI cannot be considered as high though among 

the models there can be good performance at the Upper Blue Nile basin. 

As can be stated in (Kim et al., 2014) the ensemble mean of simulated rainfall is often to result in 

better accuracy than using simulations of individual models. Likewise the ensemble mean result 

indicates a better accuracy is achieved than using simulations of individual models. The study 

shows that for Gibe III basin the bias of the ensemble mean rainfall amount is lower than that of the 

three models. However, it overestimated the observed mean annual rainfall amount by almost 10%. 

As compared to most individual models the ensemble can capture the rainfall variability. The low 

CV of the ensemble mean rainfall (6.54%) suggests that variability is suppressed as compared to all 

separate models. Further, using the ensemble mean led to somewhat reduced RMSE of 192.29mm 

which is smaller than that of the separate models whereas EC_EARTH overestimates the mean and 

the RMSE and has poor correlation from the rest of the models. 

Table 5.1.Performance of the CORDEX-RCM simulations in capturing and representing mean 

annual rainfall over the Gibe III basin over the period 1986–2005 
 

Annual Rainfall 
(mm) Bias(%) CV (%) RMSE(mmyear-1) Correlation (-)

Gauged .1363.8 .----- .9.06 .----- .-----
CNRM .1585.7 .16.3 .10.73 .307.62 .-0.08
EC_EARTH .1775.5 .30.2 .12.51 .481.1 .-0.01
MPI .1123.65 .-17.6 .12.87 .276.87 .0.45
ENSEMBLE .1494.96 .9.6 .6.54 .192.29 .0.17  

5.1.2. Evaluation of corrected precipitation and Temperature 

The daily bias corrections between the observed and simulated variables during the control period 

for each RCM models were applied. The bias correction was done on RCM-simulated precipitation, 

max/min temperature, the PT and VARI methods were used for the ten extracted nearby grids: 

Results show that (1) for precipitation, the PT method significantly corrects the biased raw RCM 

(here the results are shown on Figure 5.1 and Figure 5.2); and (2) similar results were obtained for 

minimum temperature and maximum temperature, and for those ten extracted grids. Therefore, we 

presented here using all stations grid as shown in Table 5.3 and Table 5.4. Table 5.2 lists the 

frequency-based statistics of observed (obs), raw RCM-simulated (raw) and corrected precipitation 

data. Compared to the observation, the raw RCM simulation deviates significantly from 

observation, with over and under estimation of all the statistics. The bias correction methods 

improve the raw RCM-simulated precipitation and temperature; however, there are differences 
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between RCM models in their corrected statistics. From Figure 5.1, Figure 5.2 and Table 5.2 it can 

be seen that the performance of Method (Mean, Standard Deviation and CV %) for precipitation 

was improved and almost the same as observation data, this proves the PT bias correction method 

can reproduce the observed data long term mean monthly, variance and coefficient of variations 

(Teuchbians and Seibert, 2012). Hence, the models capture the observation after correction than the 

raw RCMs. Thus, the bias correction methods improve the raw RCM-simulated precipitation. 

Figure 5.3 and Figure 5.4 show climatologies of corrected temperatures for both the validation of 

historical, and the reference dataset. It appears that the correction works very well in terms of 

monthly averages. 

 

Figure 5.1.Long-term mean monthly historical bias uncorrected areal rainfall stations plot at Gibe 

III basin 

  

Figure 5.2.Long-term mean monthly historical bias corrected areal rainfall stations plot at Gibe III 

basin 
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Table 5.2.Frequency-based statistics of daily observed (obs), raw RCM-simulated (raw) and 

BC_PCP 

 

 Again, for all stations, the bias corrected mean daily maximum temperature and minimum 

temperature was compared with the raw mean daily maximum temperature and minimum 

temperature. From Table 5.3 and Table 5.4, it can be inferred that the performance of Method (Mean 

and the Variance) for temperature was good and almost the same as observation data and here also 

all the models can capture the observation than the raw RCMs. Thus, the bias correction methods 

improve the raw RCM-simulated maximum and minimum temperature (oC).  

 

 

 

 

 

observed Raw_RCM BC_RCM Raw_RCM BC_RCM Raw_RCM BC_RCM Raw_RCM BC_RCM
STDEV 7.49 7.73 7.49 7.43 7.42 6.34 7.53 7.16 7.48

MEAN(daily) 3.32 4.21 3.32 4.64 3.27 3.08 3.33 3.98 3.31
CV (%) 44.31 54.49 44.31 62.51 44.08 48.68 44.23 55.23 44.21
STDEV 7.53 5.99 7.53 5.67 7.48 5.74 7.65 5.8 7.55

MEAN(daily 3.79 3.39 3.79 3.62 3.75 2.19 3.83 3.07 3.79
CV(%) 50.3 56.56 50.3 63.88 50.18 38.17 50.1 52.87 50.19
STDEV 8.09 8.4 8.09 9.58 7.99 7.83 8.13 8.6 8.07
MEAN(daily 4.87 6.22 4.87 6.77 4.8 4.23 4.87 5.74 4.85
CV(%) 60.2 74.05 60.2 70.69 60.15 54.04 59.89 66.26 60.08
STDEV 9.73 5.99 9.31 5.73 9.3 5.96 9.31 5.89 9.3

MEAN(daily 5.59 3.62 5.56 3.86 5.51 2.5 5.55 3.33 5.54
CV(%) 57.41 60.4 59.69 67.38 59.25 42.06 59.62 56.61 59.52
STDEV 4.82 5.99 4.82 7.71 4.75 6.69 4.81 6.8 4.79
MEAN(daily 2.38 3.62 2.38 4.69 2.34 3.24 2.38 3.85 2.36
CV(%) 49.25 60.4 49.25 60.83 49.27 48.38 49.42 56.53 49.31
STDEV 7.17 6.35 7.03 6.06 6.94 4.78 7.08 5.73 7.02
MEAN(daily 3.32 3.09 3.31 3.5 3.27 2 3.32 2.86 3.3
CV(%) 46.33 48.76 47.02 57.66 47.13 41.88 46.89 49.43 47.02
STDEV 7.84 5.99 7.84 5.73 7.85 5.96 7.8 5.89 7.83
MEAN(daily 4.22 3.62 4.22 3.86 4.18 2.5 4.21 3.33 4.2
CV(%) 53.74 60.4 53.74 67.38 53.28 42.06 53.95 56.61 53.66
STDEV 9.12 6.27 9.12 6.1 8.98 5.72 9.05 6.03 9.05
MEAN(daily 4.9 3.77 4.9 4.03 4.82 2.67 4.89 3.49 4.87
CV(%) 53.7 60.08 53.7 66.02 53.74 46.76 54.02 57.62 53.82
STDEV 7.24 7.73 7.24 7.43 7.17 6.34 7.28 7.16 7.23
MEAN(daily 3.75 4.21 3.75 4.64 3.7 3.08 3.76 3.98 3.73
CV(%) 51.73 54.49 51.73 62.51 51.55 48.68 51.61 55.23 51.63
STDEV 7.12 10.66 7.12 11.02 7 9.7 7.16 10.46 7.09
MEAN(daily 3.37 5.74 3.37 6.79 3.31 4.35 3.39 5.62 3.36
CV(%) 47.39 53.88 47.39 61.58 47.26 44.8 47.29 53.42 47.31
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Table 5.3.Frequency-based statistics of daily observed (obs), raw RCM-simulated (raw) and BC_ 

Tmin(oC) 

 

Table 5.4.Frequency-based statistics of daily observed (obs), raw RCM-simulated (raw) and BC_ 

Tmax (oC) 

 

Also based on their computed areal plots of temperatures on the respective RCMs on Figure 5.3 and 

Figure 5.4 the performance of the bias correction method improves the raw RCMs simulation.  

Observed 
Tmin (oC) Raw_RCM BC_RCM Raw_RCM BC_RCM Raw_RCM BC_RCM Raw_RCM BC_RCM

MEAN(daily) 12.61 13.8 12.61 13.74 12.61 14.72 12.61 14.09 12.61
VARIANCE 8.06 3.63 8.05 3.99 8.06 5.25 8.06 4.29 8.06
MEAN(daily) 15.04 15.69 15.04 15.49 15.04 17 15.04 16.06 15.04
VARIANCE 4.18 2.05 4.18 2.02 4.18 3.04 4.18 2.37 4.18
MEAN(daily) 11.7 12.92 11.7 12.79 11.7 13.93 11.7 13.21 11.7
VARIANCE 2.49 1.75 2.49 1.94 2.49 2.13 2.49 1.94 2.49
MEAN(daily) 11.56 14.85 11.56 14.79 11.56 16 11.56 15.21 11.56
VARIANCE 5.76 2.18 5.76 2.36 5.76 3.47 5.76 2.67 5.76
MEAN(daily) 9.04 13.98 9.04 13.89 9.04 14.78 9.04 14.22 9.04
VARIANCE 3.42 3.57 3.42 3.91 3.42 5.56 3.42 4.35 3.42
MEAN(daily) 10.83 15.14 10.84 14.86 10.83 16.16 10.83 15.39 10.83
VARIANCE 9.31 3.74 9.31 4.11 9.31 5.28 9.31 4.38 9.31
MEAN(daily) 11.57 14.85 11.57 14.79 11.57 16 11.57 15.21 11.57
VARIANCE 11.99 2.18 11.99 2.36 12 3.47 12 2.67 12
MEAN(daily) 12.88 13.75 12.88 13.73 12.88 14.94 12.88 14.14 12.88
VARIANCE 4.72 3.07 4.72 3.1 4.72 4.1 4.72 3.43 4.72
MEAN(daily) 13.08 13.8 13.08 13.74 13.08 14.72 13.08 14.09 13.08
VARIANCE 5.46 3.63 5.46 3.99 5.46 5.25 5.46 4.29 5.46
MEAN(daily) 12.39 12.15 12.39 11.95 12.39 12.95 12.39 12.35 12.39
VARIANCE 6.66 4.61 6.65 4.99 6.65 5.74 6.66 5.11 6.65

Jimma

LimuGenet

Sekoru

Woliso

Assendabo

Chida

Chira

Dedo

Gedo

Hosana

Station
Statistical 
Measure

Model: CNRM Model: EC_ Earth Model: MPI  ENSEMBLE-Mean

observed  
TemoC Raw_RCM BC_RCM Raw_RCM BC_RCM Raw_RCM BC_RCM Raw_RCM BC_RCM

MEAN(daily) 27.02 20.59 27.02 20.16 27.02 22.37 27.02 21.04 27.02
VARIANCE 6.61 10 6.61 11.97 6.61 15.45 6.61 12.47 6.61
MEAN(daily) 26.87 21.86 26.87 20.98 26.87 24.42 26.87 22.42 26.87
VARIANCE 6.98 9.1 6.98 9.81 6.98 14.77 6.98 11.22 6.98
MEAN(daily) 23.59 17.97 23.59 17.83 23.59 19.9 23.59 18.56 23.59
VARIANCE 4.73 4.08 4.73 5.46 4.73 8.88 4.73 6.14 4.73
MEAN(daily) 23.39 21.19 23.39 20.8 23.39 23.3 23.39 21.76 23.39
VARIANCE 4.4 9.38 4.4 11.4 4.4 14.91 4.4 11.9 4.4
MEAN(daily) 22.19 20.94 22.19 20.69 22.19 23.16 22.19 21.6 22.19
VARIANCE 7 10.71 7 13.13 7 16.79 7 13.54 7
MEAN(daily) 22.38 22.86 22.38 21.96 22.38 24.91 22.38 23.24 22.38
VARIANCE 5.96 12.95 5.96 16.11 5.96 18.54 5.96 15.87 5.96
MEAN(daily) 27.53 21.19 27.53 20.8 27.53 23.3 27.53 21.76 27.53
VARIANCE 5.64 9.38 5.64 11.4 5.64 14.91 5.64 11.9 5.64
MEAN(daily) 27.67 19.35 27.67 19.04 27.67 22.12 27.67 20.17 27.67
VARIANCE 6.31 4.59 6.31 5.59 6.31 12.18 6.31 7.46 6.31
MEAN(daily) 25.85 20.59 25.85 20.16 25.85 22.37 25.85 21.04 25.85
VARIANCE 6.51 10 6.51 11.97 6.51 15.45 6.51 12.47 6.51
MEAN(daily) 24.92 19.13 24.92 18.67 24.92 21.1 24.92 19.63 24.92
VARIANCE 7.9 10.86 7.9 13.06 7.9 18.03 7.9 13.98 7.9

Gedo
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Station
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Figure 5.3.Long-term mean monthly historical bias corrected areal maximum temperature stations 

plot at Gibe III basin 

 

Figure 5.4.Long-term mean monthly bias corrected historical minimum temperature areal plot at 

Gibe III basin 

5.2. Future Climate projection 

5.2.1 Annual and Seasonal Precipitation Anomalies 

In order to investigate the changes in seasonal and mean annual areal rainfall of the basin the 

following attempt has been done based on rainfall events seasons in Ethiopian; such as:-Summer: 

which has the months of June, July and August this season is characterized by main rainy season, 

Autumn: September, October and November, Winter: December, January and February, and 

Spring small rainy season of March, April and May. The areal rainfall of the basin calculated by 

developing thiessen polygon using 10 precipitation stations; accordingly the areal precipitation 

from observed and all projected precipitation in 2011-2030 to 2031-2050 averaged and compared 

with observed results. The anomalies of bias corrected mean annual and seasonal precipitation and 

temperature over the entire Omo-Gibe III river basin during the future periods of 2011-2031 and 

2031-2050 are presented in Table 5.5 and Figure 5.5.  
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Table 5.5.Anomalies of Mean annual and seasonal precipitation on Gibe III River basin for 3 RCMs 
during future periods with respect to the control period 1986-2005 

RCP4.5 3.04 -86.32 25.14 27.41 3.35

RCP8.5 -2.73 -105.66 -47.71 100.60 3.94

RCP4.5 8.36 -23.28 15.01 82.02 2.63

RCP8.5 0.38 -39.53 9.06 34.31 1.58

RCP4.5 0.16 13.71 -39.24 -0.81 14.43

RCP8.5 -0.62 26.06 -24.79 15.08 -6.36

RCP4.5 3.85 -31.96 0.30 36.21 6.81

RCP8.5 -0.99 -39.71 -21.15 50.00 -0.28

RCP4.5 0.48 -45.65 -9.50 15.05 2.80

RCP8.5 -24.60 -221.49 -130.91 -159.57 0.09

RCP4.5 2.07 -22.62 -3.18 59.31 -7.10

RCP8.5 -8.24 -82.41 -13.58 19.26 -41.12

RCP4.5 -6.16 -44.59 -63.03 10.38 -6.42

RCP8.5 2.01 -62.70 -40.98 37.38 30.81

RCP4.5 -1.20 -37.62 -25.24 28.25 -3.57

RCP8.5 -10.28 -122.20 -61.83 -34.31 -3.41

Anomaly of Mean Precipiation,[%]

RCM 

Models Scenarios Annual

2011-

2030

MPI

EC_EARTH

CNRM

ENSEMBLE

Time 

period Winter Spring Autumn Summer

2031-2050

MPI

EC_EARTH

CNRM

ENSEMBLE
 

 

 

Figure 5.5. Anomalies of bias corrected mean seasonal precipitation in the near (2011-2030) and 
midterm (2031-2050) periods 

Table 5.5 illustrates that, Among all the RCMs, model MPI projects the largest decrease in mean 

annual precipitation under RCP 8.5 scenario in the midterm period (~-2.73%) whereas model 

CNRM projects the smallest decrease in mean annual precipitation (~ -0.62%) under RCP 8.5 

scenario in the near term period. At the other hand, the largest increase in mean annual precipitation 

was projected under model EC _Earth (~+8.36%) under RCP 4.5 scenario in the near term period. 

In particular, the decrease of mean annual precipitation in both future periods ranges from ~ -0.62% 

to ~ -2.73% and ~ -6.16 % to ~ -24.60% with an average increase of ~ +3.85% under RCP4.5 and a 

decrease of ~ -0.99% under RCP8.5 and with average decrease of ~ -1.22% and -10.28 under 

RCP4.5 and RCP8.5scenarios for the near and midterm period when computed over the gauging 
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stations under all models on the respective future periods. The result is also similar to work of 

Abdela, (2013), the percentage change of the mean annual precipitation in Omo Gibe basin doesn‗t 

show significant change even if it is increasing under all  scenarios except GCM_for A2 scenario 

which showed visible change for southern part of the basin. 

Looking at the seasonal distribution of the RCMs simulated precipitation for two specified future 

periods as in Table 5.5 and Figure 5.5 all RCM projects an increase in some season and a decrease 

in other season under both scenarios of RCP4.5 and RCP8.5 with respect to the control period 

1986-2005. During the spring (short rainy season) under RCP4.5 scenario in the near future period 

only one of the models (CNRM) projects a decrease in mean seasonal precipitation -39.24% while 

two of the models and ensemble (MPI, EC_Earth and RCM ENSEMBLE) predicts an increase in 

mean seasonal precipitation (ranging +0.30% to +25.14%) whereas under RCP8.5 scenario only 

model (EC_Earth) projects an increase in mean seasonal precipitation while two of the model and 

the ensemble (MPI_LR, CNRM and RCM ENSEMBLE) predicts a decrease in seasonal 

precipitation. However, in the midterm period all the RCMs and the ENSEMLE predicts a decrease 

in mean seasonal precipitation in both scenarios that ranges from -3.18% to -63.03% and -13.18% 

to -130.91% under RCP8.5 and RCP4.5 scenarios respectively.  

During winter season under both RCP4.5 and RCP8.5 scenario in the near future period only one of 

the models (CNRM) projects an increase in mean seasonal precipitation +13.71% and 26.06% 

respectively, whilst two of the models and ensemble (MPI, EC_Earth and RCM ENSEMBLE) 

predicts the decrease in mean seasonal precipitation( ranging -23.28% to -86.32%) again in 

midterm period all the RCMs and the ENSEMLE predicts a decrease in mean seasonal precipitation 

in both scenarios that ranges from -22.62% to -45.65% and -62.70% to -221.49% under RCP8.5 and 

RCP4.5 scenarios respectively. 

During Autumn- all models and RCMs Ensemble projects increase in mean seasonal precipitation 

under RCP8.5 scenario (+15.08% to +100.60%), in RCP4.5 only a small decrease in mean seasonal 

precipitation is predicted by CNRM (-0.81%) while two of the models and their Ensemble (MPI, 

EC_Earth and RCM ENSEMBLE) predicts an increase (+27.41% and +82.02%). However, in the 

midterm period all the RCMs and the ENSEMLE predicts an increase mean seasonal precipitation 

in RCP4.5 scenario that ranges from +10.38% to +59.31% but under RCP8.5 only two of the 

models CNRM and Ec_Earth predicts an increase in mean seasonal precipitation (+19.26% and 

+37.38%) whilst model MPI and the ensemble predicts a decrease in mean seasonal precipitation (-

159.57% and -34.31%) respectively. 
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Regarding summer season- under RCP4.5 scenario in the near term period all models and their 

Ensemble predicts an increase in mean seasonal precipitation (ranging +2.63% to +14.43%) while 

under RCP8.5 scenario one model CNRM and their ensemble predicts a decrease in seasonal 

precipitation (-0.28% and -6.36%) respectively, but an increase of predicted mean seasonal 

precipitation is achieved by the two models MPI and EC_Earth (+3.94% and +1.58%). On the 

Midterm period, under RCP4.5 only model MPI predicts an increase in mean seasonal precipitation 

(+2.80%) whereas two of the models and their ensemble (EC_Earth, CNRM and RCM 

ENSEMBLE) predict a decrease of precipitation (ranging -3.57% to -7.10%). However, under 

RCP8.5 scenario two of the models (CNRM and MPI) predict an increase of mean seasonal 

precipitation (+30.81% and +0.09%) and one model and the Ensemble (EC_Earth and RCMs 

ENSEMBLE) predict a decrease of mean seasonal precipitation (-41.12% and -3.41%).  

From the above result it can be seen that among the seasons winter Season distinguished as the 

largest decrease in mean seasonal precipitation during the midterm period under RCP4.5 and 

RCP8.5 scenario in most of the models. Furthermore, the largest increase in mean seasonal 

precipitation is achieved in autumn season during the near term period under RCP4.5 and RCP8.5 

scenario in almost all of the models. Which means the autumn season is supposed to be wetter in 

the near future period. The spring season is supposed to be more critical as there is a decrease in 

mean seasonal precipitation is predicted by all Models and the Ensemble during the midterm period 

under both scenarios, this result is differ with the work of Abdela on the basin, (Abdela, 2013), 

which he indicated that there is an increase in the projected precipitation during spring. The 

variation in the result could be the result of climate models used. Whereas in summer season, an 

increase in mean seasonal precipitation is predicted in all Models (with very few exceptions under 

RCP8.5 scenario) during the near term period, the result is also consistent with the work of Abdela 

on the basin, (Abdela, 2013), there is an increase in the projected precipitation during summer.  

5.2.2. Annual and Seasonal Temperature Anomalies 
 

Looking at the seasonal distribution of the RCMs simulated precipitation for two specified future 

periods as in Table 5.6 and Figure5.6, show that all RCMs and ENSEMBLE mean predicts an 

increase in the mean seasonal maximum and minimum temperature with respect to the control 

period. The increase of Mean annual maximum temperature ranges from ~+0.47 oC to ~+0.66 oC 

and ~+1.13 oC to ~+1.33 oC under RCP4.5 in the near and midterm periods respectively. While 

under RCP8.5 in the near and midterm periods the increase of Mean annual maximum temperature 

ranges from ~+0.88 oC to ~+1.24 oC and ~+1.58 oC to ~+1.78 oC respectively. In the same manner, 

the increase of Mean annual minimum temperature ranges from ~+0.32 oC to ~+0.71 oC and ~+0.92 
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oC to ~+1.21 oC under RCP4.5 in the near and midterm periods respectively. While under RCP8.5 

in the near and midterm periods the increase of Mean annual minimum temperature ranges from 

~+0.56 oC to ~+1.29 oC and ~+1.14 oC to ~+1.93 oC respectively. Among all RCMs, the MPI model 

projects the largest increase in mean annual maximum and minimum temperature under RCP4.5 

(+1.33 oC for maximum temperature and +1.21 oC for minimum temperature) and under RCP8.5 

(+1.78oC for maximum temperature and +1.93 oC for minimum temperature) in the near and 

midterm periods respectively; the EC_Earth model projects the smallest increase in mean annual 

maximum temperature under RCP4.5 in both future periods (0.47oC), whereas CNRM model 

projects the smallest increase mean annual minimum temperature under RCP4.5 in both future 

periods (+0.32 oC). The largest increase in both maximum and minimum temperature is projected 

by the entire models under RCP8.5 in the midterm period when compares to the RCP4.5 scenario 

with respect to the control period 1986-2005.  

For the seasonal distribution as shown in Table 5.6, the increase in maximum and minimum 

temperature is depicted by all RCMs under RCP4.5 and RCP8.5 scenarios. But the magnitude 

varies between models and RCPs. Regarding seasonal projections, all the RCMs predict an increase 

of all the seasonal temperatures, with the largest increase under RCP8.5 

During the Winter, For RCP4.5 and RCP8.5, MPI is the warmest RCMs in the near period. 

CNRM projects the lowest increment mean seasonal maximum temperature under RCP8.5 scenario 

(ranging ~+4.30oC and ~+5.38oC), for RCP4.5 the average mean seasonal maximum temperature 

increment is (~+3.08oC and ~+4.59oC) in both the near and midterm periods. For RCP8.5 the 

average mean seasonal maximum temperature increment is (~+4.77oC and ~+5.72oC) in both the 

near and midterm periods.  

During the spring (short rainy season), there is an average increment of the mean seasonal 

maximum temperature of ~+2.29oC (RCP4.5) and 4.96oC (RCP8.5) in the near period and 

~+4.94oC (RCP4.5) and ~+7.14oC (RCP8.5) in the mid period. MPI and CNRM are the highest and 

the lowest model which projects an increase under RCP4.5 for midterm period, for near term period 

CNRM and EC_Earth are highest and the lowest model which projects increase under RCP4.5, 

under RCP8.5 scenario model MPI and EC_Earth show the lowest and the highest increment value 

in all future period. There is a tendency towards greater warming in spring season under both 

scenarios of RCP4.5 and RCP8.5 when compared to winter season in the midterm period (Table 5.6 

and Figure5.6).The results of projected seasonal minimum temperature presented in Table 5.6 and 

Figure5.6, shows positive trend in all seasons, where all models project an increase in minimum 

temperature when compared to the control period.  
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During the autumn as shown in Table 5.6, the average seasonal maximum temperature increase by 

+1.87oC under RCP 4.5 and +2.61oC under RCP8.5 in near term period, +3.06oC and +4.06oC in 

midterm. 

Table 5.6. Anomalies of bias corrected Mean annual and seasonal Temperature on Gibe III River 
basin for 3 RCMs during future periods with respect to the control period 1986-2005  

Winter Spring Autumn Summer

RCP4.5 0.66 3.08 2.06 1.87 1.13 0.71 2.16 2.12 1.98 2.25

RCP8.5 1.24 4.77 4.64 2.61 2.88 1.29 3.02 3.41 3.94 3.65

RCP4.5 0.47 2.07 1.40 1.54 0.71 0.56 1.64 2.14 1.13 1.81

RCP8.5 0.89 4.44 3.02 2.34 0.88 0.86 2.40 3.41 2.34 0.88

RCP4.5 0.48 2.61 2.29 0.91 0.00 0.32 0.60 1.30 0.94 0.91

RCP8.5 0.88 4.30 3.81 1.76 0.75 0.56 1.41 2.43 1.76 0.75

RCP4.5 0.54 2.58 1.92 1.44 0.61 0.53 1.47 1.86 1.35 1.66

RCP8.5 1.00 4.50 3.82 2.23 1.50 0.90 2.28 3.09 2.68 1.76

RCP4.5 1.33 4.59 4.94 2.84 3.59 1.21 3.44 3.86 4.07 3.18

RCP8.5 1.78 5.61 7.14 3.75 4.81 1.93 4.84 6.39 5.89 4.89

RCP4.5 1.13 4.13 4.22 2.81 2.42 1.21 3.79 4.57 3.63 3.21

RCP8.5 1.58 5.72 5.54 3.95 3.77 1.52 5.72 5.33 4.07 3.99

RCP4.5 1.22 4.26 4.91 3.06 2.69 0.92 4.26 3.67 2.10 2.69

RCP8.5 1.61 5.38 6.57 4.06 3.34 1.14 3.71 4.29 2.37 3.34

RCP4.5 1.23 4.33 4.69 2.90 2.90 1.11 3.83 4.03 3.27 3.03

RCP8.5 1.65 5.57 6.42 3.92 3.97 1.53 4.76 5.34 4.11 4.08

EC_EARTH

Anomaly of Mean Tmax,[oC] Anomaly of Mean Tmin,[oC]

AnnualWinter Spring Autumn Summer

Time/

period Annual

MPI

EC_EARTH

CNRM

MPI

2011-
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Finally during summer (main rainy season) as shown in Table 5.6 and Figure5.6, under RCP4.5 

and RCP8.5 scenarios, MPI model is the warmest RCMs in the near and midterm periods. In 

average seasonal maximum temperature increase by +1.13oC under RCP4.5 and +2.88oC by the 

RCP8.5 for the near term period and +3.59oC for RCP4.5 and 4.81oC for RCP8.5 under the midterm 

period shows the highest increasing trend of all models.  

From the above result it can be concluded that in the near term period under both scenarios the 

average mean seasonal maximum temperature has a tendency of greater warming on winter season. 

While in midterm period the spring season has a tendency of greater warming.    
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Figure5.6. Anomalies of bias corrected mean seasonal temperature changes under models and 
scenarios, by near and mid term 

As shown on the Figure5.6 the maximum Temperature change projected by CNRM is larger than 

the other RCMs all round the year under RCP8.5 scenario in all future periods, similarly as shown 

on Figure5.6, MPI projects large increase in minimum temperature under RCP8.5. 

5.2.3. Monthly Precipitation Anomalies  
 

The anomalies of bias corrected mean monthly precipitation over the entire Gibe III River 

catchment during the future periods are presented in Figure 5.7, for RCP4.5 and RCP8.5 scenarios. 
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Figure 5.7. Precipitation changes under models and scenarios, by near and mid century 
 

Referring Figure 5.7(B) model MPI suggests that a significant increase in precipitation is 

considered in the winter month of October during the near term period under RCP4.5 scenario. 

From Figure 5.7 compared to other months of seasons the distribution of precipitation seems mostly 

increasing during winter period of the year (with few exceptions). In particular, in the near future 

period the RCM project a decrease in monthly mean precipitation with the largest decrease (-

48.26% by MPI) under RCP8.5 and (-62.77% by MPI) under RCP4.5 scenarios in the winter 

month of January again, in the midterm the largest decrease in projected precipitation under RCP8.5 

is found at the winter month of December (-91.20% by MPI) and (-48.12% by CNRM) under 

RCP4.5 scenario during the short rainy month of March. 

5.2.4. Monthly Temperature Anomalies  
 

The projected anomalies of bias corrected monthly maximum and minimum temperature over the 

entire Omo Gibe III River catchment during the future period 2011-2030 and 2031-2050 are 

presented in Figure 5.9 and Figure 5.10. For the monthly maximum temperature, though there can 

be small reduction at some months of the year under the near term period all the RCMs project an 
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increase all along the year in all future periods, with largest increase under RCP8.5 ranging from (-

0.01oC to +2.30oC) and (+0.83oC to +3.13oC) and the lowest increase under RCP4.5 ranging from (-

0.24oC to +1.7oC) and (+0.42oC to +2.44oC) in both the near and midterm periods respectively. 

Similarly, the results of all models and the ENSEMBLE mean for maximum and minimum 

temperature presented in Figure 5.8 depicts that, there is a projected increase in both maximum and 

minimum temperature under both RCPs and future periods except a small reduction in projected 

temperature at months February, May  and July,  in the near term period. 

  

 

Figure 5.9.Monthly Maximum Temperature change by the mid and near future period (2011-2030 
and 2031-2050) under all RCMs models 
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Figure 5.10.Monthly minimum Temperature change by the mid and near future period (2011-2030 
and 2031-2050) under all RCMs models 

5.3. SWAT Model Result  

5.3.1. Sensitivity analysis  
 

Before  running  the  calibration,  we  analyzed  the  sensitivity  of  the  parameters  by  using the 

Latin hypercube one-factor-at-a-time (LH-OAT) method of SWAT(van Griensven et  al.,2006). 

This approach combines the advantages of global and local sensitivity analysis methods and can 

efficiently provide a rank ordering of parameter importance. The sensitivity analysis is performed 

on 16 SWAT model parameters that may have the potential to influence the flow of the River in 

(Figure 5.11). The ranges of parameter variation are based on the SWAT manual (Abbaspour et al, 

2004). After sensitivity analysis more sensitive SWAT parameters are identified based on their p-

value and t-value of statistical significance for the catchment. After setting up the SWAT-CUP 

using SWAT model outputs and incorporating all input parameters, simulations were carried out 

with SUFI-II by running 500 simulations and sensitivity analysis was run for the period 1986-2005.  

From Global sensitivity analysis result Figure 5.11, the first very important parameter to changes in 

ground water flow are GW_DELAY and GW_REVAP whereas the most sensitive parameter to 

change in discharge during calibration process was the CN parameter, which is the most important 

parameter during calibration, the catchment will be severely affected due to changes in land use is 

representative of CN and infiltration in the watershed, the value of CN calibration results vary 

between ±0.25 of its original value depending on the type of land use.  In the Figure 5.11 the p- 

value determines the significance of the sensitivity. A value closer to zero denotes more 

significance.   
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Figure 5.11.Global sensitivity results according to p- value of significance using SWAT-CUP 

Table 5.7.Flow-sensitive parameters and fitted values in ranked order  

Rank Parameter name 
Lower and 
Upper value 

Fitted 
values 

1 GW_DELAY.gw 30 to 40 41.34 
2 GW_REVAP.gw 0.02 to 0.20 0.18578 
3 CN2.mgt 35 to 98 72.46 
4 CANMX.hru 0 to 100 62.5 
5 ALPHA_BF.gw 0 to 100 0.455 
6 GWQMN.gw 0 to 2 0.794 
7 REVAPMN.gw 0 to 1 0.675 
8 SOL_BD.sol 0.9 to 2.5 2.17 
9 SOL_K.sol 0 - 2000 1854 

10 ESCO.hru 0 to 1 0.819 
Note:*v-sensitive parameter shows replace the value by the given fitted value. 
 

5.3.2. Monthly Flow Calibration 
 
 

Based on the Global sensitivity analysis, the top-ranked 10 relatively more sensitive  parameters  

(Table 5.7)  were  optimized  using  the  SUFI2  algorithm  in  the SWAT-CUP.  In  SUFI2  all  

uncertainties  such  as  model  input,  model  conceptualization,  model  parameters,  and  measured  

data  are  mapped  onto  the  parameter  ranges  as  the  procedure  tries  to  capture most  of  the  

measured  data  within  the  95%  prediction  uncertainty  (Abbaspour  et  al.,  2004). Before 

starting to generate runoff for climate study, it is necessary to calibrate the model parameters. After 

setting up all model input parameters, the next step is to check quality and results of calibration. 

The calibration was performed using SUFI-2 Sequential Uncertainty Fitting Procedure version 2 

(SUFI2) which was developed by (Abbaspour et al., 2004). The calibration is carried out for twelve 
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years, 12yrs,   period from January 1st, 1989 to December 31st, 2001 considering 3years as warm 

up period starting from 1986. The calibration statistics of the simulated flow indicates that R2 and 

NS value were found as 0.65 and 0.64 whereas PBIAS and RSR were 1.9 and 0.60 respectively for 

monthly simulations in the calibration period. The General performance ratings for recommended 

statistics for a monthly time step as suggested by (Moriasi et al, 2007) indicate R² >0.6, NS > 0.5, 

PBIAS      and RSR      , Based on the recommendations, the present result shows 

acceptable performance.  However, the values need to be further validated in order to take as final 

calibration value. Figure 5.12 and Figure 5.13 shows results of Monthly Calibration for gauged 

Catchment at Great Gibe Abelti station. 

 

Figure 5.12.Calibration result of average monthly simulated and measured flow at the outlet of the 
subbasin 7, where Great Gibe gauging station is located. 

 

Figure 5.13.Values of R2 for calibration period 

5.3.3. Validation Result 
 

Validation proves the performance of the model for simulated flows in periods different than the 

Calibration period without any further adjustment in the calibrated parameters. The validation was 

performed for four years, yrs,   period   from January 1st, 2002 to December 31st, 2005. The 

validation statistics of the simulated flow indicates that R2 and NS value were found as 0.67 and 
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0.59 whereas PBIAS and RSR were -18.7 and 0.64 respectively for monthly simulations in the 

validation period this shows a good agreement between predicted stream flow and measured value. 

The calibration and validation result in Figure 5.12and Figure 5.14 show that SWAT could 

successfully simulate reasonable monthly stream flow in Great Gibe Abelti sub basin. This is 

demonstrated by all statistical stream flow evaluations. The results statistical parameters fulfilled 

the requirements suggested by (Moriasi et al, 2007) for R² >0.6, NS > 0.5, PBIAS      and 

RSR      . Figure 5.14 and Figure 5.15 shows Validation of the model parameter for gauged 

Catchment (2002-2005) 

 

Figure 5.14.Validation result of Monthly simulated and measured flow at the outlet of the sub basin 
7, where Great Gibe gauging station is located 

 

 

Figure 5.15.Values of R2 for validation period  
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efficiency for long-term monthly mean values of stream flow simulations. All the simulations were 

conducted at Great Gibe Abelti station where the model calibrated parameters were obtained. A 

clear pattern for all four stream flow characteristics can be seen with R, NS and PBIAS value on 

(Figure 5.17): with increasing quality of the bias-corrected RCM climate variables, R and NS 

increases as well, this indicates a better model performance, whereas using raw data resulted in the 

poorest performance.  

The stream flow simulated by the bias corrected and the raw RCMs was plotted in Figure 5.16, this 

graph shows there is a significant difference between RCM and observed runoff data. And it 

systematically underestimates the observation with NS equals -0.108, PBIAS -63.91%, for Model 

CNRM, NS = -0.996, PBIAS -97.57%, for Model Ec_Earth and it overestimates with NS =0.0031, 

PBIAS 61.34% for Model MPI. Hence, the results of run-off simulated after correction in Figure 

5.17 shows the Nash-Sutcliff efficiency, the Correlation coefficient, R and the PBIAS values yield 

better results of performance rate than the raw RCM for the future stream flow results.  

 

Figure 5.16.Results of SWAT forced with bias-uncorrected for mean monthly historical flow RCM 
simulations 

 

Figure 5.17.Results of SWAT forced with bias-corrected mean monthly historical flow RCM 
simulations at Abelti 
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5.3.5. Simulated Flow at historical period for Gibe III Catchment  

The daily hydrographs for future seems difficult to interpret thus average monthly discharge were 

computed to see the clear situation in future. The inflow to Gibe III is estimated from monthly flow 

simulation by using computed model parameters (MPs) derived from the calibrated/validated model 

parameters of the Great Gibe Abelti catchment. After the MPs transfer the average monthly 

simulated flow at Gibe III basin and RCMs simulated flow were generated. Figure 5.18 show the 

comparisons of observed and simulated discharge for historical time period at the outlet point of 

Gibe III dam site  

 

Figure 5.18.Monthly simulations for historical flow at Gibe III basin 

5.4. Monthly Simulation Results of Gibe III basin  

The below is the average monthly flow calculation for each condition, percentage Change from 

simulated flow under both scenarios and future periods.  

 

 Figure 5.19.Percentage Change in monthly flow under RCP 4.5 and RCP8.5 scenario in the near 
term period 
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Figure 5.20.Comparisons of observed and projected monthly flow under RCP4.5 and RCP 8.5 
scenario in the near term period 

The percentage change in the monthly mean flow at the outlet point of Gibe III dam site is 

presented for RCP 4.5 and RCP8.5 in Figure 5.19. The monthly mean percentage change of Models 

ensemble result shows that March might be a stressful month in near term period under all scenarios 

as the study showed -13.09% and -18.61% reduction in the stream flow, respectively indicating that 

water withdrawal in the March month needed to be considered seriously for the water resources 

management (Figure 5.19). Figure 5.20 indicates that minimum flow from observed data set is 

obtained at the month of February which is agreed with the findings of Abdela (2013), which 

indicated that low flow from observed data is obtained at February. The high flow for observed data 

attained at the month of August but most RCMs predict a decrease of flow at this month by (-5.4%) 

in CNRM and (-0.51%) in MPI under RCP4.5 and (-9.84%) in CNRM, (-5.34%) in EC_Earth, (-

4.70%) in MPI and (-6.62%) in ENSEMBLE RCMs under RCP8.5 compare to the baseline period. 
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baseline period. From the result we can see that, under RCP4.5 the low flow obtained at the month 
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different purpose. The result also strengthened by Abdela (2013) he indicated that generally, the 

low flow from all scenario simulation will increase in average of 9.5% from all scenarios except 

scenario B1_923 reduces low flow by -17% while the high flow is expected to decrease from all 

average of scenarios by 15.80%. Likewise in RCP8.5 the simulation results of all models show that, 

the peak flow will reduce with an average of 6.62% throughout the month of August for future time 

period whereas, in RCP4.5 the high/ peak flow obtained at the month of August will increase with 
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an average result of all model simulations by 3.11% throughout the month of August for future time 

period.  

 

 
Figure 5.21. Percentage Change in monthly flow under RCP 4.5 and RCP8.5 scenario in the 
midterm period 

 

Figure 5.22.Comparisons of observed and projected monthly flow under RCP4.5 and RCP 8.5 
scenario 
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increased, whereas the high flow or peak flow will increase with an average result of all model 

simulations by 4.85% throughout the month of August for future time period. 

On the other hand, under RCP8.5 scenario in Figure 5.22, in the midterm February is a stressful 

month which is agreed with the low flow obtained from observed data set. In contrast to the 

baseline, all RCMs project slight decrease in mean monthly discharge during dry (Jan and Feb) and 

wet months (Jun, July and August) apart from Model CNRM and EC_Earth in wet months From 

May to Sept and at dry month Oct to Nov. However, in the midterm period under RCP8.5 scenario 

model CNRM projects the largest increase by 32.62% during May which is mainly of wet month 

compare to the baseline period. From this Scenario it can be seen that, the low flow obtained at the 

month of February decreases higher by -19.12% from average of all model simulation, so the flow 

cannot be increased during the low flow period. Under this scenario the run-off peak will also 

reduces with an average of -8.53% from average of all models simulation result.  

5.5. Seasonal Changes 

On seasonal scale, mean seasonal flow showed an increase for all seasons except winter in the near 

term period (Figure 5.23) for RCP 8.5, which was consistent with the precipitations trend of the 

period. In RCP4.5 the average change in flow from all scenarios shows increasing. The autumn 

season flow shows a considerable increase in average change in flow from all Seasons under 

RCP4.5 and RCP8.5 scenarios due to an increase in mean seasonal precipitation under RCP4.5 and 

RCP8.5 scenario. In spring season, a small rain season in the basin, flow is expected to increase by 

an average of 50.35% under RCP4.5 and 35.79% under RCP8.5 scenarios this confirms an increase 

of flow in RCP4.5, due to the predicted increase in mean seasonal precipitation.  

The summer season is the major rainy season in the basin, this season flow show similar trend like 

that of the previous seasons. The results of this season showed increased flow patterns from all 

models and scenarios except in model MPI under RCP8.5. Summer flow is expected to increase on 

average from all models up to 24.10% and 0.25% from RCP4.5 and RCP8.5 scenarios. However, 

from all RCMs model the largest increase inflow is projected for autumn season under model 

EC_Earth in RCP4.5 increased by 95.99%. And in the near term period a considerable reduction of 

flow is projected in winter season by -27.58% in Model MPI under RCP8.5 this may be due to an 

increase in temperature. These results are also consistent with Abdela, (2013), the average change 

in flow from all scenarios indicated that, spring and summer seasons flow are expected to increase 

by 68.8% in spring and 13% to 20% in summer season but the autumn season flow showed 

reduction from all scenarios due to decreased precipitation and increased temperature.  
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From the Figure 5.24, it is clear that, in the mid future all seasons demonstrate a reduction in 

projected average flow under RCP8.5. In autumn, the reduction in flow -5.83% is lower than 

summer season -24.89% and spring season -14.63%. This indicates the projected decrease in wet 

seasons can cause water shortage during this season. But among the seasons greater reduction in 

flow is forecasted in winter period -50.48% from the average of all models simulation. Under RCP 

4.5, all seasons demonstrate an increase in projected average seasonal flow except winter season. 

From all seasons autumn season suppose to have relatively high flow 36.57% than spring season 

10.91% and summer season 2.54% compared to the baseline period. The projected increase in 

winter season can be used to store water during the flooding season and the stored water can be 

used for hydropower production. By midterm, the winter season supposes to have more flows under 

RCP4.5 scenarios. However; in both future period an increasing trend in magnitude is noticed in all 

seasons of the year under model EC_Earth in RCP 4.5 scenario where as model MPI mostly 

suggested a decrease in flow while model Ec_Earth tends to increase under both future periods. In 

Figure 5.20 and Figure 5.21 indicates like precipitation, the changes are more pronounced under 

RCP 8.5.   

 

Figure 5.23.Seasonal changes in flow by Near-term, expressed in percentage 

 

Figure 5.24 Seasonal Change in flow by mid-term, expressed in percentage 
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5.6. Annual Changes  

In addition to monthly and seasonal patterns, annual discharge pattern were equally interesting to 

observe, thus is included through Figure 5.25 and Figure 5.26. Here the first three years data were 

excluded from the analysis because it was used as warm up period for hydrological simulations.  

 

Figure 5.25.Average annual discharge by the near term period 

 

Figure 5.26.Average annual discharge by the mid-term period 

Figures above shows that the average annual discharge Computed between observed (1989-2005) 
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show visible change while EC_Earth model show projected increase in mean annual flow by 

11.27% but reduction in flow by -2.66% in model MPI , because the areal precipitation of the basin 

decreased by -0.62% and -2.73% on the respective models. By this highest emission scenario 

projection the average of all models simulation result indicates the annual flow of the basin would 

be expected to decrease by 3.04% in the near term period. 

In midterm period as illustrated in Figure 5.26 and Table 5.8 Changes in average annual flow of the 

models ensemble are projected to increase by 3.64% in RCP4.5 and projected to decrease by -

7.57% in RCP8.5 even with the decrease in areal precipitation in both scenarios. But under RCP4.5 

scenario nearly 14.17% of discharge is expected to increase when using model EC_Earth, while 

around 6.71% decrease in discharge is projected when using model CNRM. By RCP8.5, the highest 

emission scenario projection, model CNRM projects increase in mean annual flow by 6.42% while 

all other models project a decrease in mean annual flow with a largest projected decrease nearly 

17.94% under MPI RCM model.  This is because the areal precipitation of the basin is expected to 

increase by 0.47 % to 2.07% and is expected to decrease by 6.16% using RCP4.5. While the areal 

precipitation of the basin is expected to increase by 2.01% under CNRM and a decrease by 1.20% 

to 24.60% under RCP8.5 scenario,  

 Table 5.8. Percentage Change from current situation in average annual flow 

Time Frame

Scenario/Models CNRM EC_Earth MPI ENSEMBLE CNRM EC_Earth MPI ENSEMBLE

RCP4.5 2.11 19.94 13.28 11.78 -6.71 14.17 3.48 3.64

RCP8.5 0.51 11.27 -2.66 3.04 6.42 -11.18 -17.94 -7.57

% Change in Mean Annual Flow
Near term Mid term

 

5.7. Flow Duration Curve  

We next evaluate the impact of climate change on flow characteristics, the flow duration curve 

(FDC) prepared on monthly base.  For such analysis, the FDC was classified into different 

segments following the subjective classification proposed by Yilmaz et al (2008). The classification 

include: i) high-flow segment (0-20% flow exceedance probability) characterizing watershed 

response to large precipitation events; ii) mid-segment (20-70% flow exeedance probability) 

representing flows controlled by moderate precipitation events coupled to medium-term base flow; 

and iii) a low flow-segment (70-100% exceedance probability) representing a catchment response 

dominated by long-term base flow during the extended dry periods. 



72 
 

The effects of the two future scenarios were evaluated by constructing FDCs for monthly flows. 

Figure 5.27 and Figure 5.28 displays the comparison of flow duration curves during the baseline 

period (1986–2005) and the two future periods (2011-2030s and 2031-2050s) under RCP4.5 and 

RCP8.5 scenarios at the Gibe III outlet. This comparison shows that the probability of occurrence 

of flow and magnitudes of flow could be higher in both future periods in the basin under both 

scenarios. Table 5.9 shows the projected changes in high flow (Q5), median flow (Q50), and low 

flow (Q95) in the near term, 2011-2030s and Midterm, 2031-2050s with respect to the baseline 

under both scenarios. Under both scenarios, Q5 and Q50 were projected to increase in near term 

period while in midterm period Q50 is projected to decrease on the two models. This decrease 

median flow under RCP8.5 is most likely due to the decrease in median annual precipitation. 

However, (Q95) was predicted to decrease under all scenarios and futures in the basin. Thus, it is 

worth to note that the flow duration curve under future period changes in high flow (7.60% – 

45.79%) in RCP4.5 and (7.28% – 28.81%) in RCP8.5 under the near term period and (27.31% – 

53.11%) in RCP4.5 and (5.28% – 14.26%) in RCP8.5 in the midterm period show that the 

frequency of flood and their magnitudes will increase in all future periods. Therefore, proper 

utilization and management of the increased flow can actually increase hydropower production in 

the basin.  

Table 5.9. Percent future changes in high flows with respect to the baseline flow (1986–2005) under 
RCP 4.5 and RCP 8.5 scenarios in the Gibe III River Basin 

 

 

 

 

 

 

NEAR_ TERM

Q CNRM(%) Ec_Earth(%) MPI(%) Ensemble(%) CNRM(%) Ec_Earth(%) MPI(%) Ensemble(%)

Q5 997.58 7.60 45.79 31.52 28.30 7.28 28.81 13.17 16.42

Q50 567.00 4.39 15.29 11.29 10.32 1.64 9.40 -1.83 3.07

Q95 325.64 -16.09 -7.47 5.59 -5.99 -22.73 -11.34 -25.52 -19.86

MID_ TERM

Q5 997.58 -1.66 53.11 27.31 26.25 14.26 3.83 -2.23 5.28

Q50 567.00 -6.90 10.93 -2.72 0.44 7.14 -8.29 -20.81 -7.32
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Figure 5.27.FDCs of the Gibe III basin for different climate models in the near term (2011-2030) 

 
 

 

 

 

 

 

 
Figure 5.28.FDCs of the Gibe III basin for different climate models in the midterm (2031-2050) 
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6. CONCLUSION AND RECOMMENDATION 

6.1.Conclusion 

This paper analyzed the availability of stream flow in the Gibe III River basin to possible future 

climate change that was predicted by three GCMs which were part of the Coupled Model Inter-

comparison Project Phase 5 (CMIP5) coupled with a physically based distributed hydrologic model 

(SWAT). The downscaling was undertaken by the COSMO-CLM Regional climate model— 

CCLM. We evaluated the dynamically downscaled rainfall simulations from three GCMs using a 

suite of performance measures such as Bias, RMSE, correlation coefficient and coefficient of 

variability of basin averaged annual rainfall amount to assess performance of climate models and to 

capture and to represent in-situ based rainfall distributions in the basin. The finding of the present 

study indicates that all models show over and underestimations of the observed mean annual 

rainfall in the basin. In terms of bias and RMSE the MPI model performed best between gauged and 

simulated annual rainfall amounts. The result also suggests that climate change impact studies in 

Gibe III basin may benefit from the use of ensembles of simulated rainfall as obtained from 

multiple models instead of simulated rainfall from a separate model which only captures certain 

aspects of rainfall satisfactorily.  

Climate change assessment in Omo-Gibe III basin showed a significant monthly and seasonal 

variation compared to annual changes. The results also presented the fact that climate change is 

highly uncertain as the results were varying widely with models, scenarios and time frames. Almost 

consistent results were obtained on projected temperature changes with the models. It was found 

that temperature in future is supposed to increasing. The maximum and minimum temperatures are 

projected to increase for both-time horizons with largest increase under RCPs 8.5 scenario. From 

the result it can be seen that the near term period average mean seasonal maximum temperature has 

a tendency of greater warming on winter season in both scenarios of RCPs while in midterm period 

the spring season is the warmest season, with the largest increase under RCP8.5. Compared to the 

base line period the ensemble of most of the models indicates the total annual and seasonal 

precipitation show increasing in near term period (2011-2030) compared to midterm (2031-2050) as 

projected under the RCP4.5. In midterm periods, climate models predicted that a decrease in 

rainfall in all seasons of the year except for autumn season under RCP4.5 scenario, rainfall is 

largely predicted to increase by 36.57% compared to the base line period.  Results of seasonal 

distribution clearly shows that the precipitation scenarios by mid-term are supposed to be more 

critical compared to near term due to drier wet seasons spring and summer months under most of 

the Models and the ensembles in both RCPs. The autumn season is supposed to be wetter than 
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summer and spring season in the near term period under both scenarios and in the midterm period 

under RCP4.5.  

The predicted change in the mean annual flow from 2011–2030 is estimated as greater than 10% 

increase from GCMs ensemble mean. Seasonal analysis reveals an increase in flows in all months 

(Mar to Aug) of around 10% to 50%, and there is also an increase in months (Sep to Feb) of around 

10% to 55% estimated during period 2011–2030. Under RCP4.5 all GCMs models show projected 

increase of flow. During the period 2031–2050 an increase in the Flows in spring and autumn 

months (Mar to May and Sept to Nov) of around 10% to 37%, and a slight increase in summer 

months (Jun to Aug) of around 1% to 3% estimated from GCMs ensemble mean. Under this 

scenario two of the GCMs models projects decrease of flow. Under climate scenario RCP8.5, an 

increase in flows in spring and autumn months (March to May and Sept to Nov.) of around 10% to 

35.8%, and a slight increase in summer months (November to March) of less than 1% estimated 

during the period 2011–2030 from RCMs ensemble mean. During the period 2031–2050 under 

RCP8.5 climate scenario the seasonal analysis reveals, in flows will be projected to decrease in all 

seasons of the year which indicates a large projected decrease in the flows of RCMs climate 

models. 

The change in mean annual stream flow from 2011–2030 are mostly positive and indicate increase 

in available discharge in the river under RCP4.5 and RCP8.5 scenarios and from 2031-2050 under 

RCP4.5 compared to the baseline period. Flow duration curves showed that the probability of 

occurrence of high flow will be more in the future, relative to the baseline flows. The overall 

conclusion of the study is that Gibe III basin is likely to face more floods in both future periods 

while low flows are projected to decrease.  
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6.2. Recommendation 
 The observed uncertainty associated with inter-model variability across GCMs, and,  the 

reduced spread in the results of the rainfall when a single RCM is used for downscaling, 

emphasizes the importance of using the CORDEX-Africa multi-GCM/multi-RCM  in order 

to assess the robustness of the climate change signal and, possibly, to identify and quantify 

the many sources of uncertainty. 

 
 The current study indicates that there exists a difference in the result found between SRES 

scenarios of previous research work and the RCPs in one RCM used. Hence, further analysis 

can be undertaken with Multi GCM/Multi RCM with more RCPs and more bias correction 

method so as to give a clear picture about the result.  

 
 In this study the impact of climate change projection was assessed by assuming that the land 

cover will remain the same for the historic as well as for future periods. The study also 

doesn‘t consider any change in soil parameters at future time horizons. However, in real 

world the land cover change and soil parameter will occur due to natural and human 

influences. Therefore, a study considering the land cover and soil parameter change would 

increase the confidence of projected result. 

  

 Climate change projections were done for Gibe III River catchment. However, due to 

unavailability of measured flow data at Gibe III River basin, transferring of hydrologic 

characteristics of watersheds from the nearby available (Abelti) catchment to Un-gauged 

part of the basin were used to derive daily flows from ungauged part of the study area. Thus, 

it is recommended that the work to be continued to evaluate climate change impact using 

methods to estimate flow at ungauged part of the basin. 

 

 Climate change is likely to alter discharge resulting in important aspect on water availability 

for in stream usage, particularly for hydropower generation. In present study the 

hydropower plant found on the outlet of the studied catchment is not considered in our 

study, as it is one of the water use components, further work should be done on the impacts 

of climate change on hydropower production.  
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