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Abstract 

Climate change impact and its variability on stream flows are now becoming one of 

the significant challenges. Hence evaluation of the impact and the trends of the change 

is very important at watershed level. The aim of this study was to evaluate the impacts 

of climate change on inflows to Koka reservoir in upper awash sub basin using HBV 

model. The climate model variables (precipitation and temperature) were obtained 

from Coordinated Regional Downscaling Experiment (CORDEX) from Regional 

Atmospheric Climate Model Version2.2 (RACMO22T) under representative 

concentration pathway (RCP4.5) and (RCP8.5) scenarios. Bias correction was applied 

to climate variables before transferred to hydrological model (HBV) to simulate 

discharge. For model performance evaluation; Coefficient of determination (R
2
), Nash 

Sutcliffe Efficiency (NSE) and percent bias (PBIAS) were used during calibration (2002-

2010) and validated (2011-2015) period. The result of calibration and validation (R
2
, 

NSE and PBIAS) are 0.88, 0.78 and -6.72 and 0.88, 0.83 and -12.51 respectively. Stream 

flow was simulated for two consecutive periods (2021–2040) and (2041–2060) for both 

scenarios and compared with the base period (1996–2015) to explore impact of climate 

change on inflows. The result obtained shows that overall mean annual flow is projected 

to decrease by 11.7 and 18.1% under RCP4.5 and RCP8.5 scenarios respectively. For 

the period (2021-2040) flow expected increase in October under both scenarios. The 

increment will be 113.2% and 115.5% under RCP4.5 and RCP8.5 respectively while the 

maximum reduction will be expected in March (84.6%) under RCP4.5 and in January 

(69.5%) under RCP8.5. Similarly for the period of (2041-2060) the maximum increment 

will be in October under both scenarios while the maximum reduction projected in 

January under both scenarios. Flow duration curves indicate that, the probability of 

occurrence of high flow (Q5) and median flow (Q50) are likely to be more in the future 

under both scenarios. However, low flow (Q95) is predicted to decrease under both 

scenarios. High flow (Q5) will be vary from (35.6% to 55.9%) and median flow (Q50) vary 

from (37.2% to 85.8%). Low flow (Q95) expected to decrease by 78.3% under RCP4.5 

and 71.8% under RCP8.5. The monthly and seasonal variations are expected to be 

more relative to annual variations. During summer and autumn season, flow expected 

to increase while decrease in winter and spring in the study area under both scenarios. 

As the result of high increment in flow in certain months and high reduction in the 

other months, flood and drought may be expected in future in the basin. Overall there 

will be a variations of flow month to month and season to season. Therefore, it is 

important to consider this variation of flows to Koka reservoir to frame appropriate 

guidelines for planning and management.  

Key words: HBV; RCM; Climate model; Bias correction; Climate Change; Discharge 
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1. INTRODUCTION 

1.1. Background  

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

changes in the mean and the variability of its properties and that persists for an extended 

period, typically decade or more (IPCC, 2007). Climate may be changed by internal 

process or external forcing. Some external influences, such as changes in solar radiation 

and volcanism, occur naturally and contribute to the natural variability of climate system, 

and change in the composition of the atmosphere that began with the industrial 

revolution. Internal forcing operates from within the climate system, for example the 

changes in global energy balance due to changes in the composition of the atmosphere 

(IPCC, 2007).  

 

Nowadays there is strong scientific evidence that indicates the average surface 

temperature projected to increase due to greenhouse gas emissions under all scenarios at 

the end of 21
st
 Century (IPCC, 2014). According to IPCC (2014), depending on various 

greenhouse gases emissions scenarios, climate models estimate that the global mean air 

temperature will likely to increase 1.4
o
C and 2.0

o
C for RCP4.5 and RCP8.5 respectively 

at the end of the 21
st
 Century. 

 

Impact of climate change on water resources is the most crucial research agenda 

worldwide (IPCC, 2007). This change affecting certain components of the hydrological 

cycle, especially precipitation and temperature which alters the spatial and temporal 

availability of water resources and it can change flow magnitude, variability and timing 

of the main flow events (Habtom, 2009). Addressing these issues requires knowledge of 

how water resources are affected by changes of various aspects of regional hydrological 

cycle (Guo et al., 2008).  

 

The sensitivity of regional hydrology to variable climate conditions makes climate 

change projections essential for the assessment of future likely variations in availability, 

supply and sustainability of water resources (Claudia, 2012). 
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The potential impact of climate change on the ability to meet future demands for high quality 

drinking water, irrigation requirement, hydropower generation and to satisfy other competing 

goals are an issue of important in many regions (Brekke et al., 2009 and Bates et al., 2008).  

Ethiopia is a country which its economy depends on rain-fed agriculture that is highly 

vulnerable to climate change, mainly by precipitation patterns (Deressa et al., 2011).  

 

The Awash basin hosts a large share of economic activity in Ethiopia. It has a population 

of around 13 to 16 million including the major cities of Ethiopia Addis Ababa 

(population: 4 million), Adama (population: 300,000), and DireDawa (population: 

233,000). This shows that, it is more urbanized area than the rest of Ethiopia, with 

approximately 25 percent of its population living in cities compared to 19 percent across 

the rest of the country, and more industrialized (Vived Economics, 2016) 

 

The upper awash basin is subject to high climate variability, experiencing frequent 

flooding and droughts. The basin is already subject to water stress, with higher water 

demand than supply. For instance, a study by Adeba et al. (2016) was estimated an 

average annual runoff of 4640 MCM (Million Cubic Meter) while, the average annual 

demand was 4670 MCM. The basin is subject to high intra-annual variability, with dry 

season water shortage recognized as a challenge for various activities such as irrigation 

hydropower and domestic water supply by the awash basin authority. Water demand is 

likely to increase with population growth, expansion of agriculture, industries, and 

urbanization. 

 

Despite the fact that the impact of climate change forecasted at global scale, the type and 

magnitude of the impact at catchment scale is not investigated in most part of the world. 

Many authors used old Special Report Emmission Scenarios (SRES) to evaluate climate 

change impact studies. For example (Mulligan, 2015), (Wanders & van, 2015) and (Babel 

et al., 2014). Neverthless, currently those scenarios have become outdated. New 

emmission scenarios (Representative Concentration Pathways (RCPs) are scenarios 

which overcome the shortcoming of the SRES scenarios. The RCPs are not linked with 

exclusive socioeconomic assumptions or emissions scenarios, they are based on the 
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groupings of economic, technological, demographic, policy, and future institutional 

challenges of mitigation and adaptation. Although several studies have been done on 

climate change impact on water resources in upper awash sub basin using old emmision 

scenarios (SRES), a few studies have been done by using GCM climate model with new 

emmision scenarios (RCPs).  

Therefore, assessment and quantifying of climate change impact on stream flow using 

new RCPs and together with a fine resolution of regional climate model is essential for 

understanding and solving the potential water resource management problems associated 

with water supply for domestic and industrial water use, power generation, and 

agriculture as well as for future water resource planning, reservoir design and 

management, protection of flood and adaptation to drought.  

1.2. Statement of the Problem 

Climate change has a profound impact on natural resources, of which water is one of the 

most important. With climate change, the amount of rainfall in many parts of Africa is 

expected to decline while variability may increase dramatically (IPCC, 2007). Climate 

change is adversely affecting water resources in Ethiopia, mainly through rising 

temperatures, changing rainfall patterns and increasing atmospheric water demand 

(Bewket et al., 2015)  

 

The Awash basin is known by population density and intensively utilized river basin in 

Ethiopia due to its strategic location, access roads, and available land and water 

resources. Extensive irrigation schemes have been functional for many years following 

the construction of Koka dam in 1960 and there are some small and large scale irrigation 

projects are currently planning, like that of expansion of Fentale, Welinchiti irrigation 

project and Wonji and Metehara sugar plantation which is mainly depend on outflows 

from Koka reservoir and as well as Adama city drinking water supply is mainly depend 

on outflows from this reservoir. On the other hand, drought and flood were happened in 

this area in 1994 and 1996 respectively (MoWIE, 208).  
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Hence, assessment of possible impact of climate change on the quantity and distribution 

of inflows to Koka reservoir in future is crucial to overcome the challenges due to climate 

change. However, recent climate change impact studies using regional climate model and 

new RCPs on upper awash sub basin are limited. Therefore, evaluation of climate change 

impact on stream flow using new RCPs and regional climate model is essential for 

understanding, the direction and distribution of future flow changes and solving the 

potential water resource management problems associated with water supply for domestic 

and industrial water use, power generation, and agriculture as well as for future water 

resource planning, reservoir design and management, and protection of the natural 

environment. 

1.3. Objective of the research 

1.3.1. General objective  

 The main objective of this study is to evaluate and quantify the possible impact of climate 

change on inflows to Koka reservoir under Representative Concentration Pathways (RCPs) in 

the upper awash sub basin. 

1.3.2. Specific objectives 

 To estimate temporal change of precipitation and temperature with respect to a baseline 

period in the study area. 

 To estimate possible future effect of climate change on inflows to the Koka 

reservoir and test the trends of the simulated data 

1.4. Research questions 

The basic questions that has to be answered in this research are 

1. What is the likely change in temperatures and precipitations in future with respect to 

baseline period (1996-2015) under RCP4.5 and RC 8.5 scenarios? 

2. How much will the inflows to Koka reservoir likely change in the future compared to 

the baseline period due to climate change?  

3. What are the general trends of the observed and simulated precipitation and discharge 

under RCP4.5 and RCP8.5 scenarios? 
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1.5. Significance of the study 

The impact of climate change on stream flows is sensitive over the entire world today. 

Therefore, knowing such impact makes the water resource planner, decision makers and 

any concerned body to understand the consequences of climate change impacts on water 

resource particularly at watershed level is very important as a result of stream flow is 

basically dependent on watershed properties like soil type and land use. In addition, the 

output of this research will likely used as an input in planning approach and decision 

support tool in planning, developing and managing of water resources in awash river 

basin particularly in upper awash sub basin.  

 

This research will be significant in helping any concerned body to take any necessary 

remedial action against change on inflows due to climate. 

1.6. Scope of the study  

The scope of this study is limited to upper awash sub basin mainly to inflows to Koka 

reservoir and analyzes the impact on reservoir inflows due to climate change. This is 

achieved by the use of Regional Climate Model (RCM) output which was downscaled for 

present and future time horizon under RCP 4.5 and RCP 8.5 and bias corrected by using 

CMhyd software. Then the change in climate of future period is analyzed and compared 

to observed meteorological data in baseline period.  

 

Finally, the bias corrected climate data (daily area rainfall and air temperature) output in 

the future is then forced into hydrological model (HBV) to produce runoff in the future 

period and impact from climate change on reservoir inflows is quantified.  
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2. LITERATURE REVIEW 

2.1. Background 

One of the largest challenges of the world facing today is impact of climate change. It 

is the current and severe issue for both developed and developing countries. Due to shift 

in the average patterns of weather, climate change and variability are now becoming 

one of the significant development challenges (Subimal & Chaitali, 2010). A more 

variable in climate is the expected outcome of increases in atmospheric concentrations 

of greenhouse gases resulting from human activities, Carbon dioxide (CO2) and many 

greenhouse gases occur naturally and keep the earth warm. Anthropogenic sources of 

CO2 since the industrial revolution, have added greatly to the atmospheric 

concentrations. Transportation and fossil fuels burning for electricity generation are 

the frequently cited as major sources of climate change. Increased levels of greenhouse 

gas concentrations over the next century are predicted to cause a significant rise in 

temperature which are greater than at any time in the past (IPCC, 2011). 

 

Climate change refers to any long-term significant change in the expected patterns of 

average weather of a specific area over a significant period. It is a long-term change in 

the statistical distribution of weather patterns over a period, including air temperature, 

precipitations, wind and other elements that range from decades to millions of years 

(IPCC, 2007). In addition, IPCC (2007) recommended that, the appearance of global 

climate change is increasing in global warming, the rise of average temperature, changing 

in precipitation, widespread melting of snow and glaciers and the rise of the earth's sea 

level, which has been observed for at least for 30 years. 

 

As reported in IPCC (2013) at the end of 21
st
 Century, air temperature between 1986-

2005 and 2081-2100 relatively increases from 0.3°C to 1.7°C under RCP 2.6, 1.1°C to 

2.6°C under RCP 4.5, 1.4°C to 3.1°C under RCP 6.0 and 2.6°C to 4.8°C under RCP 

8.5.over the world. Moreover, this report dictates that, changes in precipitation will not 

be uniform. The high latitudes and the equatorial Pacific are likely to experience an 

increase in average annual precipitation under the RCP 8.5 scenario. In mid-latitude 
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and sub-tropical of dry regions under RCP 8.5 average annual precipitation will likely 

decrease while wet region under mid-latitude, it will increase.  

2.2. Climate Change in Ethiopia 

Ethiopia‟s economy is heavily dependent on rain-fed agriculture that is highly vulnerable 

to climates change (Deressa et al., 2011). According to NMA (2001) studies, using 

historical data of temperature and precipitation from 1951-2005 for selected stations in 

Ethiopia showed that, from year-to-year variations of precipitation was observed. 

Over the country, during this periods both dry and wet were occurred.  

Trend analysis of annual precipitation in Ethiopia shows that precipitation remained more 

or less constant when averaged over the whole country while a declining trend has been 

observed over the Northern and Southwestern and the spatial variation of precipitation 

was influenced by the changes in intensity, position, and movement of direction rain-

producing systems over the country (IPCC, 2007). According to NMA (2001) revealed 

that in Ethiopia climate variability and change in the country, is mainly manifested 

through the variability and decreasing trend in precipitation and increasing trend in 

temperature.  

In IPCC (2007) mid-range emission scenarios, the mean annual temperature will increase 

in the range of 0.9-1.1°C by 2030, 1.7-2.1°C by 2050 and 2.7-3.4°C by 2080 over 

country similar to the period of 1961-1990. Hence, in these periods increase in annual 

precipitation is expected over the country. McSweeney et al. (2008) reported that, 

historical climate data from (1960-2006) for the country indicated that, mean annual 

temperature has increased by 1.3
0
C and 0.28

0
C per decade and an average rate was 

increased. The authors also explained that, increase in temperature in Ethiopia has been 

most rapid in June, August, and September at a rate of 0.32
0
C per decade and also 

precipitation in historically highly variable and there is no clear trend in the amount of 

precipitation over time. The wide range of these different scenarios highlights the 

uncertainty in future projections for climate change in Ethiopia. Clearly, Ethiopia is 

highly vulnerable to current variability and there are also indicate that climate change 

will increase precipitation variability which will likely increase losses from rain-fed 
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agriculture. McSweeney et al. (2008) suggested that, projections from different climate 

models in the collaborative are broadly consistent in indicating increases in annual 

precipitation in Ethiopia. These increases are largely a result of increased precipitation in 

the „short' precipitation season (October, November, and December) in southern Ethiopia. 

In this season projected precipitation changes by 10% to 70% as an average over the 

whole of the country. However, eastern part of the country in these season decreases 

precipitation. 

Haile & Rietjes (2015), study on upper Blue Nile basin indicates that, under 2
0
C global 

warming threshold the projected future annual precipitation changes by (-2.8% to 2.7%). 

However, the direction of this projected precipitation was not clearly understood. The 

authors also explained that, during the Belg (short rainy seasons) future precipitation is 

projected reduce. According to Daba et al. (2017) in upper awash sub basin, projected 

future, maximum and minimum temperature will have increased in all time periods. . 

2.3. Causes of climate changes            

The population size of Ethiopia and the impact of the activities of the growing population 

have increased over the last decades (Simane et al., 2016). There are frequent changes in 

the climate. This climate change is a resulted both from natural factors and human 

activities altering the earth‟s hydrologic cycles to various degrees. It is an important 

factor in the present scenario for planning and management of water resources and affects 

hydrology mainly through changes in precipitation, temperature, and evaporation (Dong 

et al., 2012). 

 

IPCC (2013) appointed that, around 95% of greenhouse gas was responsible for 

increased by human activates. Therefore, human activities causes climate change mainly 

by fossil fuel burning, changes in land use, such as deforestation, and removal of forests 

for different purposes. At global scale, the main cause of greenhouse gas emissions is 

from carbon dioxide (70%), primarily from burning of fossil fuel imported from 

industrialized countries, while the other sources for greenhouse gases are methane and 
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nitrous oxide caused by deforestation and agricultural activities, particularly the use of 

pesticides (Yohannes & Mebratu , 2009). 

In addition, IPCC (2013) report states that, human influence is the main cause of the 

observed warming in the atmosphere, oceans and other indicators of climate changes. For 

example, about 30% of the carbon dioxide from human activities is absorbed by the 

oceans, which makes ocean waters more acidic and damages marine life (IPCC, 2014). 

Although, it is continued emissions of greenhouse gases will cause further warming and 

changes in the components of the climate system, the emissions of greenhouse gases 

mainly occur in high-income countries while the negative effects of climate change are 

mostly seen in low-income countries. This means climate change is generally expected to 

hit developing countries harder than industrialized countries, as the developing countries 

are less capable of mitigating or adapting to the changes due to their poverty and high 

dependence on the environment for life. 

 Overall IPCC (2014) pointed out that, human activities have been the most dominant 

cause of global warming. 

2.4. Impact of climate change on steam flow in Ethiopia 

Climate change is expected to increase the surface temperature of the Earth and the oceans, 

raise sea levels, alter the global distribution of precipitation, affect the direction of ocean 

currents and major airstreams, and increase the intensity and frequency of extreme weather 

events. Climate change is already causing loss of life, damaging property and affecting 

livelihoods in many parts of the world including Ethiopia. The cause of climate change was 

wide-ranging effects on the environments, socio-economic conditions and related sectors, 

including water resources, agriculture and food security, human health, terrestrial 

ecosystems.  

 

The study conducted by Sintayehu et al. (2015) on Upper Blue Nile River Basin on Didessa 

catchment using ECHAM (GCM) under A1B emission scenarios to simulate the runoff under 

changing climate indicates that, most of the Upper Blue Nile River Basins are likely to 

become wetter and warmer in the 2091-2100 and during the main rainy season of summer, 

at 2030`s and 2090`s average seasonal runoff percentage change may increase up to 
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+157% and +136% respectively. Low flow may become higher and sever mid-to long 

term drought are likely to become less frequent throughout the basin. The increase in 

average runoff is associated with the increase in precipitation projection over the 

catchment. 

Another study conducted by Kinfe (1999) using the integrated water balance model 

(WatBal) and three GCM (GFD1,GFD3 and CCCM) climate model under doubling Co2 to 

study on climate change impact on awash river basin. The result revealed that the basin 

would be significantly affected by the changed climate; that is, a considerable water 

deficit is projected for the future. All the models suggested that global warming would 

result in a general increase in dryness, which would decrease water availability. 

Moreover, a 20% decrease in rainfall in the basin coupled with a 2°C increase in 

temperature would result in a 41% decrease in the annual runoff. In generally around (-

10% to 34%) annual reduction of runoff would be resulted in the awash river basin 

simulated by all three models.  

A recent study by Daba et al. (2017) in upper awash basin using Soil and Water 

assessment tool (SWAT) hydrological model and global circulation climate model 

(CCLM) under (A1B) old emission scenarios, projected precipitation will increased by 

2.4% in 2020, whereas in 2050 and 2080 period it will decrease. The authors also explain 

that, the annual stream flow of upper awash basin is projected to decrease in 2050 and 

2080 periods, but in 2020 period, mean annual stream flow projected to increase.  

 

Generally in Ethiopia projected stream flow shows mixed change over different basins 

and sub basins following the precipitation changing patterns. 

2.5. Climate Model 

According to IPCC (2013), climate models have continued to be developed and 

improved. Many models have been extended into earth system models by including the 

representation of bio-geochemical cycles important to climate change. These models 

allow for policy-relevant calculations such as the carbon dioxide emissions compatible 

with a specified climate stabilization target. In addition, the range of climate variables 

and processes that have been evaluated has greatly expanded, and differences between 
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models and observations are increasingly quantified using performance evaluation 

criterion. The interactions of important drivers of climate model include atmosphere, 

oceans, land surface and ice.  Flato et al. (2013) desribes climate model as; the primary 

tools available for investigating the response of the climate system to various forcing and 

to predict climate change on the basis of seasonal, annual and decadal time scales with 

future climate projection over the coming Century.  

 

Global climate models (GCMs) and Regional climate model (RCMs) data are required to 

project and quantify the relative change of climate variables between current and future 

time periods. GCMs is simulating large-scale mass and energy exchange mechanisms 

across the globe, by solving three-dimensional governing equations for the atmosphere, 

ocean, and land surface. Moreover, it is a numerical model that applies physical, 

chemical and biological principles to simulate the interaction of the atmosphere, oceans, 

land surface, snow, ice and permafrost in determining the earth's climate. However, the 

outputs are not interpreted as absolute or deterministic predictions of future conditions on 

specific dates rather, the GCMs was run multiple times with slightly different initial 

conditions (FAO, 2015), (IPCC, 2007) and (Wyden et al., 2013).  

 

According to Wyden et al. (2013) Regional Climate Models (RCMs) is conceptually 

similar to GCMs. Nevertheless, focuses on specific regions and are driven by GCMs over 

a limited area and can provide information at a fine resolution comparable to GCMs. 

Coarser resolution of climate datasets represented by GCM while the finer resolution of 

climate data sets represented by RCMs provides more accurate and detail representation 

of localized extreme events. Thus, RCMs widely used worldwide for climate change 

impact assessment particularly with respect to agriculture, hydrology, water resources 

and others. 

2.6. Climate change scenarios 

Climate scenario is a plausible and simplified representation of the future climate, 

constructed from climate simulation, and it represents the difference between the current 

and a future climate including its change and is usually measured with respect to baseline 
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climate conditions (Houghton, 2002). The climate change scenarios should be assessed 

according to consistency with global projections, physical plausibility, applicability in 

impact assessments and representativeness. A range of scenarios can be used to identify 

the sensitivity of an exposure unit to climate change and to help policy-makers decide on 

appropriate policy responses. Selection of climate scenarios and non-climatic scenarios 

are important because it can control the outcome of climate impact assessment (IPCC, 

2007). 

2.7. Selection of Climate Model 

There is no universal ways to select suitable climate model for climate projections 

(Gleckler et al., 2008) and (Räisänen et al., 2009). Moreover, the coarse resolution of 

most current climate models certainly dictates caution in their application on smaller 

scales in heterogeneous regions such as along coastlines or rugged topography  

The four criterion for selection of which GCMs/RCMs outputs to use for an impact study 

have been suggested are; 

Vintage-In general, recent model simulations are likely (though by no means certain) to 

be more reliable than those of an earlier vintage. They are based on recent knowledge, 

incorporate more processes and feedbacks and are usually of a higher spatial resolution 

than earlier models. 

Resolution-As climate models have evolved and computing power has increased, there 

has been a tendency towards increased resolution. Some of the early GCMs operated on a 

horizontal resolution of some 1000 km with between 2 and 10 levels in the vertical. More 

recent models are run at nearer 250 km spatial resolution with perhaps 20 vertical levels. 

However, although higher resolution models contain more spatial detail this does not 

necessarily guarantee a superior model performance. 

Validity - A more persuasive criterion for model selection is to adopt the GCMs that 

simulate the present-day climate most faithfully, on the premise that these GCMs would 

also yield the most reliable representation of future climate. The approach involves 

comparing GCM simulations that represent present-day conditions with the observed 
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climate. The modeled and observed data are projected to the same grid, and statistical 

methods employed to compare mean values, variability and climatic patterns.  

Representativeness - If results from more than one RCM/GCM are to be applied in an 

impact assessment (and given the known uncertainties of RCM/GCMs, this is strongly 

recommended), another criterion for selection is to examine the representativeness of the 

results. Where several RCM/GCMs are to be selected, it might be prudent to choose 

models that show a range of changes in a key variable in the study region (for example 

models showing little change in precipitation, increase and a decrease). The selections 

may not necessarily be the best validated. 

2.8. Representative Concentration Pathways (RCPs) 

One of climate change scenarios is Representative Concentration Pathways (RCP). RCP 

scenarios are the latest generation of scenarios that provide input to climate models 

participating in the Coupled Model Inter-comparison Project (CMIP5) and span the range 

of plausible irradiative forcing scenarios (Vuuren et al., 2011) and (IPCC, 2013). They 

are prescribed pathways for greenhouse gas and aerosol concentrations, together with 

land use change, that are consistent with a set of broad climate outcomes used by the 

climate modeling community. The pathways are characterized by the radioactive forcing 

produced by the end of the 21 Century (IPCC, 2013). 

The implications of climate change for the environment and society will depend not only 

on the response of the earth system to changes in irradiative forcing but also on how 

humankind responds through changes in technology, economics, lifestyle, and policy. 

 

Developing the new RCP scenarios were as a result of SRES scenarios do not consider 

current climate policy, whereas latest developments in climate models require detailed 

information on emissions scenarios through the collaboration of various disciplines. The 

RCPs supersede the old emission scenarios (SRES) in order to be coherent with new data, 

new world environment, and new models. The new scenarios are thus intended to connect 

work on climate change, impacts and adaptation, and mitigation (IPCC, 2013). 
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Unlike SRES, RCPs start with pathways of radioactive forcing (the change in the balance 

between incoming and outgoing radiation to the atmosphere caused primarily by changes 

in atmospheric composition), not with detailed socioeconomic narratives or scenarios 

(Vuuren, et al., 2011). 

 

Four types of RCPs are used to predict the future climate conditions. These RCPs 

available on the literature includes one the strongest forcing scenario (RCP8.5), two 

stabilization scenarios (RCP4.5/RCP6.0) and one mitigation scenario leading to the 

weakest forcing level (RCP2.6) (IPCC, 2013). 

RCP 2.6; is a pathway where radioactive forcing peaks at approximately 3W/m
 2

 before 

2100 Century and then declines. 

RCP 4.5 and RCP 6.0; are intermediate stabilization pathways in which radioactive 

forcing is stabilized at approximately 4.5W/m
2
 and 6.0W/m

2
 after 2100 respectively. 

RCP 8.5; one high pathway for which radiate forcing reaches greater than 8.5 W/m
2
 by 

2100 and continues to rise for some amount of time. 

The different finding showed that RCP4.5 and RCP8.5 are more indicated climate 

variability in East Africa including Ethiopia (Legese, 2017), (Omwoyo et al., 2017) and 

(Getahun & Lanen, 2016). 

2.9. Downscaling climate model 

Downscaling is the term for using models (statistical or dynamic) to increase the 

resolution of GCM output for a particular location. It may be performed to increase the 

temporal resolution (e.g., from monthly to daily values of precipitation and temperature) 

or the spatial resolution (e.g., from a GCM grid cell size down to the weather station 

scale) (Baede et al., 2001). The two main approaches used for deriving local or regional 

scales information from the global climate scenarios generated by GCMs are dynamic 

downscaling, which involves a nested regional climate model (RCM) and statistical 

downscaling techniques which employs a statistical relationship between the large scale 

climatic state and the local variations derived from historical data (Fowler et al., 2007).  

Dynamic downscaling primary contribution is through the inclusion of more realistic 

topography and land use/vegetation. As a result of systematic errors that inevitably occur, 
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RCMs require statistical corrections to provide realistic output. The main drawback of 

RCMs is that they are computationally costly complex models (Anandhi et al., 2008). As 

such, RCM data is relatively scarce, fewer greenhouse gas emission scenarios are run 

and, except for a few inter-comparison studies, data from more than one model is rarely 

available for climate change uncertainty studies.  

 

Statistical downscaling utilizes relationships between RCM output and historical data to 

produce finer spatial and temporal resolution climate data at the regional level. They are 

typically as effective as and less expensive than dynamical downscaling. Especially 

useful for temporal downscaling (from monthly to daily values) (Dibike et al., 2008). 

 

Regional climate models (RCMs) can be nested within GCMs. They are driven by GCMs 

over the limited area and can provide information at a fine resolution comparable to 

GCMs (Flato et al. 2013). The simulations of RCMs are based on climatic forcing 

derived from the GCMs under different scenarios of climate change. The finer resolution 

of climate data sets represented by RCMs provides more accurate and detail 

representation of localized extreme events (Charron, 2014). Thus, RCMs widely used 

worldwide for climate change impact assessment particularly with respect to agriculture, 

hydrology, and others. Baguis (2008) the nested regional climate modeling technique 

consists of using an initial, surface boundary and time-dependent lateral meteorological 

conditions to drive high resolution RCMs. It was the account for sub-GCM grid scale 

forcing (topographical features and land cover) in a physically-based way and improves 

the simulation of atmospheric circulations and climatic variables at fine spatial scales. 

RCMs now used in a wide range of climate applications, from pale climate to 

anthropogenic climate change studies and it provides high resolution (10 to 20 km or 

less), and capable of describing climate feedback mechanisms acting at the regional scale.  

 

A number of widely used limited area modeling systems have been adapted to develop 

climate application. According to study by Philbert et al. (2016) on performance of 

RCMs from the CORDEX to simulate minimum air temperature (Tmin), maximum air 
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temperature (Tmax) and rainfall from four RCMs over Tanzania by using bias, root mean 

square error and correlation, the RCMs capture the annual cycle of Tmin, Tmax and 

rainfall well. However, underestimate and overestimate the amount of rainfall in March, 

April and May and October, November and December respectively. Most RCMs 

reproduce inter-annual variations of Tmax, Tmin and rainfall.  

2.10. Bias-correction of climate model data 

Although both GCMs and RCMs are regarded as the best tools available for projection of 

climate change into the future, there are biases in GCM/ RCMs outputs. Bias is simply 

explained as the deviation of GCM or RCM outputs from the observations. However, in 

more elaborated terms, incorrect reproduction of extreme temperatures, prediction of 

excess number of wet days with low intensity rainfalls, under or over-prediction of 

climatic variables, incorrect seasonal variations and so on are some of the forms of biases 

prevailing in GCM or RCMs outputs (Teutschbein & Seibert, 2013) and (Chen et al. 

2011). According to Ojha et al. (2012), GCMs often incorrectly estimate the occurrences 

and intensities of precipitation. The limited understanding of the atmosphere and the 

simplified representation of the atmospheric processes in GCMs are regarded as the main 

causes of GCM/RCM biases. Nura et al. (2019) in their study indicated that, the annual 

rainfall of observed, bias corrected and bias uncorrected were 742.46mm,733.65mm and 

408mm respectively over the Logiya watershed which indicates that observed and bias 

corrected data of selected climate model was close to each other after bias correction was 

applied. However, before bias correction was applied, the difference between simulated 

and recorded average annual rainfall over the Logiya watershed is much more.  

2.11. Performance evaluation of selected climate model  

The ability of RCMs to simulate climate conditions at a particular location can be 

evaluated using a variety of techniques (Flato et al. 2013). However, no individual 

evaluation technique or performance measure is considered superior; rather, it is 

combined use of many techniques and measures that provides a comprehensive overview 

of model performance. The outputs from RCMs are evaluated against observations using 

some of the statistical measures recommended by the World Meteorological Organization 
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(WMO) as reported in (Gordon & Shaykewich, 2000). These statistics include bias, root 

mean square error and Pearson correlation coefficient. 

2.12.  Hydrological Model 

Hydrological modeling is a powerful technique of hydrological systems investigation for 

both the research hydrologist and practicing water resources engineers involved in the 

planning and development of an integrated approach for the management of water 

resources. The purpose of using a model is to establish baseline characteristics whenever 

data is not available and to simulate long-term impacts that are difficult to calculate 

(Lenhart et al., 2002). 

 

Effective watershed management and ecological restoration requires thorough 

understanding of hydrologic processes in the watersheds. Spatial and temporal variations 

in soils, vegetation, and land use practices make a hydrologic cycle a complex system. 

Therefore, mathematical models and geospatial analyses tools are needed for studying 

hydrologic processes and hydrologic responses to land use and climatic changes 

(Dilnesaw, 2006).  

2.12.1. Lumped Models 

According to Cunderlikm (2003) in these models, parameters do not vary spatially within 

the basin and do not represent physical features of hydrologic processes. The basin 

response is evaluated only at the outlet not include other sub-basins. The impact of spatial 

variability on the model parameters is evaluated by using certain procedures for 

calculating effective values for the entire basin. 

2.12.2. Semi-distributed Models 

In semi-distributed models, parameters are partially allowed to vary in space by dividing 

the basin into a number of smaller sub-basins. The main advantage of semi-distributed 

models is their more identify physically based structure and the lesser amount of input 

data when we compare to others. Some hydrological models such as; SWAT, HEC-HMS, 

HBV are in the domain of semi-distributed hydrological models (Cunderlikm, 2003) 
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2.12.3. Distributed Models 

In distributed model, parameters are 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. This model generally requires large amounts of data for parameterization 

(Cunderlikm, 2003) 

2.13.  Description of HBV hydrological model 

This model is a semi-distributed conceptual hydrologic model originally developed by 

the Swedish Meteorological and Hydrological Institute (SHMI) in 1970s. However, since 

then it has been further developed (Lindstrôm et al., 1997). The model has been applied 

in more than 90 countries and for several applications, including hydrological forecasting 

and stream flow generation (Bergström & Lindström, 2015). It has also been applied in 

several previous studies on stream flow and flood forecasting (Cloke & Pappenberger, 

2009). 

  

HBV model is a standard forecasting tool in nearly 200 basins throughout Scandinavia, 

and has applied in more than 30 countries including Ethiopia. The model is design to run 

in daily time step to simulate river runoff in river basins of various sizes. 

This model consists of subroutines for snow accumulation and melt, soil moisture 

accounting routines for runoff generation and a simple routing procedure (SMHI, 2008). 

It is a conceptual rainfall-runoff model which includes the relevant hydrological 

processes to determine the relationship between input (meteorological variables) and 

output (runoff) (Knoben, 2013). Not all parameters have a direct physical meaning, so 

they have to be calibrated against observation data. 

 

One of the versions of the HBV model is the HBV-Light version 3.0 Seibert (2005), 

which is a conceptual model that simulates daily discharge using daily rainfall, 

temperature and estimates of potential evapotranspiration as an input. This model can be 

run to simulate runoff as well as calibrates and forecasts for each sub basins and add 

together the contribution from each sub basins. It is also possible run the model to 
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generate the runoff for the whole basin as a single basin. Figure 2.1 describes the HBV 

light general structure. 

 

Figure 2-1: General structure of HBV model (Seibert, 2005) 

This model has four routines for discharge simulation namely; 

(A)  Snow routine - snow accumulation routine is an important process in the study of 

catchment where the snow is present and melts to give contribution to the runoff 

generation. The “snow routine” was ignored in this study due to absence of snow in 

the study area.  

(B)  Soil routine - is a process where rainfall goes to the root zone and to groundwater as 

recharge depending on the relation between field capacity (FC) and moisture content 

in the root zone (SM) (Equation. 2.1), and actual evaporation is estimated depending 

on soil moisture availability using the relation between SM and FC (Equation. 2.2). 
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(C)  Response routine is for computing runoff from upper (SUZ) and lower (SLZ) 

groundwater boxes as the sum of two or three linear outflow equations depending on 

a threshold parameter, UZL (Equation. 2.3).  

 

      =   max (SUZ-UZL, 0) +   *SUZ +   *SLZ                 (2.3) 

 

(D)  Routing routine is used to transform runoff to simulated runoff *mm/day (Equations. 

2.4 and 2.5) using a triangular weighting function defined by the parameter 

MAXBAS (Seibert, 2005).  
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where P (t) is the precipitation at time t, FC is the field capacity, Beta is a parameter that 

determines the relative contribution to runoff from rain or snow melt, Eact is the actual 

evapotranspiration, Epot is the potential evapotranspiration, LP is the soil moisture value 

above which Eact reaches Epot, QGW is the groundwater recharge, Qsim is the simulated 

runoff, and Ki is the recession constant.  

The general water balance of the model is described as; 

      
 

    
                  )                           (2.6)                                              

Where:   P= precipitation                                         SM= soil moisture 

               E=evapotranspiration                                UZ= upper groundwater zone  

               Q= runoff                                                  LZ = lower ground water zone 

               SP =snowpack     



  

 

  21 

 

3. MATERIALS AND METHODS 

3.1. Description of the study Area 

Awash River basin is divided into three parts; upper awash from Koka reservoir to the 

beginning of the awash river, middle awash, from Koka reservoir to Kesem dam and 

lower awash downstream of Kesem dam based on climatological, physical, socio-

economic, agricultural, and water resources characteristics (Edossa et al., 2010).  

The largest part of the Awash River basin is located in the arid lowlands of the Afar 

region in the northeastern part of Ethiopia and the Upper Awash River basin is located in 

the western highland part of the basin, including the capital city Addis Ababa.  

The geographical location of the basin lies between latitude of 8
0 

10`57``N to 9
0
 13`54``N 

and longitude of 37
0
 57`E to 39

0
11`E. According to the Awash Basin Authority, the total 

annual water demand by the four sectors in Billion Cubic Meter (BCM) is estimated to be 

3.4, 0.3, 0.12 and 0.28 for irrigation, domestic, livestock and industrial uses, respectively. 

Most of these activities are in upper awash basin (Awash Basin Autority, 2017).  

The Koka reservoir is located in the upper awash sub basin at the central parts of the 

Oromia regional state in East Shoa zone at 80 km south east of Addis Ababa. The total 

area of the upper awash sub basin is 11228.7 km
2
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               Figure 3-1: Map of the study area         

3.2. Physical characteristics of upper Awash sub basin 

3.2.1. Climate  

The climate of the Awash Basin is influenced by the Inter-Tropical Convergence Zone 

(ICTZ), a zone of low pressure that characters the convergence of dry tropical easterly 

and moist south easterly winds is responsible for seasonal rainfall distribution within the 

basin as a result of annual migration of the ITC between May and November produces 

the major rainfall in Ethiopia. Upper awash region gets its main rainy season in July and 

August when ITCZ is positioned in Northern Ethiopia. The weak high pressure system 

over Ethiopia has a South-East and North West axis, which depresses the movement of 
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ITCZ southward from upper awash region and run parallel to it (Edossa, et al., 2010).. 

Therefore, the region from July to August is under the influence of the dry North East or 

the wet South-West winds. 

3.2.2. Rainfall 

The rainfall pattern in the upper awash sub basin predominantly unimodal with the main 

rain occurring from end of June to September so called (Kiremt) and the rest of the 

months mainly dry except small rain during March to May locally known as (Belg). 

 

The averages of monthly rainfall of the six stations in the upper awash basin are shown in 

Figure 3.2. The mean monthly rainfall over the station varies from 3.0mm at Tulu bolo in 

November to 282.5 mm at Addis Ababa in August for the period (1996–2015). 

Comparatively, the monthly rainfall was low from October to February, but started to 

increase in June. Moreover, relatively intensive rainfall was received between June and 

August, with the maximum sum of monthly rainfall received in August at the Addis 

Ababa station. The minimum sum of monthly rainfall was recorded at Tulu bolo in 

November and in all stations the lowest rainfall occurred in November and December. 

3.2.3. Temperature 

The maximum and minimum temperature of selected station varies considerably over the 

study area. The mean monthly Maximum and minimum temperature of selected station 

over the study area from 1996-2015 is plotted in Figure 3.3 (A) and (B). The mean 

monthly maximum and minimum temperature in 
0
C varies from 21.3 at August at Addis 

Ababa to 31.4 in Jun at Koka dam and 4.8 in December at Ginchi to 13.0 in June at Koka 

dam respectively. Generally the months of March to May are the hottest and December 

January to is coldest time. 
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Figure 3-2: average of monthly rainfalls (mm) of selected stations in study area (1996-

2015) 

 

 
Figure 3-3: Mean monthly maximum (A) and minimum (B) temperatures (

0
C) of selected 

station in study area (1996-2015)         
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3.3. Data collection 

Required data for this study were collected sources. The data collected are; recorded 

meteorological data, hydrological data, topographic data and climate data. After the 

collection of the required data, quality control were performed on the available data 

mainly by preliminary checking, plotting, and removal of errors in order to ensure the 

quality of the data for further investigation. Required data and their sources are presented 

in Table 3.1. 

Table 3-1: Required data and their Sources for this study 

3.3.1. Observed meteorological Data 

Table 3-2: Meteorological stations and their record years in upper awash sub-basin 

ID Name of 

stations 

Latitude Longitude Elevation Year of data 

records 

Number of data 

missed in (%) 

1 Addis Ababa 9.019 38.748 2386 1987-2017 3.25 

2 Akaki 8.870 38.786 2057 1995-2016 11.52 

3 Debre Zeiyt 8.733 38.950 1900 1992-2015 10.76 

4 Ginchi 9.017 38.133 2132 1994-2017 9.42 

5 Koka Dam 8.469 39.154 1618 1995-2016 8.71 

6 Tulu bolo 8.655 38.204 2190 1995-2015 11.34 

Source: Ethiopian National Meteorological Service Agency (ENMSA). These 

meteorological stations were selected for this study due to their long record years, missed 

less data and represent the study area. 

3.3.2.  Meteorological data  

Before beginning any hydrological or meteorological data analysis it is important to make 

sure that data are homogeneous, correct, sufficient and complete with no missing. Errors 

Data Sources of data Descriptions 

Terrain Ministry of Water, Irrigation and Energy 

(MoWIE) department of GIS 

DEM (digital elevation 

model) 30m*30m 

 Observed 

Climate data 

Ethiopian National Meteorological Service 

Agency (ENMSA) ( 1996-2015) 

Maximum and minimum 

temperature, rainfall  

Model climate 

data (present 

and future) 

From website; https://esgf 

node.llnl.gov/search/esgf-llnl/  historical 

data (1996-2015) and future  (2021-2060)  

for RACMO22T RCMs model under RCP 

4.5 and RCP 8.5 

Maximum and minimum 

temperature, and rainfall 

(1996-2015) and (2021-

2060) 

Hydrological 

data  

Ministry of Water, Irrigation and Energy 

(MoWIE) 

Flow data (m
3
/s) (1996-

2015) 

https://esgf/
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resulting from lack of appropriate data processing are serious because they lead to bias in 

the final decision. In any case data should be appropriately adjusted for consistency, 

corrected for error, extended for insufficiency, and filled for missing. 

3.3.3.  Filling missed meteorological data 

The missing data is estimated by using different techniques. In this study the normal ratio 

method was used as a standard of comparison. The normal rainfall is the average value of 

rainfall at particular date, month or year over a specified year‟s period. Considering the 

normal precipitations vary considerably, the missing precipitation Px is estimated by 

weighing the precipitations at various stations by the ratio of normal precipitation.  

The normal ratio method is as given by 

   
  

 
  

  

  
 

  

  
   

  

  
]                                                                   (3.1)                                                                  

Where,  

N1, N2, Nn =Normal annual rainfall, 

P1, P2, Pn =Precipitations at particular years, 

M=Number of neighboring stations 

3.3.4. Test for consistency  

The trend of the rainfall records at a station may change through time due to a change in 

the physical environment which affects the catchment of the gauge due to change in the 

wind pattern or exposure .The consistency of records at the station in question is tested by 

a double mass curve by plotting the cumulative annual (or seasonal) rainfall at the 

stations against the concurrent cumulative values of mean annual (or seasonal) rainfall for 

a group of surrounding stations for the number of years of record. From the plot, if any 

change occurs, it is indicated by the change in slope of the straight-line plot, the rainfall 

records of the station can be adjusted by multiplying the recorded values of rainfall by the 

ratio of slopes of the straight lines before and after change in environment. In the 

watershed each rainfall station annual records were tested against surrounding stations 

and are consistent temporally. All tests undertaken after missed data were filled.  
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For this study double mass curve was used to check for the consistency. As shown in 

Figure 3.5 the slope of all stastions recorded are straight line so it is consistent. 

 

Figure 3-4: Double mass curve for selected stations from (1996-2015) 

3.3.5. Estimation of areal precipitation over the catchment 

There are different a number of methods used for estimating areal precipitation over the 

catchments. In order to select the method, we have to consider the quality of data, 

selected stations must be cover all the catchment area, significance and required precision 

of the result. In this study, Thiessen polygon method was used to estimate areal 

precipitation over the catchment due to it involves by assigning relative weights to the 

gauges in computing the areal depth of precipitation over the catchment, selected stations 

are covered overall the watershed area and most literature in the world have used this 

method.  

 

The average areal precipitation was determined by multiplying amount rainfall of each 

station with its area of contribution in catchment divided by the total area of the 

watershed. 
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Figure 3-5: Thiessen polygon for selected stations in the study area 

It is estimated by using; 

        ∑ (   
  

 
) 

 

   
                                                               (3.2)                

Where; 

   

 
 = Weighted factor for each station 

Pi = Amount of rainfall for each station (mm) 

N= Number of stations and i ranges from (1-n) 

Pareal= Amount of rainfall distributed over all catchment (mm) 

Table 3-3: Selected stations for Thiessen polygon and their weight factors 

Stations name Area (km
2
)  Weights for each stations %Weight factor 

Addis Ababa 1608.1 0.14 14.32 

Akaki 1503.3 0.13 13.39 

Debre Zeiyt 2514.1 0.22 22.39 

Koka Dam 1871.0 0.17 16.66 

Ginchi 1473.5 0.13 13.12 

Tulu bolo 2258.7 0.20 20.12 

Total 11228.7 1.00 100.00 
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3.4. Hydrological data  

3.4.1. Stream flow data  

The mean monthly stream flow at Hombole, Mojo and calculated at inlet of Koka 

reservoir are shown in Figure 3.6. The highest flow was recorded in August. The mean 

monthly of stream flow was around 400 m
3
/s in August at an inlet of Koka reservoir. The 

minimum flow occurred during November to June before starting to increase in July.  

 

Figure 3-6: Mean monthly observed discharge at Hombole, Mojo and estimated at inlet of 

Koka reservoir (1996-2015) 

3.4.2.  River flows in to Koka reservoir 

The flow to Koka reservoir was estimated by adding the flow at Homblole gauging 

station and Mojo gauging station directly. According to WMO (2010), if there is 

relatively short distance between gauged section and ungauged section of stream flow on 

the same river with no added tributaries or water diversions between the two sections and 

watershed properties like land use and land cover, soil type, rainfall distribution and 

temperature, are the same, there should be no significant change in flow between the two 

sections. The inlet of Koka reservoir at which the watershed outlet of this study was fixed 

is nearly close to the two flow gauging stations (Hombole and Mojo) and in addition 

there is no tributaries and diversion works after the two flow gauging stations before they 
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inters to the reservoir as shown in Figure 3.7. Ministry of Water, Irrigation and Energy 

(MoWIE) also uses these two stream flow gauging stations to manage flows to Koka 

reservoir. Therefore, the flow inters into Koka reservoir was estimated by adding directly 

the flow at Mojo and at Hombole gauging stations as; 

                                                                            (3.3)                                                                                       

 

Figure 3-7: River flows to Koka reservoir and flow gauging stations 

The stream flow to Koka reservoir which was calculated based equation 3.3 was used for 

HBV hydrological model calibration and validation. The outlet of the watershed for this 

study was fixed at inlet of Koka reservoir so that all river in upper awash sub basin flow 

to this point.  

3.4.3. Filling of missed stream flow data  

After filling missed stream flow data at Hombole and Mojo gauging station, equation 3.3 

was applied to calculate the flow to Koka reservoir. 

This stream flow was used for calibration and validation of the HBV hydrological model 

and also used for evaluation of climate change impact on simulated future flow.  
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3.5. RCM Climate Model data (Present and Future) 

The Coordinated Regional Downscaling Experiment (CORDEX) program archives 

outputs from a set of RCM simulations over different regions in the world and is a 

program sponsored by World Climate Research Program (WCRP) to use the latest 

generation of regional climate models (RCMs). It provided (approximately 50 km × 50 

km) resolution projections of climate change up to the end of 21 Century for regions 

across the world and derived by global climate models (GCMs) used in the Fifth 

Assessment Report of IPCC (AR5). This CORDEX datasets ranges from (1951-2005) to 

historical periods and (2006-2100) for historical and scenario periods respectively. For 

this study, precipitation and maximum and minimum temperature datasets are 

downloaded from CORDEX Africa from http://cordexesg.dmi.dk/esgf-web-fe/ by nesting 

RACMO22T RCMs into ICHEC-EC-EARTH GCMs under representative concentration 

pathways (RCP4.5 and RCP8.5).  

 

Four grid points which lie near the selected recorded meteorological stations were 

chosen. The historical data from (1996-2015) was taken as baseline period and two 

consecutive periods (2021-2040) and (2041-2060) future were considered as future 

scenario periods.  

 

Bias correction was applied to downloaded selected climate variables before transferred 

to hydrological model to simulate flows for selected future periods. Here RACMO22T 

represents RCM and ICHEC represents its driving GCM. 

Table 3-4: Selected grid location nearest to the observed station in the study area 

No Observed 

Stat. Name 

Latitude Longitude Grid point nearest to 

each observed station 

Latitude Longitude 

1 Addis 

Ababa 

9.09 38.75 GP1 8.80 38.72 

2 Akaki 8.87 38.79 GP2 8.80 38.72 

3 Debre 

Zeiyt 

8.73 38.95 GP3 8.80 39.16 

4 Koka dam 8.47 39.15 GP4 8.36 39.16 

5 Ginchi 9.017 38.13 GP5 8.80 38.28 

6 Tulu bolo 8.65 38.20 GP6 8.80 38.28 

  GP is grid point 

http://cordexesg.dmi.dk/esgf-web-fe/
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3.5.1. Selection of Climate Model 

There is no universal ways to select suitable climate model for climate projection. 

However, four criteria for selection of which GCMs/RCMs(s)' output to use for an impact 

study have been suggested. These criterions are vintage, resolution, validity and 

representativeness. 

 

For this study, based on above selection criteria Regional Climate Model, version 2.2 

(RACMO22T) which is nested in ICHEC–EC–EARTH Global Circulation Model 

(GCM) developed in the center Koninklijk Nederland‟s Meteorologisch Institute (KNMI) 

Netherlands, was selected due to relatively higher spatial resolution (1.1215*1.1215) km 

compared to others models, applied in several regions and has satisfactory results when 

compared to others models. For example Yacouba, et al. (2017) compared the results of 

seven RCM including RACMO to evaluate which model is good in reproducing recorded 

data. The result suggested that, of seven RCM model, RACMO climate model performs 

well in reproducing recorded climate variable especially precipitation compared to other 

six RCM variables and the model is easily available from website.  

 

Table 3.5 gives a detail Regional Climate Model (RACMO) and its driving global 

circulation model. 

Table 3-5: Details of selected RCM and its driving GCM 
Name of 

RCM 

Modeling 

Center 

Short 

name 

of RCM 

GCM driving 

Model 

RCPs Period Grid 

resolution 

KNMI 

Regional 

Atmospheric 

Climate 

Model, 

version 2.2 

(RACMO22T 

Koninklijk 

Nederland‟s 

Meteorologisch 

Institute 

(KNMI), 

Netherlands 

 

 

RACMO 

Irish Centre of 

high end 

computing 

European 

consortium(ICH

EC-EC) 

RCP4.5 

and 

RCP8.5 

Historical 

(l951-2005) 

Historical and 

scenario 

(2006-2100) 

 

 

1.1215km*1.1

215km 

 

3.5.2. The Representative Concentration Pathways (RCP) 

The Representative Concentration Pathways (RCPs) describes four different 21
st 

Century 

pathways of greenhouse gas (GHG) emissions and atmospheric concentrations based on 

land use pattern, economic activities, population growth, energy use and lifestyle. In this 



  

 

  33 

 

study, RCP4.5 and RCP8.5 were used to assess future scenario analysis of climate change 

impact on stream flow. The RCP4.5 represents medium stabilization scenario and 

RCP8.5 represent high emission scenario without climate change policy (IPCC, 2014). 

3.5.3. Bias correction of climate model 

The meteorological variables derived from the climate models may not possess the 

statistical characteristics of the recorded climate variables of the study area (Schaefli, 

2015). In such cases the climate model variables obtained from the grid simulation need 

to be bias corrected before transferred into hydrological models to be more representative 

for a given location (Graham et. al. 2007). The problem is resolved using the technique 

called bias correction. Bias correction are used to minimize the discrepancy between 

observed and simulated climate variables on a daily/monthly time step so that the 

hydrological simulations driven by bias corrected simulated climate variables match 

recorded climate data reasonably well. In this study linear scaling (LS) method of bias 

correction to perfectly match the daily corrected values with observed was used. The 

daily future corrected values of climate data were constructed upon the differences 

between observed and raw RCMs data. Temperature is typically corrected with an 

additive and precipitation is typically corrected with a multiplier on a daily basis (Fang, 

et al., 2015). Daily differences of the climate data, are obtained using observed period 

(1996–2015) of raw RCMs and observed data. Mathematically the following equations 

are applied to correct RCMs future precipitation and temperature data.  

 

                                                                             (3.4)       

                      

             *
    

    
+                                                                     (3.5)         

 

Where; 

Tf and Pf are bias corrected temperature and precipitation in future periods respectively  

Trcm and Prcm are bias uncorrected temperature and precipitation in future periods 

respectively 
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Trcm and Tobs are simulated and observed temperature in baseline periods respectively 

Prcm and Pobs are simulated and observed precipitation in baseline periods respectively 

 

For this particular study, CMhyd (Climate Model data for hydrologic modeling) software 

program was used to both extract climate model variables from NetCDF file and correct 

biases of selected climate variables. Figure 3.8 describes bias correction frame work. 

 

: Figure 3-8: Bias correction framework 

3.5.4. Performance evaluation of selected climate model 

The ability of selected RCM to simulate climate variables at a particular location can be 

evaluated using a various techniques. There is no a single best evaluation technique or 

performance measure is considered as superior rather, it is combined use of many 

techniques and measures that provides a comprehensive overview of model performance 

(Gordon & Shaykewich, 2000).  

 

In this study, variables from selected climate model are evaluated against recorded 

variables using some of the statistical measures recommended by the World 

Meteorological Organization (WMO) as reported by Gordon & Shaykewich (2000). 
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These statistical parameters include percent bias (PBIAS), root mean square error 

(RMSE) and Pearson correlation coefficient (R
2
). 

      (
 

 
 ∑           
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)                                                                   (3.4) 

              
 ∑                            

√ ∑                             
                        (3.5)         

      
√

 

 
 ∑           

   

 

 
 ∑   

                                                  (3.6)                                                                                  

Where:    RCM is simulated values 

                OBS is observed values  

                i refers to the simulated and observed pairs at particular period  

                N is the total number of such pair 

                RMSE is root mean square error.  

The bias is a percentage measure of whether RCMs overall underestimate or overestimate 

a particular climate variables. Positive bias values indicate overestimation while negative 

bias values indicate underestimation by the climate model. On the other hand, the RMSE 

is a measure of the absolute error of climate model in simulating certain climate 

variables. The smaller the RMSE, the better the model and vice versa. The Pearson 

correlation coefficient is a measure of strength of relationship between model simulations 

and observations and has the limits of 1 and –1. A Pearson correlation coefficient of 1 

indicates a perfect positive correlation between model and observed data, while –1 

indicates a perfect negative correlation between the two. Typical the value of greater than 

0.5 is taken as satisfactory. 

3.6. Selected hydrological model 

3.6.1. HBV hydrological model description 

The HBV model is a semi-distributed conceptual hydrologic model developed by the 

Swedish meteorological and hydrologic institute (SHMI) in 1970s. The HBV model is a 

standard forecasting tool in nearly 200 basins throughout Scandinavia, and has applied in 

more than 30 countries including Ethiopia. The model is designed to run on a daily time 
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step to simulate river discharge in river basins of various sizes. This model consist of 

subroutine for snow accumulation and snowmelt, a soil moisture routine, routines for 

runoff generation and a simple routine procedure (SMHI, 2008).  

 

Generally, HBV Hydrological model was selected for this study due to the fact that the 

input data requirement is moderate when compared to other hydrological models, the 

model simulates the major hydrological process in the catchments, the model is tested for 

impact of climate change on hydrological study in different part of the world including 

Ethiopia and relatively easy to run the model and automatic calibration and validation is 

possible. 

3.6.2. HBV model inputs 

DEM - Since the HBV model works as semi-distributed model, the catchments area can 

be divided into different sub-basins and the sub-basins further be divided into different 

elevation and vegetation zones. Therefore, a Digital Elevation Map (DEM) of the area 

was collected from Ethiopian Ministry of Water, Irrigation and Energy department of 

GIS with a resolution of 30m*30m and processed using Arc-GIS to extract drainage area, 

drainage network, creating of Thiessen polygon for determination of areal rainfall.  

Daily rainfall (areal) - the HBV model requires daily areal rainfalls as an input. 

Therefore, rainfall data for the periods of twenty years of (1996-2015) was prepared for 

six meteorological stations (Koka dam, Debre Zeiyt, Akaki, Addis Ababa, Tulu bolo and 

Ginchi) for this study. Areal rainfall was computed by multiplying the rainfall by the 

weight of each station for the catchment considered in this study. The weight of each 

meteorological station was computed by Thiessen polygon as described in equation (3.3) 

Temperature - maximum and minimum temperature of selected six meteorological 

stations in the study area were averaged and daily mean temperature was used for HBV 

hydrological model as an input. However temperature requirement is not necessary for 

this study as there is no temperature below zero degree siliceous. 

Estimation of potential evapotranspiration - The model requires daily or monthly 

potential evapotranspiration as an input. There are number of methods to estimate 

potential evapotranspiration based on climate variable required for calculation. The 



  

 

  37 

 

temperature based method uses only temperature and sometimes day lengths. However, 

radiation based method uses net radiation and air temperature while, some methods like 

penman requires combination of the above two methods including net radiation, relative 

humidity and sunshine hours (Allen et al., 1998). In this study, Hargreaves‟s method was 

used to calculate potential evapotranspiration (PET). Hargreaves equation is simple, does 

not consider the effect of humidity, wind speed and land use land cover (Hargreaves & 

Riley, 1985). In addition it is simple to obtain air temperature which used to calculate 

evapotranspiration for future to use in HBV model as an input for discharge simulation. 

A number of studies has been evaluated and compared the result of evapotranspiration 

calculated by Hargreaves other methods like Penman and obtain reliable potential 

evapotranspiration estimates (Nurul et al. , 2012).  The Hargreaves equation is given by; 

𝜆𝐸𝑜=0.0023   𝐻𝑜   (𝑇𝑀𝑎𝑥−𝑇𝑀𝑖𝑛)
 0.5   (𝑇𝑎𝑣g + 17.8)                           (3.7) 

 

Where: λ is the latent heat of vaporization (MJkg-1),  

 Eo is the potential evapotranspiration (mmday-1),  

 Ho is the extraterrestrial radiation (MJm-2day-1),  

 Tmax is the maximum air temperature for a given day (°C),  

 Tmin is the minimum air temperature for a given day (°C) and 

 Tavg is the mean air temperature for a given day (°C). 

Similarly, potential evapotranspiration for future periods was estimated using the data 

from selected regional climate model mainly simulated maximum and minimum 

temperature under both RCP4.5 and RCP8.5 by Hargrave‟s method. 

Discharge (mm/day) – model requires discharge data for calibration and validation. 

Hence discharge from (1996-2015) was collected from Ministry of Water Irrigation and 

Energy (MoWIE) for the study area at Mojo and Hombole flow gauging stations and 

added together and transform to inlet of Koka reservoir as described in equation (3.3) and 

used for model calibration and validation. 

Subroutines and parameters in each subroutine that considered in the model runs and 

during calibration periods are; 

In this study, the snow routine was ignored due to the absence of snow in the area.  
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The soil moisture routine is the significant parts that control the discharge production. 

From the soil moisture routine, FC was used to determine the amount of water that goes 

to the root zone and groundwater as recharge and parameters, BETA determines the 

relative contribution to runoff from rain (Equation 2.1), and LP is a parameter used to 

determine the relation between actual and potential evaporation (Equation 2.2). Based on 

this, the parameters (FC, LP and β) were adjusted in the calibration step by comparing of 

recorded and simulated hydrograph and total discharge.  

 

The response routine works with three (3) parameters. PERC, controls the maximum 

percolation rate from the upper to the lower groundwater zone. UZL is a parameter used 

to compute runoff from the groundwater zone as the sum of linear outflow equations 

using storage coefficient (Ki) depending on whether the upper groundwater zone is above 

a threshold parameter UZL (Equation 2.3).  

These parameters govern to large extent the model behavior and define the magnitude of 

the calculated discharge in time and influence the shape of the hydrograph rather than the 

total volume. The outflow from upper reservoir is given by 

                                                                                                            (3.8) 

Where Q1 = upper reservoir outflow (mm) 

            K1= recession coefficient for upper reservoir 

            SUZ = upper reservoir content 

The outflow from lower reservoir is given by  

                                                                                                            (3.9) 

 Where: Q 2 = reservoir outflow reservoir  

              SLZ = reservoir content lower reservoir  

              K2= recession coefficient of lower reservoir  

 

Lastly, the routing routine has one parameter, MAXBAS, which is used to transform 

runoff to simulated runoff using a triangular weighting function (Equations 2.4 and 2.5). 

After successful manual calibration, the model was validated against independent periods 

using the optimum parameters during calibration periods. For both calibration and 

validation periods performance evaluation was checked by three performance evaluation 
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parameters namely; the coefficient of determination (R
2
), Nash-Sutcliffe efficiency (NSE) 

which is basically known in HBV as coefficient of efficiency (Reff) and Percent Bias 

(PBIAS) (Krause et al., 2005). The coefficient of determination R
2
 describes the degree 

of collinearity between simulated and observed data. R
2
 ranges from 0 to1, with higher 

values indicating less error variance, and, typical values of greater than 0.5 was 

considered as acceptable. NSE displays how fine the observed plot fits the simulated plot. 

NSE ranges from 0 to1, with higher values indicating less error and, typical values of 

greater than 0.5 are considered as acceptable. PBIAS measures the average tendency of 

the simulated data to be larger or smaller than the observed counterparts, in other words, 

it characterizes the percent mean deviation between observed and simulated flows. 

PBIAS can be positive or negative, positive means overestimation and negative means 

underestimation, typical, values of −15% < PBIAS < +15% are considered as acceptable 

(Srinivasan et al., 2010).  

1.             
  ∑                  

 

∑                      
                                 (3.10)                                   

2.       
(                )  (                )

√ (              )                   
                         (3.11)                                              

3.        
  (               )

       
                                              (3.12)                             

      Where:       Reff is coefficient of Efficiency, 

                         Qobs (t) is observed discharge at time t,  

                         Qsim (t) is simulated discharge at time t and  

                         Qobs is mean average observed discharge 

                         PBIAS is Percentage Bias 

                         R
2
 is coefficient of determinations 
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3.7. Trend analysis of observed and simulated data 

The Mann Kendall trend test (sometimes called the M-K test) is used to test data 

collected over time for consistently increasing or decreasing trends (monotonic trends). 

The null hypothesis  test is that, there is no monotonic trend in the series and the alternate 

hypothesis is that, the trend exists. This trend can be positive, negative, or null. For this 

study, trend analysis were done for both observed and simulated rainfall and discharge 

using non-parametric Mann Kendall trend test which was developed by Mann (1945) and 

Kendall (1975) and has widely been applied in the world studies. World Meteorological 

Organization recommends the non-parametric Mann-Kendall trend test statistics for the 

assessment of trends in meteorological data (WMO, 1998). This method was also used to 

test increasing or decreasing trends and is widely used for detecting trends in time series 

because it is simple, allowed missing value, less sensitive to outliers and there is no 

assumption of statistical distribution as well as it reduces the chance of errors during 

statistical analysis which makes it robustness (Ahmad et al., 2015). 

The Mann Kendall`s statistical test is given by;    

      ∑   
   ∑      𝑥  𝑥  

 
                                                           (3.13) 

Where „‟S‟ is the rating score (Mann-Kendall sum); ‘’X‟ is the observation value; “n‟ is 

the number of observation values in the time series; Xi and Xj are the sequential hydro 

meteorological values in the years i and j (j > i) respectively. A positive `S` value 

indicates an increasing trend and a negative value indicate a decreasing trend in the data 

series. The standard normal Z is calculated by: 

                             
   

√      
        

                                                                                                            (3.14) 

                              
   

√      
        

The statistical test Z is used to determine the significance of trend. If  absolute value of Z 

is greater than tabulated Z at selected significance level say, for this study  5%  which is 

1.96, the trend is significant either increasing or decreasing based on S sign. 

https://www.statisticshowto.datasciencecentral.com/probability-and-statistics/null-hypothesis/
https://www.statisticshowto.datasciencecentral.com/what-is-an-alternate-hypothesis/
https://www.statisticshowto.datasciencecentral.com/what-is-an-alternate-hypothesis/
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If absolute of Z is less than the tabulated significance level the trend is not significant. 

The slope of n pairs of data points was estimated using the Sen's slope estimator as: 

 

       𝑇  
     

   
 , For i = 1, 2, 3 ------------------- N                         (3.15) 

 

Where xj and xk are data values at times j and i respectively. Note (j > k). Ti is a Sen's 

estimator of slope which is the median of these N values. T indicates how much 

increasing or decreasing in trends. Calculating the trends for each data series manually 

was difficult. Therefore, AUTO_MK_Sen software program was used for this study to 

test the trends of both simulated and observed rainfall and discharges in annual based. 

3.8. Impact of climate change on reservoir inflows  

The evaluation was made divided into two consecutive periods (2021-2040) and (2041-

2060) and compared to observed baseline (1996-2015) periods. The evaluations includes 

mean monthly percentage change in discharge, flow duration curves, low flow (Q95%), 

mean flow (Q50%) and high flow (Q5%) compared to reference period (1996-2015). 

The flow duration can be constructed by the equation 

       
 

   
                                                                           (3.16) 

Where, P is probability of flow equal to exceeds a specified value in % of time, M is the 

rank of the flow and N is the number of flow in specified period of time. For this study 

daily time series were used to draw flow duration curves for the period of 2021-2040 and 

2041-2060 compared to recorded period (1996-2015). 

 

Finally, the trend of observed and simulate precipitation and discharge were tested by 

Man Kendall using AUTO_MK_Sen software program. 

The overall procedure that was followed to assess climate change impact on inflows to 

Koka reservoir is described by conceptual frame work shown in Figure 3.8. 
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Figure 3-9: Conceptual frame work 
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4. RESULTS AND DISCUSSIONS 

4.1. RCM climate model data with observed in baseline period (1996-2015) 

4.1.1. Precipitation   

The sum of monthly precipitation for baseline period (1996-2015) of observed, bias 

uncorrected and bias corrected of selected climate model are shown in Figure 4.1. 

The model understates monthly observed precipitation during the months of January, 

February, July and August while overestimate during the months of March, April, May, 

June, September and October. However, during the months of November and December 

the model simulates almost similar rainfall values with observed. As it is clearly indicated 

by the Figure 4.1, the difference between observed and simulated rainfall is large before 

bias correction was applied. However, after bias correction was applied, the graph of bias 

corrected rainfall and observed rainfall values are shows similar patterns and close to 

each other. 

 

Figure 4-1: Observed, bias corrected and bias uncorrected of mean monthly precipitation 

for selected climate model in baseline period (1996-2015). 

Mean monthly percentage change in precipitations (Figure 4.2) varying from (-64.97 to 

+78.65) before bias correction was applied. The maximum positive percentage change 

was observed in the month of October which is +78.65% and maximum negative 

(reduction) was observed in the month of January (-64.97%). The minimum positive 
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change was at December (2.77%) and negative change was at February (26.57%). 

However after bias correction was applied, the percentage change was vary from (-2.65 

to + 8.72) Figure 4.2.  The percentage change variation was reduced around four times 

after bias correction was applied,  

 

Figure 4-2: Monthly sum of rainfall change in percentage of bias corrected and bias 

uncorrected of selected climate model compared to observed period (1996-2015) 

4.1.2. Minimum Temperature  

The monthly minimum temperature (
0
C) over the study area in all months underestimates 

minimum recorded temperature by considerable amount before bias adjustment. 

However, after bias adjustment was applied a little overestimation and underestimation 

were seen as presented in Figure 4.3.  
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Figure 4-3: Mean monthly minimum temperature of observed, bias uncorrected and bias 

corrected of selected climate model output in base line period (1996-2015) 

 

The underestimation of minimum temperature was varying from (-13.5% to -46.6%) 

compared to observed minimum temperature before bias adjustment. However, after bias 

adjustment was applied the percentage variation was (-3.23 to +3.52). The result shows 

that, after bias adjustment was applied, observed and simulated minimum temperature 

variation is highly reduced. 

 
Figure 4-4: Mean monthly minimum temperature change in percentage of bias corrected 

and bias uncorrected of selected climate model output compared to observed under 

baseline period (1996-2015)  
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after bias was made on climate model, the graph shows similar pattern with observed 

maximum temperature as shown in the Figure 4.5. The result of bias correction indicates 

that, there is satisfactory agreement between observed and simulated maximum 

temperature 

 

Figure 4-5: Average monthly maximum temperature of observed, bias uncorrected and 

bias corrected of selected climate model output in base line period (1996-2015) 

The percentage change varying from (-28.51% to -13.57%) and (+2% to +0.33%) for bias 

uncorrected and bias corrected respectively as shown in Figure 4.6. The maximum 

percentage change of maximum temperature was observed from June to September 

before correction. However, this variation in percentage change was highly reduced after 

adjustment was made. 

 
Figure 4-6: Mean monthly maximum temperature change of bias corrected and bias 

uncorrected of selected climate model compared to observed under baseline period 

(1996-2015)  
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4.2. Performance evaluation of RACMO climate model  

The evaluation was conducted for minimum temperature, maximum temperature and 

precipitation based on the data from average of six observed meteorological stations for 

selected climate before and after bias correction. The performance evaluation of this 

model includes; percentage bias, correlation coefficient, and mean square error. 

The model was underestimates rainfall, Tmin and Tmax over the study area by 18.2%, 

24.43% and 19.21% respectively before bias correction. However, these differences were 

reduced to 0.81%, 0.22% and 1.02% for rainfall, Tmin and Tmax respectively after bias 

adjustment was applied as shown in Table 4.1. The correlation coefficient, for rainfall, 

Tmin and Tmax are 0.71, 0.73 and 0.67 respectively before bias adjustment was applied. 

After bias correction, the correlation coefficient values are improved to 0.84, 0.72 and 

0.86 for maximum temperature, minimum temperature and rainfall respectively. 

Similarly the percentage of mean square error (RMSE) before bias adjustment was high. 

However, after bias adjustment, the percentage of mean square root error shows reduction 

by more than half. The performance of the climate model is within acceptable range as 

described in literature. 

 

Generally, although it is possible to use the (RACMO22T) climate model outputs 

(precipitation, maximum and minimum temperature) before bias correction was applied, 

it is better to use after bias correction for future projection of stream flow over the study 

area. Applying bias correction to climate model outputs highly reduces the differences 

and improves the climate model performance in reproducing recorded data.  

Table 4-1: Statistical parameters and their values for evaluation of climate model data 

  Precipitation 
Maximum Temperature Minimum Temperature 

 Statistical 

parameters 

Bias  

adjusted 

Bias  

unadjuste

d 

Bias  

adjusted 

Bias  

unadjusted 

Bias  

adjusted 

Bias  

unadjusted 

Correlation  0.86  0.71  0.84 0.73 0.72 0.67 

% Bias   0.81  -18.2  1.02 -19.21 0.22 -24.43 

% RSME   27.4  49.7   6.3 20.68 8.75 26.62 
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4.3. Future climate projection (2021-2060)  

The future climate data was projected using the selected climate model under RCP4.5 and 

RCP8.5 scenarios. This future climate data includes precipitation and, maximum and 

minimum temperature. The evaluation was made into two consecutive (20) years of data 

ranges from (2021 to 2040) and from (2041 to 2060). The projected changes were 

evaluated for both RCP4.5 and RCP8.5 scenarios compared to the base period (1996-

2015). 

4.3.1. Precipitation  

Projected changes in precipitation data are vital means of evaluating the characteristics of 

precipitation at the watershed. Figure 4.7 presents the general patterns of mean monthly 

simulated monthly rainfall (mm) over the study area over the periods of (2021-2040) and 

(2041-2060) under RCP4.5 and RCP8.5 scenarios. 

The projected rainfalls pattern under both scenarios expected to be higher in the months 

of February, June, July, August and November. However, in the months of March, April, 

May, October, September, December and January it is projected to reduce compared to 

observed rainfall as shown in Figure 4.7 (A) and (B). In summer season mean monthly 

rainfall (mm) is projected increase over the study area. 
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Figure 4-7: Projected mean monthly rainfall under RCP4.5 and RCP8.5 of selected 

climate model (A) for 2021-2040 and (B) for (2041-2060) period 

 

Overall, mean annual precipitation over study area is projected to increase by 3.22% and 

16.21% under RCP 4.5 and RCP 8.5 respectively for the periods of (2021-2040). In this 

time periods, for RCP4.5 scenarios, the rainfall expected to increase in months of 

February, April, Jun, July, August and November. For RCP 8.5 of the same periods, the 

increases of rainfall will be in the months of February, July, August, November and 

December. The maximum percentage change under RCP4.5 and RCP 8.5 projected to 

increase by 69.51% in month of November and 66.6% in the month of February 

respectively. However, during the months of March, April, May, September and October, 

the rainfall is expected to reduce under both scenarios. The maximum percentage 

reduction will be happened in the month of March under RCP4.5 and in the April under 

RCP8.5. The values are 40.18% under RCP4.5 and 25.72% under RCP8.5 Figure 4.8 (A). 

 

Similarly, for the period of (2041-2060) the mean annual precipitation projected to 

increases by 20.72% and 25.13% under RCP4.5 and RCP8.5 respectively. The maximum 

percentage increment is projected to increase in the month of November for both 

scenarios. The values are 109.98% and 144.02% for RCP4.5 and RCP8.5 respectively. 

The maximum percentage reduction will be happened in the March under both scenarios. 
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The percentage reduction will be 31.65 under RCP4.5 and 36.61 under RCP8.5 Figure 

4.8 (B). Generally, as the result clearly indicates that, for both future periods under both 

scenarios mean annual precipitation expected to increase over the study area. However 

mean monthly variations will be much more compared to annual variations. The 

simulated rainfall under RCP8.5 is expected to be larger than under RCP4.5. During the 

October under RCP8.5 rainfall is projected to increase by more than 144% which may 

resulted in heavy rainfall. 

IPPC (2013) also indicated that, in rain season heavy precipitation events has increased 

over the World. And also this IPCC was recommended that, in case of increasing 

temperature, the mean annual precipitation also expected to increase up to 20%.  

 

Figure 4-8: Projected percentage change mean monthly rainfall under RCP4.5 and 

RCP8.5 (A) for (2021-2040) and (B) for (2041-2060) compared to baseline periods 

(1996-2015). 
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4.3.2.  Minimum Temperature 

The minimum temperature projected to increase in both future time horizons under both 

emissions scenarios as presented in Figure 4.9. The minimum relative percentage change 

of minimum temperature will be expected in August (+2.71%) for RCP4.5 and in 

November (+2.01%) for RCP8.5 for the period of (2021-2040) whereas the maximum 

percentage change will be expected in the April (+9%) for RCP4.5 and in the March 

(+12.58%) for RCP8.5 compared to observed minimum temperature.  

 

For the period of (2041-2060) under both RCPs emission scenarios, the minimum 

percentage change will be +7.71% and +10.3% for RC 4.5 and RCP8.5 respectively, 

which will be expected in August. The maximum change under both scenarios will be 

happened in February. The values are +19.13% and 21.81% respectively. 

Generally, the percentage change become decreasing from January towards end of 

September before it comes to increase again to December. As presented in Figure 4.9 the 

percentage change in minimum temperatures will be higher under RCP8.5 than RCP4.5. 

 

Figure 4-9: Mean monthly projected percentage change in minimum temperature under 

RCP4.5 and RCP8.5 with respect to baseline (1996-2015). 
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4.3.3.  Maximum temperature 

Mean monthly maximum temperature (
0
C) also expected to increase over the study area 

(Figure 4.10). For the period of (2021-2040) the projected mean monthly maximum 

temperature increases ranging from +2.38 % to +7.70 % for RCP4.5 and +3.73% to 

+8.01% for RCP8.5. Maximum change will be happened in the March for RCP4.5 and in 

the April for RCP8.5. The minimum percentage change will be exhibited in the July for 

both RCP 4.5 and 8.5.  

 

For the period of (2041-2060) the projected maximum temperature percentage change 

will be in increasing rate more than the period of (2021-2040) as shown in Figure 4.10. 

The maximum change will be seen in April for both RCPs and minimum change will 

happened in the June for RCP4.5 and in the July for RCP8.5. 

Generally, the maximum and minimum temperature change under both RCPs scenarios 

shows an increasing in percentage especially, the RCP8.5 will have increased more than 

RCP4.5 for both time horizons. 

The projected minimum and maximum temperature in both time horizons is within the 

range projected by IPCC (2007) average temperature increases ranging from +1.4% to 

+20% towards the end of 21 Century. 

 
Figure 4-10: Mean monthly projected percentage change in maximum temperature under 

RCP4.5 and RCP8.5 with respect to baseline (1996-2015). 
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4.3.4.  Potential Evapotranspiration 

Figure 4.11 (A&B) shows daily average estimated potential evapotranspiration for both 

RCP4.5 and RCP8.5 scenarios in both future time horizons. In this study, 

evapotranspiration was calculated based on (Hargreaves‟s method), the projected air 

temperature will be increased in both RCPs. Therefore, changing in evapotranspiration 

will also increase following the temperature in all months under both RCP4.5 and 

RCP8.5 scenarios. Under RCP4.5, the increment will varies from (-0.09-0.44%) in 2021-

2040 and (-0.13-0.60%) in 2041-2060. And under RCP8.5 changing evapotranspiration 

will be varying from (0.05-0.51%) and (0.05-0.63%) in 2021-2040 and in 2041-2060 

respectively. The changing pattern of potential evapotranspiration under RCP8.5 will be 

more than RCP4.5 in both future time horizons due to higher temperature changes in 

RCP8.5 than RCP4.5. 

Generally, temperature and evapotranspiration has direct relationships in the study area.  
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Figure 4-11: Projected daily average percentage change in potential evapotranspiration 

under RCP4.5 and RCP8.5 with respect to base periods (1996-2015). 
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each subroutine that has significant effect on the performance of the model. To fix the 
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simulated both in shape and in amount. The results of each run were evaluated until the 

required values obtained. Based on this; visually comparing the simulated and observed 

hydrograph, Nash and Sutcliffe efficiency (NSE), percent bias (PBIAS) and coefficient of 
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2
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Table 4-2: The most sensitive parameters and their optimum value sets that was used 

during calibration (2002-2010) and validation (2011-2015) periods. 

Parameters Description of parameters Values 

range  

Optimum value during 

calibration period  

FC Maximum soil storage(mm) 0-inf     200 

PERC Percolation (mm/day) 0-inf     0.1 

Β Parameter that determines the 

relative contribution to run off 

from rain/snowmelt  

0.1-5     1.4 

LP Limit for potential evaporation 0-1     0.8 

K1 Recession coefficient for upper 

response box 

0-1     0.01 

K2 Recession coefficient for lower 

response box 

0-1     0.01 

MAXBAS     To transform runoff to simulated 

runoff using a triangular 

weighting function 

0-100      2.5 

 

 

Figure 4.12, shows the hydrography of mean monthly simulated and recorded discharge 

in m
3
/s during the model development (2000-2015). The hydrograph of the simulated 

discharge and observed are overlapped well even though some peaks are overestimate 

and underestimate as indicated in Figure 4.12. Visual inspection indicates that the HVB 

model captures the recorded discharge in the study area. 

 

Figure 4-12: Observed and simulated mean monthly discharge (m
3
/s) during model 

development (2000-2015) 
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As shown in Figure 4.13, the shape of observed hydrograph is well captured by the shape 

of simulated hydrograph using the optimized model parameters during the calibration 

period (2002-2010). Nevertheless, slightly some peaks flows and low flows were not 

matched well. The parameters and their values during calibration and validation periods 

which were used to evaluate the model performance are summarized in Table 4.3. The 

Nash and Sutcliffe efficiency (NSE), Coefficient of determination (R
2
) and percent bias 

(PBIAS) were 0.86, 0.88 and -6.72% respectively which are considered as good 

agreement between observed and simulated discharge and within acceptable range.  

The model was also validated against for independent period (2011-2015) using optimum 

parameters during calibration periods. 

 

 The model performs reasonably well in simulating the discharge during validation period 

(Figure 4.14). The Nash and Sutcliffe efficiency, coefficient of determination (R
2
) and 

percent bias during validation periods were 0.83, 0.78 and -12.51 respectively which 

could be taken as satisfactory. All performance evaluations were conducted monthly time 

steps. Generally, the model performance in terms of reproducing the recorded hydrograph 

can be considered as satisfactory and it is possible to use the model for simulation of 

future discharge for climate change impact analysis, for this specific study area.  

 
 

Figure 4-13: Observed and simulated mean monthly discharge (m
3
/s) during model 

calibration (2002-2010) 
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Figure 4-14: Observed and simulated mean monthly discharge (m
3
/s) during validation 

period (2011-2015) 

 

Table 4-3: Parameters and their values during calibration and validation periods. 

Evaluation 

parameters  

Calibration 

periods(2002-2010) 

Validation periods 

(20111-2015) 

Recommendation 

Nash and Sutcliffe 

Coefficient (NSE) 

0.86 0.83 Acceptable 

Coefficient of 

determination (R
2
) 

0.88 0.78 Acceptable 

PBIAS (%) -6.72 -12.51 Acceptable  

4.5. Impact of climate change on stream flows  

4.5.1. Monthly based 

After successful calibration and validation of HBV hydrological model, bias corrected 
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simulate discharge for future periods of (2021-2060) and the simulated discharge was 

compared to baseline period (1996-2015) to evaluate the change. The simulation results 

of mean monthly for two future periods and observed are summarized in Table 4.4 and 

4.5. From January to September, the simulated mean monthly flow projected to increase 

under both scenarios. However, from November to mid of April, projected discharge 

expected to decrease. For other of months flow shows a little underestimation and 

overestimation compared to baseline period.  
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Table 4-4: Mean monthly simulated discharge (m
3
/s) (2021-2040) and its change 

compared to baseline period (1996-2015) 

  

Mean monthly  

 discharge (m3/s) 

Change from  

base period 

Change in  

percentage  

Months Obs RCP8.5 RCP4.5 RCP8.5 RCP4.5 RCP8.5 RCP4.5 

Jan 9.0 2.7 2.5 -6.2 -6.5 -69.5 -72.3 

Feb 7.9 3.5 1.9 -4.4 -6.1 -55.9 -76.6 

Mar 12.0 5.9 1.9 -6.1 -10.2 -50.6 -84.6 

Apr 18.0 13.6 26.4 -4.4 8.4 -24.2 46.9 

May 23.5 20.8 31.3 -2.6 7.8 -11.2 33.2 

Jun 52.5 57.3 72.1 4.8 19.6 9.1 37.3 

Jul 254.5 439.8 451.8 185.3 197.3 72.8 77.5 

Aug 417.3 517.2 571.9 99.9 154.7 23.9 37.1 

Sep 193.8 214.1 197.3 20.3 3.5 10.5 1.8 

Oct 33.3 71.8 71.0 38.5 37.7 115.5 113.2 

Nov 16.0 19.8 25.5 3.8 9.5 23.9 59.7 

Dec 10.0 5.5 6.6 -4.6 -3.4 -45.5 -34.3 

 

 

Table 4-5: Mean monthly simulated discharge (m
3
/s) (2041-2060) and its change 

compared to baseline period (1996-2015) 

 

Mean monthly  

 discharge (m3/s) 

Change from  

base period 

Change in  

percentage  

Months Obs RCP8.5 RCP4.5 RCP8.5 RCP4.5 RCP8.5 RCP4.5 

Jan 9.0 1.4 1.5 -7.6 -7.4 -84.5 -83.1 

Feb 7.9 1.8 3.0 -6.2 -5.0 -77.6 -62.6 

Mar 12.0 5.9 3.4 -6.1 -8.6 -50.9 -71.5 

Apr 18.0 5.5 4.8 -12.5 -13.2 -69.7 -73.1 

May 23.5 18.6 34.4 -4.9 10.9 -20.9 46.3 

Jun 52.5 58.8 59.4 6.3 6.9 11.9 13.1 

Jul 254.5 378.6 391.2 124.1 136.7 48.7 53.7 

Aug 417.3 480.8 459.6 63.5 42.4 15.2 10.2 

Sep 193.8 186.1 174.8 -7.8 -19.0 -4.0 -9.8 

Oct 33.3 71.1 65.2 37.9 31.9 113.7 96.0 

Nov 16.0 17.8 16.4 1.8 0.4 11.0 2.4 

Dec 10.0 4.4 4.6 -5.6 -5.4 -55.8 -54.0 

 

The annual discharge expected to reduce by 11.7% and 18.1% in study area under 

RCP4.5 and RCP8.5 respectively. However, there is a significant variation in monthly 

flow. The mean monthly percentage changes of simulated discharge for both time 

horizons are summarized in Table 4.4 and Table 4.5. The mean monthly percentage 



  

 

  59 

 

change (increment) may vary from (1.8 to 113.2) under RCP4.5 and (9.1 to 115.5) under 

RCP8.5 for the period of (2021-2040). The maximum percentage increment will be 

expected in the month of October under both scenarios where mean monthly flow will be 

113.2% and 115.5% for RCP4.5 and RCP8.5 respectively. There is also reduction in 

percentage of flow for the period of (2021-2040). The percentage reduction is projected 

to vary from (34.3 to 84.6) and (11.2 to 69.5) for RCP4.5 and RCP8.5 respectively. The 

maximum reduction in percentage will be expected in March where mean monthly flow 

will be 84.6% under RCP4.5 and 69.5% in January for RCP 8.5. The minimum reduction 

will be happened in September for RCP4.5 and in June for RCP 8.5 Figure 4.15 (A). 

 

For the period of (2041-2060) the mean monthly percentage change expected to vary 

from (-83.1 to +96.0) and (-84.5. to +113.7) under RCP4.5 and RCP8.5 respectively.  

There will be large increment in October under both scenarios where mean monthly flow 

will be +96.0% and +113.7% for RCP4.5 and RCP8.5 respectively. The reduction in 

mean monthly discharge in percentage may vary from (9.8 to 83.1) under RCP4.5 and 

(4.0 to 84.5) under RCP8.5. A percentage reduction in mean monthly flow will also 

exhibited in January under both scenarios. The amounts are 83.1% and 84.5% under 

RCP4.5 and RCP8.5 respectively. The minimum reduction is in November for RC4.5 and 

in June for RCP8.5 Figure 4.15 (B). 
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Figure 4-15: projected change in percentage of mean monthly flow (A) 2021-2040 and 

(B) 2041-2060 compared to baseline period 1996-2015) under both scenarios 

4.5.2. Seasonal based 

Figure 4.16 shows mean seasonal change in percentage of simulated discharge in m
3
/s 

under both scenarios for the period of (2021-2040) and (2041-2060) respectively. As 

presented in Figure 4.16, the seasonal variation will be vary from (-59.4 to +51.3). 

During winter (Bega) and spring (Belg) the discharge will expected to decreases while 

increases in summer (Kiremt) and autumn (Tseday). The maximum increment and 

reduction will be expected in JJA and DJF respectively under both scenarios. 

Similarly for the period of (2041-2060) under both scenarios, the simulated discharge 

expected to decrease in winter (Bega) and spring (Belg) except under RCP4.5 for spring. 

However, in summer and autumn seasons, the discharge may increase in future compared 

to base period (1996-2015). 
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Figure 4-16: Mean seasonal percentage change in discharge (A) 2021-2040 and (B) 2041-

2060 compared to base period (1996-2015). 

Generally, for both time periods under both emission scenarios, the discharge expected to 

decrease from December to March. However from May to November except July and 

October mean monthly percentage changes will be relatively less compared to the other 

months. Even though for the most of the months in future period under both scenarios the 

simulated discharge projected to decrease, in a few months higher magnitude of 

simulated discharge may expected which may cause flood in the area. Variations in mean 

monthly simulated flows are mostly negative, even with increase in precipitation. 

4.5.3. Changes in low flow, medium flow, and high-lows compared to base period 

Figures 4.17 presents flow duration curves for two future periods under both scenarios 

and observed under baseline periods (1996-2015). The probability of occurrence of high 

flow (Q5) and median flow will likely be more under both scenarios in both future 

periods compared to baseline period. However, low flow (Q95) projected to decrease 
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under both scenarios. Tables 4.6 shows the change in high flow (Q5), median flow (Q50), 

and low flow (Q95) in the (2021-2040) and (2041-2060) with respect to the baseline 

period under both scenarios. 

Table 4-5 Mean monthly simulated high, median and low flow and their percentage 

changes with respect to the baseline periods (1996–2015)  

 Flows 

 OBS 

(1996-

2015) 

Mean 

Monthly flow 

(2021-2040) 

%Change(20

21-2040)) 

Mean 

Monthly flow  

(2041-2060) 

%Change(2041-

2060) 

 

Baselin

e 

RCP4

.5 

RCP

8.5 

RCP

4.5 

RCP

8.5 

RCP4

.5 

RCP

8.5 RCP4.5 RCP8.5 

High 

flow(Q5) 354.9 523.0 

553.

3 55.9 47.4 505.2 481.4 35.6 42.3 

Median 

flow(Q50) 23.2 42.0 43.2 80.9 85.8 33.7 31.3 44.9 37.2 

Low 

flow(Q95) 8.8 1.9 2.5 -78.3 -71.8 1.5 1.8 -82.4 -80.0 

 

 High flows (Q5) are projected to increase by 55.9% and 47.4% under RCP4.5 and 

RCP8.5 respectively for the period of (2021-2040) and for the period of (2041-2060) it 

would have increased by 42.3% and 35.6% relative to baseline period (1996-2015). 

Median flows (Q50), are projected to increase under both scenarios for both periods. The 

percentage change will be 80.9 for RCP4.5 and 85.8 for RCP8.5 and for the period of 

2041-2060 flows will increase by 44.9% and 37.2% under RCP4.5 and RCP8.5 

respectively. Low flows (Q95) is projected to decrease under both scenarios. The changes 

in low flow, median flow and high flow are most likely follows the precipitation change. 

The change in high flow duration curve show that, the frequency of floods and its 

magnitude will have increased in future. On the other hand simulated low flow will be 

reduces by more than 70% under both scenarios which may resulted in drought.  
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Figure 4-17: Mean monthly flow duration curves (A) 2021-2040 and (B) 2041-2060 and 

observed 1996-2015 under RCP4.5 and RCP8.5. 

4.6. Observed and simulated rainfall and discharge trend test 

Trends were tested in terms of annual time series using the non-parametric Mann-Kendall 

trend test at significance level of 5%. According to Mann-Kendall trend test analysis, the 

positive and negative values of the S statistic indicates an upward and downward trend 

and the significance is rejected when absolute value of Z is less than tabulated Z =1.96 

and the significance should be accepted (significant) when absolute value of Z is greater 

than 1.96 at significance level of 5%. The time series of mean annual discharge and 

rainfall of observed for the study area are shown in Figure 4.18. As presented in this 

figure, observed mean annual discharge and rainfall shows the decreasing trend. The 

reduction was -7.729mm/annual for precipitation and -12.5m
3
/s/annual for discharge. 

However the reduction was statistically insignificant for both discharge and rainfall as 

shown in Table 4.6. As presented in Figure 4.19, the Mann-Kendal trend suggests that, 

the simulated rainfall pattern may increase in both RCP4.5 and RCP8.5. The increment 

will be 0.350mm/annual and 1.863mm/annual respectively. Mean annual simulated 

discharge for shows upward trend for both RCPs shows in Figure 4.20. The 

increase/decrease of the trends for both simulated rainfall and discharge are statistically 
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insignificant under both RCPs as none of the calculated absolute values of Z in Table 4.7 

are not greater than tabulated Z =1.96 at significance level of 5%. 

 Table 4-6: Statistical Parameters for trend analysis and their results 

Variables Years S Z 

Sens 

Slope Trends 

Rainfall(observed) 
1996-2015 

 -34  -1.07   -7.729 Insignificant 

Discharge 

(observed) -28 -0.88  -12.5 Insignificant 

Rainfall(RCP4.5)                  

2021-2060 

 20 0.22  0.350 Insignificant 

Rainfall(RCP8.5)  102  1.18  1.863 Insignificant 

Discharge(RCP4.5) 106  1.22  6.340 Insignificant 

Discharge(RCP8.5)  120                    1.39 7.629 Insignificant 

 

 

 

Figure 4-18: Mean annaul trends of obseved rainfall(left) and discharge (right) (1996-

2015). 
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           Figure 4-19: Annual trends of simulated rainfall (mm)  

 

 

 
 

             Figure 4-20: Annual trends of simulated discharge (m
3
/s) 
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5. CONCLUSION AND RECOMMENDATION 

5.1. Conclusion 

Ethiopia is one of the countries which depend on agricultural product, which highly 

influenced by climate change. In the present study, the possible impacts of climate 

change on the inflows to Koka reservoir in upper awash sub basin were assessed under 

RCP4.5 and RCP8.5 using regional climate model (RACMO). After calibration and 

validation of HBV hydrological model, Bias corrected temperature and precipitation for 

the period of (2021–2060) under both scenarios were fed into HBV model to simulate the 

stream flow for the future. In this study, the simulated stream flow was divided into two 

future periods (2021-2040) and (2041-2060) and compared with the baseline period 

(1996–2015) for climate change impact evaluation. The results can be concluded as; 

 Bias correction improved the quality of climate model and is necessary to apply bias 

correction for selected climate model to accurately reproduce precipitation, 

temperature and simulated discharge of the study area. 

 The Tmax and Tmin are consistently projected to increase under both emission 

scenarios. Percentage increments of maximum and minimum air temperature will be 

higher in RCP8.5 than RCP4.5 confirms that, the RCP8.5 is higher greenhouse gas 

emission scenario with a higher degree of global warming.  

 Mean annual precipitation projected to increase by 11.97% and 20.67% under 

RCP4.5and RCP8.5 respectively over the study area. The maximum mean monthly 

rainfall projected to increase in November whereas the maximum reduction will be 

expected in March under both scenarios. 

 The result of model calibration and validation shows that, HBV hydrological model 

to simulate recorded stream flow was considerably well. Moreover, HBV 

hydrological model performs better to simulate the stream flow in monthly time steps 

than daily.  

 Overall, mean annul flow projected to decrease over the study area where the 

reduction will be 11.7% and 18.1% under RCP4.5and RCP8.5 respectively. There is a 

large increase in mean monthly flow in October where mean monthly flow projected 

to increases more than 90% under both scenarios. There is also more than 80% 
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reduction in mean monthly flow which will be occurred in months of March and 

January under RCP4.5 and RCP8.5 respectively. For both simulated precipitation and 

discharge mean monthly variation will be large compared to annual variations. 

 The probability of occurrence of high flow (Q5) and median flow (Q50) will likely 

more in future under both scenarios. However, low flows (Q95) is projected to 

decrease. 

5.2. Recommendation 

 The HBV hydrological model is good in simulating median flow. However, relatively 

it is poor in simulating high (peak) and low flows. However still it is crucial to use the 

HBV model outputs as guides for water management practice, policy making and 

improve or establish adaptation option as it requires less data for running.  

 In this study for simulation of discharge land use change was not considered 

explicitly although, it is likely changes in land use may interact with climate leading 

to different projections of future hydrological condition. Therefore the results of this 

study should be taken with care and be considered as an indication of likely future 

change rather than an actual prediction. 

 The result of this study was based on a single climate model (RACMO) climate 

model. However, it is often recommended that to apply ensemble model and more 

climate model so as to compare between different models to explore a wide range of 

climate change that would result in different hydrological impacts.  

 It is important to use other hydrological model like SWAT and HECHMS for further 

investigation and verification of HBV model result in the region for the sake of 

knowing the exact implication of climate change on in upper awash basin. 

 Finally, as a result of variation of flow among the months and seasons compared to 

the recorded flow in the study area, it is important to implement best monitoring, 

early warning, and develop some mechanisms to capture the flows during high flow 

to use it in low flow periods. 
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Appendices 

Appendix A: Recorded data  

Table A-1: Mean monthly observed average rainfall of six stations (mm) (1996-2015) 

Years Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual 

1996 27.7 30.2 91.2 70.1 111.4 199.6 237.4 229.9 127.1 4.5 1.2 0.0 1130.3 

1997 31.0 5.9 23.5 73.7 56.3 146.1 204.9 183.2 82.1 65.2 17.3 0.8 889.8 

1998 40.1 26.2 37.3 61.8 148.4 151.3 216.1 282.6 129.2 83.6 0.0 2.6 1179.4 

1999 6.1 9.6 26.8 45.6 72.5 160.2 291.5 231.4 76.8 99.5 0.7 0.0 1020.6 

2000 0.0 0.0 12.0 89.4 96.7 132.7 245.7 239.5 163.8 25.9 33.2 4.2 1043.2 

2001 1.2 13.5 142.7 31.7 119.7 185.7 316.5 208.6 84.3 17.5 1.4 3.7 1126.5 

2002 38.8 24.9 61.6 50.7 40.2 129.8 217.4 187.5 73.8 0.1 0.0 28.6 853.3 

2003 29.0 45.3 66.7 101.7 13.9 123.7 292.3 249.5 111.5 1.1 1.8 34.9 1071.4 

2004 39.3 5.9 46.6 134.5 24.9 145.4 208.0 218.9 119.2 26.5 4.2 1.2 974.5 

2005 39.3 10.2 76.9 99.8 105.1 122.9 201.0 217.4 134.8 19.5 7.7 0.0 1034.6 

2006 1.4 34.0 106.9 90.2 68.2 150.8 317.3 264.2 152.6 33.3 0.9 11.1 1230.9 

2007 25.7 16.3 41.1 57.8 109.3 160.4 233.8 228.4 134.2 18.5 14.4 0.0 1039.9 

2008 0.9 3.1 0.2 34.3 90.6 128.4 274.9 279.0 166.3 45.7 50.2 3.8 1077.3 

2009 41.5 1.3 13.9 53.2 45.9 67.4 233.2 280.9 89.3 54.4 2.1 35.8 918.8 

2010 8.0 70.2 88.7 117.0 85.5 181.0 283.6 209.8 149.7 4.1 8.7 15.8 1222.1 

2011 4.3 7.6 60.1 18.8 80.2 139.7 187.0 258.4 150.4 0.0 23.1 0.2 929.6 

2012 0.0 0.0 34.6 67.4 44.3 87.0 273.1 252.1 143.3 1.9 0.0 1.6 905.3 

2013 0.7 0.0 38.4 71.4 82.2 152.1 296.2 267.7 148.4 66.5 4.9 0.4 1128.7 

2014 0.3 30.6 75.8 19.5 92.4 55.7 224.1 247.6 129.6 39.4 1.8 0.0 916.8 

2015 0.6 4.5 24.3 9.4 127.8 121.4 155.9 286.2 109.6 0.5 20.8 3.8 864.7 

 

Table A-2: Mean monthly discharge at inlet of Koka reservoir m
3
/s (2000-2015) 

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual 

2000 7.4 6.6 4.8 5.8 9.7 77.1 652.1 850.6 223.5 40.3 17.4 9.6 158.7 

2001 9.2 8.4 30.9 10.9 23.6 102.5 298.8 464.9 136.9 17.0 12.5 10.0 93.8 

2002 9.9 7.6 9.1 9.5 9.1 28.8 157.6 267.8 69.0 14.0 11.3 7.7 50.1 

2003 8.1 7.0 10.9 20.1 11.7 47.1 333.9 570.2 177.4 20.8 13.1 9.9 102.5 

2004 7.2 5.2 9.7 29.8 8.2 34.4 154.5 386.3 119.6 23.1 13.6 7.9 66.6 

2005 9.3 6.0 22.7 27.9 73.1 50.9 245.2 372.2 160.7 24.0 16.7 9.6 84.9 

2006 8.0 8.9 17.3 36.8 28.6 49.7 334.6 443.9 218.0 25.4 16.9 10.3 99.9 

2007 8.8 9.4 9.4 17.0 36.7 99.2 248.0 549.7 307.8 35.8 17.2 13.1 112.7 

2008 9.7 6.7 5.3 8.1 11.5 34.4 227.5 456.0 225.9 26.3 32.7 10.7 87.9 

2009 14.8 6.5 6.2 16.9 9.6 12.2 100.6 349.6 177.1 40.0 9.6 11.2 62.9 

2010 7.6 17.3 17.7 40.9 44.3 66.0 297.4 312.4 262.2 25.2 14.5 8.8 92.9 
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2011 7.4 6.6 12.4 9.9 19.4 55.3 181.9 340.4 261.2 84.9 17.5 10.3 83.9 

2012 8.1 6.3 5.6 17.2 13.0 28.0 171.4 498.4 310.6 25.2 11.9 8.7 92.0 

2013 7.1 5.6 12.4 20.2 18.3 67.5 297.2 266.3 199.7 54.5 21.1 11.3 81.8 

2014 9.0 11.7 9.6 10.3 22.9 26.1 281.0 310.9 162.4 52.4 18.7 12.7 77.3 

2015 12.0 7.5 8.0 6.3 36.1 60.4 90.9 236.5 89.2 23.8 11.3 8.9 49.2 

 

Appendix B: Simulated data 

Table B-1: Mean monthly simulated rainfall (mm) under RCP 4.5 (2021-2060) 

Years Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual 

2021 34.1 0.2 54.6 44.7 130.8 184.9 226.5 91.1 14.1 4.0 10.7 16.0 811.8 

2022 16.0 0.5 203.8 13.2 125.4 401.9 235.7 144.2 28.7 8.6 2.4 0.9 1181.3 

2023 0.9 0.0 135.4 39.3 204.4 351.8 297.3 121.6 14.7 15.7 0.6 28.4 1210.1 

2024 28.4 21.2 60.5 33.9 90.3 323.0 256.3 57.9 14.5 12.2 11.4 19.2 928.8 

2025 19.2 50.9 63.0 67.4 123.4 210.8 257.4 65.7 2.5 0.2 3.7 6.7 871.0 

2026 6.7 0.1 78.9 167.8 137.7 230.2 419.2 113.3 20.0 10.2 10.9 4.6 1199.8 

2027 4.6 36.2 69.4 13.8 158.3 232.8 192.8 112.6 15.6 18.8 6.9 0.8 862.5 

2028 0.8 7.0 136.5 71.6 198.3 205.1 253.1 142.7 0.1 1.6 15.4 11.3 1043.4 

2029 11.3 17.2 7.8 12.7 187.6 293.5 341.4 89.4 35.9 0.9 0.0 17.0 1014.7 

2030 17.0 20.3 187.6 62.6 128.3 348.8 256.8 123.5 131.8 106.6 12.9 13.0 1409.1 

2031 13.0 21.6 100.9 21.2 114.1 280.5 270.0 130.9 8.0 35.6 0.1 25.8 1021.8 

2032 25.8 29.8 36.9 57.1 179.1 247.7 352.7 125.8 4.3 14.5 7.8 9.8 1091.4 

2033 9.8 2.1 37.5 47.2 125.5 264.3 230.2 98.3 12.7 8.9 4.6 15.6 856.7 

2034 15.6 23.4 121.1 33.2 130.0 263.4 221.7 108.8 91.3 10.0 17.8 0.2 1036.5 

2035 0.2 23.5 84.7 22.8 154.1 273.8 322.3 99.6 90.9 10.1 3.2 18.0 1103.0 

2036 18.0 19.5 40.0 119.7 141.9 269.0 259.5 70.9 13.4 0.2 6.6 9.2 967.9 

2037 9.2 17.6 49.7 94.2 109.8 186.5 279.5 122.1 3.7 0.7 2.1 8.6 883.8 

2038 8.6 17.4 57.1 103.3 122.0 324.8 250.4 104.2 5.5 5.4 2.4 1.6 1002.7 

2039 1.6 5.0 26.4 28.2 143.2 273.6 251.8 167.9 24.3 55.7 1.0 79.2 1057.8 

2040 79.2 58.7 32.9 52.2 146.6 228.2 108.4 122.3 22.7 9.2 13.5 0.0 874.0 

2041 59.6 1.2 11.2 151.6 187.1 139.4 353.0 215.7 135.6 70.6 15.3 12.1 1352.5 

2042 15.6 3.0 88.3 9.3 76.0 105.3 273.0 231.1 69.4 1.2 6.7 8.0 887.0 

2043 2.8 51.9 9.2 30.4 44.6 150.8 231.8 132.3 142.1 30.2 24.3 1.6 852.2 

2044 4.4 2.5 26.6 10.0 61.4 110.8 257.7 190.8 151.2 44.2 0.0 0.7 860.4 

2045 2.2 8.8 21.3 42.7 31.3 161.3 344.5 311.2 88.9 4.0 18.4 2.6 1037.3 

2046 9.4 25.8 31.2 158.1 86.8 132.7 261.4 203.2 122.7 42.8 16.3 2.6 1093.0 

2047 11.5 9.2 31.4 113.5 143.6 122.7 227.1 277.0 81.6 64.7 12.5 0.5 1095.4 

2048 11.2 52.9 34.8 89.6 94.9 99.0 134.3 309.9 82.7 1.8 53.1 22.2 986.4 

2049 31.1 1.0 14.0 41.2 28.7 164.3 264.6 286.1 92.1 5.0 33.0 2.0 962.9 

2050 5.2 9.6 0.2 37.6 38.0 150.5 236.9 246.1 105.6 2.4 10.7 3.7 846.6 

2051 24.3 127.2 12.1 28.3 80.0 121.6 179.5 261.0 76.6 15.5 9.3 2.4 937.9 
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2052 20.0 0.1 0.3 47.6 26.9 148.3 207.8 242.4 102.5 2.4 31.2 19.8 849.3 

2053 36.5 2.2 8.8 62.7 39.8 149.1 260.2 293.9 138.3 39.0 2.9 1.5 1034.9 

2054 26.2 0.6 120.7 121.8 26.7 123.8 276.0 303.8 133.1 4.6 36.9 6.3 1180.5 

2055 62.1 34.8 39.3 1.0 19.5 161.0 282.2 264.3 116.3 7.6 60.2 0.9 1049.3 

2056 47.7 79.9 40.1 19.0 48.9 154.1 251.2 266.6 110.4 31.2 28.9 22.2 1100.1 

2057 0.5 5.6 64.5 52.2 126.0 115.7 261.9 268.4 125.0 41.6 37.2 1.8 1100.5 

2058 3.1 30.1 60.6 16.6 64.2 164.7 227.6 325.0 119.0 27.2 9.5 1.3 1048.8 

2059 60.8 97.1 46.5 16.1 53.4 193.0 218.4 194.0 108.3 22.6 0.9 50.0 1061.2 

2060 22.8 21.0 69.5 78.0 83.5 115.2 242.9 201.7 142.7 21.8 0.6 5.1 1004.8 

Table B-2: Mean monthly simulated rainfall (mm) under RCP 8.5 (2021-2060) 

Years Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual 

2021 6.4 33.3 52.6 58.2 171.9 227.7 274.9 115.7 15.0 0.7 5.2 57.9 1019.6 

2022 57.9 62.8 6.9 51.0 140.4 245.9 214.6 143.0 55.1 17.5 22.2 26.5 1043.6 

2023 26.5 124.9 33.2 129.4 119.2 313.4 331.2 179.8 45.1 1.3 7.8 2.9 1314.6 

2024 2.9 63.6 47.1 67.6 129.8 271.2 222.4 65.1 4.5 8.3 2.6 19.7 904.9 

2025 19.7 59.2 8.4 34.1 142.2 124.4 284.8 110.7 79.9 27.5 8.7 5.7 905.4 

2026 5.7 27.7 5.0 23.9 131.0 299.6 256.3 134.3 24.1 3.6 0.3 40.6 952.1 

2027 40.6 69.2 115.9 68.4 128.0 220.4 196.4 167.0 29.9 32.5 0.8 4.0 1073.0 

2028 4.0 30.0 81.9 103.9 135.4 357.4 314.5 127.1 3.5 15.7 0.3 0.2 1173.8 

2029 0.2 40.9 66.0 94.8 101.7 187.8 241.0 135.7 16.8 0.2 5.8 5.5 896.3 

2030 5.5 29.4 2.1 106.4 118.5 311.2 280.1 99.0 1.9 40.6 13.1 7.2 1015.0 

2031 7.2 119.5 94.6 29.6 157.7 306.0 282.1 100.2 15.1 33.9 5.2 4.8 1155.8 

2032 4.8 32.5 9.5 134.0 119.9 234.1 298.6 121.2 18.1 56.7 15.8 3.1 1048.2 

2033 3.1 24.6 54.8 75.6 107.5 435.6 332.4 135.9 9.7 1.4 2.6 11.9 1195.1 

2034 11.9 3.5 110.7 77.4 167.6 348.8 267.4 140.2 30.7 1.8 7.8 19.0 1186.8 

2035 19.0 57.7 23.2 82.6 129.5 151.5 175.0 132.9 72.6 13.7 5.5 17.2 880.4 

2036 17.2 6.5 58.3 55.1 151.1 258.1 278.7 122.0 13.9 8.7 0.7 5.2 975.5 

2037 5.2 10.9 19.5 72.7 142.2 213.4 210.0 155.3 22.3 3.4 8.7 0.1 863.8 

2038 0.1 92.9 61.8 33.0 128.3 279.8 215.9 77.9 5.1 7.4 10.6 16.2 929.1 

2039 16.2 26.9 9.5 69.3 138.9 161.8 301.6 109.9 30.2 8.5 10.3 9.9 893.1 

2040 9.9 55.7 102.9 69.9 143.5 280.7 252.1 99.5 15.7 7.3 30.1 0.0 1067.3 

2041 26.5 72.0 24.3 80.1 179.9 167.1 265.4 293.1 148.0 40.0 29.2 2.6 1328.4 

2042 0.9 17.2 35.5 98.0 79.6 172.8 230.8 180.9 109.4 78.7 9.0 2.0 1014.8 

2043 32.2 20.7 14.3 26.5 82.2 127.5 292.7 264.3 153.0 34.8 32.1 8.3 1088.5 

2044 84.3 24.0 43.0 17.7 29.6 145.5 239.9 292.0 95.7 43.9 5.7 0.4 1021.6 

2045 31.5 65.2 3.3 16.8 80.4 157.0 187.1 191.4 102.7 1.3 25.9 9.6 872.1 

2046 2.0 22.7 17.3 41.7 45.6 98.7 297.1 266.7 147.8 3.3 3.7 5.9 952.4 

2047 6.0 0.6 8.9 49.5 57.2 192.9 236.8 264.4 137.7 36.9 21.7 3.0 1015.5 

2048 0.2 61.4 20.3 17.0 68.6 184.2 165.5 219.2 57.9 6.7 45.8 0.6 847.4 

2049 20.2 2.4 39.8 48.5 41.6 166.6 275.8 371.0 103.0 25.2 4.8 1.7 1100.5 
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2050 16.3 51.7 43.8 35.8 44.5 112.5 228.7 302.2 137.4 8.2 23.5 16.6 1021.2 

2051 22.2 19.0 72.6 28.8 55.4 138.5 181.7 167.9 108.3 69.8 7.4 0.1 871.6 

2052 0.3 17.9 50.9 15.0 65.3 117.5 260.4 284.7 117.2 5.0 2.7 0.2 937.2 

2053 4.3 40.1 20.0 19.9 39.7 179.1 275.2 260.2 108.7 67.4 14.4 0.0 1029.0 

2054 20.5 31.8 13.3 21.8 16.1 188.1 353.9 256.5 124.5 39.6 27.5 22.6 1116.1 

2055 11.9 22.4 12.0 95.2 80.5 102.7 358.4 301.9 83.2 17.1 4.4 0.7 1090.2 

2056 9.4 10.2 17.1 41.3 117.9 130.0 329.8 328.7 117.9 3.9 73.9 5.8 1185.9 

2057 0.0 3.3 12.9 53.5 72.4 149.1 261.3 330.1 125.9 88.6 106.8 15.8 1219.8 

2058 41.1 19.0 34.9 147.4 179.4 108.7 216.5 311.4 94.0 7.6 19.7 19.9 1199.6 

2059 46.4 9.1 56.6 80.9 120.2 123.2 292.2 341.5 127.5 3.2 6.7 1.9 1209.4 

2060 19.0 48.3 137.0 9.4 35.0 147.0 306.2 201.0 116.9 7.9 9.0 0.2 1036.9 

 

 Table B-3: Mean monthly simulated discharge (m
3
/s) under RCP 4.5 (2021-2060) 

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual 

2021 1.4 1.1 0.3 0.8 13.7 74.5 477.0 538.4 128.1 42.2 9.3 2.0 107.4 

2022 0.4 0.1 0.1 0.3 11.0 48.1 198.6 572.2 193.1 51.8 11.1 2.4 90.8 

2023 0.5 0.2 0.1 0.9 11.9 52.3 574.2 487.8 200.8 52.9 11.7 2.5 116.3 

2024 0.5 0.1 0.2 1.0 0.5 23.3 392.6 492.4 280.0 100.4 23.7 9.9 110.4 

2025 2.9 25.1 12.7 3.6 3.5 33.1 377.2 100.6 135.3 80.4 18.3 4.2 66.4 

2026 4.4 2.6 0.7 17.4 220.9 193.1 758.8 372.8 226.1 123.8 35.9 8.8 163.8 

2027 2.3 0.6 3.2 7.4 4.4 33.5 419.6 382.5 170.7 31.5 6.6 1.5 88.7 

2028 0.3 0.3 1.6 1.3 0.8 46.2 332.0 197.9 176.4 61.8 19.0 5.2 70.2 

2029 1.1 0.2 0.2 0.1 1.0 24.7 355.6 291.1 223.8 114.0 21.1 4.4 86.4 

2030 0.9 0.2 0.1 0.4 2.4 30.5 655.8 734.1 146.1 42.8 9.6 2.4 135.4 

2031 0.5 0.2 1.5 14.7 162.0 86.5 367.6 400.8 159.7 78.2 25.9 6.2 108.6 

2032 1.3 0.3 0.3 7.1 90.9 110.3 343.1 580.4 105.0 86.7 27.8 6.6 113.3 

2033 1.5 0.8 4.6 13.9 18.1 70.8 90.9 601.8 202.3 32.6 7.7 8.9 87.8 

2034 4.6 1.5 0.4 0.2 1.2 36.5 454.9 581.1 161.9 48.2 11.8 3.8 108.8 

2035 0.8 0.2 0.1 0.0 2.6 38.9 268.9 520.1 189.7 47.1 10.1 2.3 90.1 

2036 0.8 13.2 28.7 8.4 4.8 47.2 192.9 500.1 98.1 49.4 12.7 2.7 79.9 

2037 14.2 18.0 15.4 36.8 65.9 210.9 352.1 681.4 215.0 90.7 21.2 4.5 143.8 

2038 1.3 0.6 0.9 7.6 6.8 40.4 193.7 352.9 170.7 46.4 10.3 2.2 69.5 

2039 0.6 0.2 0.4 130.8 49.1 30.5 717.7 561.1 246.7 72.3 18.9 4.2 152.7 

2040 0.9 0.2 0.1 29.5 34.6 110.1 805.6 676.2 249.2 59.5 15.5 3.4 165.4 

2041 0.9 0.4 0.6 2.2 2.7 20.0 479.6 391.2 230.4 33.0 7.9 2.1 97.6 

2042 0.9 2.9 1.8 11.9 13.6 41.2 281.3 436.6 133.0 39.7 8.3 1.8 81.1 

2043 0.4 0.1 1.1 7.5 110.5 158.0 351.7 1070.5 179.2 66.0 15.1 3.6 163.6 

2044 0.8 0.3 1.8 23.0 10.6 30.6 329.7 333.1 186.1 47.7 12.2 3.2 81.6 

2045 0.7 0.2 0.9 41.8 83.2 197.5 319.8 535.3 180.5 62.6 12.9 2.9 119.8 

2046 0.7 0.3 0.1 0.0 0.0 41.3 554.6 751.2 148.9 70.5 17.0 3.6 132.4 
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2047 0.7 0.4 3.4 100.2 78.5 96.1 720.0 512.0 217.0 174.9 153.4 45.1 175.1 

2048 12.0 3.5 1.2 10.4 17.5 20.3 412.5 537.5 244.0 54.1 16.8 4.5 111.2 

2049 1.4 1.0 0.6 0.7 2.7 64.6 457.0 753.4 240.5 56.5 12.7 3.1 132.8 

2050 0.8 0.2 0.2 0.6 1.2 21.6 407.4 404.1 178.6 53.2 11.5 2.6 90.2 

2051 0.6 0.4 0.8 15.4 18.3 36.0 424.8 420.5 157.3 70.0 46.6 11.7 100.2 

2052 2.9 0.7 0.4 4.4 5.4 34.1 422.0 733.9 179.4 138.3 28.4 6.8 129.7 

2053 0.6 0.2 0 0.6 0.9 23 228 473 148.9 58.1 14.1 4.4 79.3 

2054 1.3 1.9 0.5 0.8 5.5 24.4 416 580 240.6 101 20.8 4.5 116.4 

2055 1.2 0.4 3.8 131 35.6 31.6 393 603 255.2 68.4 20.2 5.5 129.1 

2056 2 7.5 7.3 2.6 0.6 23 488 482 194.2 59.1 18.7 7.7 107.7 

2057 1.8 5.5 19.7 10.1 4.4 38.4 401 486 185.7 73.8 20.6 8.1 104.6 

2058 2.1 0.5 0.9 7.7 34.5 96.3 340 627 187.4 101 28.9 8.2 119.5 

2059 1.7 0.4 3.9 3.8 2.3 47.7 398 592 297.4 66.5 16.6 3.8 119.5 

2060 0.9 18.6 33.7 12.9 4.6 88.1 387 317 172.3 58.5 13.5 3.6 92.6 

 

Table B-4: Mean monthly simulated discharge (m
3
/s) under RCP 8.5 (2021-2060) 

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual 

2021 2.2 0.6 0.2 0.5 4.2 37.0 486.8 533.4 194.9 61.7 14.1 3.1 111.6 

2022 0.7 0.2 0.1 0.1 0.9 40.2 354.7 368.7 184.4 97.1 17.1 3.8 89.0 

2023 0.8 1.9 58.6 32.5 15.7 35.4 427.8 400.5 110.4 43.1 9.4 2.1 94.9 

2024 0.7 0.2 0.3 0.2 1.2 46.8 158.6 580.4 162.2 71.2 18.6 4.4 87.1 

2025 1.0 0.3 2.6 15.4 33.1 65.1 524.7 483.7 192.1 40.5 9.8 2.8 114.3 

2026 1.4 3.4 11.1 11.6 168.6 170.3 494.7 611.2 260.7 97.6 24.9 6.1 155.1 

2027 1.3 0.3 0.3 5.2 44.2 134.5 362.1 328.8 123.8 112.1 35.8 8.2 96.4 

2028 1.9 1.0 1.2 0.5 2.6 45.0 500.6 487.4 271.4 111.3 20.6 7.3 120.9 

2029 5.6 12.2 5.3 3.6 1.7 19.3 349.2 624.8 174.7 63.6 17.1 3.8 106.7 

2030 0.9 3.6 4.4 1.0 5.7 43.1 318.5 225.0 158.3 45.3 11.5 2.8 68.3 

2031 0.6 0.2 0.3 0.3 4.3 10.4 399.4 552.1 233.8 63.5 13.4 2.9 106.8 

2032 0.6 0.1 0.0 0.6 1.4 104.7 396.1 552.3 200.7 91.7 25.2 6.6 115.0 

2033 1.4 1.3 2.8 1.4 2.0 98.8 232.7 326.7 137.9 30.0 9.9 3.7 70.7 

2034 1.0 0.3 0.5 3.6 2.0 42.6 489.3 874.5 195.3 52.5 13.1 2.9 139.8 

2035 0.6 1.2 3.7 5.1 3.1 17.3 296.5 560.8 228.4 69.2 15.6 4.2 100.5 

2036 1.5 1.2 3.2 5.6 6.6 29.6 265.8 182.4 148.0 87.7 28.1 6.3 63.8 

2037 22.3 39.7 14.8 36.5 46.4 48.9 263.0 393.9 146.6 38.4 9.5 2.0 88.5 

2038 0.4 0.1 0.1 3.5 3.2 74.8 383.7 544.8 205.0 58.3 12.6 2.7 107.4 

2039 2.2 1.9 3.5 3.7 1.7 37.9 349.6 385.3 203.2 128.0 25.1 7.2 95.8 

2040 2.3 5.1 9.5 51.0 43.6 94.4 600.4 754.1 332.4 121.9 23.3 5.1 170.2 

2041 1.1 0.2 3.1 4.3 6.9 51.3 432.5 388.9 182.7 32.4 7.1 1.6 92.7 

2042 0.4 0.1 1.0 1.9 0.7 30.8 97.2 491.6 173.2 78.6 44.2 12.3 77.7 
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2043 2.9 2.3 19.2 5.2 1.3 15.2 511.4 475.2 214.5 84.9 18.3 3.9 112.9 

2044 2.0 0.7 1.3 12.0 60.6 63.9 334.7 328.6 252.1 85.7 26.3 7.4 97.9 

2045 1.5 0.3 0.1 4.5 22.4 86.0 741.7 678.7 251.9 58.9 13.2 3.2 155.2 

2046 0.6 0.2 1.6 1.7 36.8 59.2 185.3 434.2 155.8 73.4 16.4 3.5 80.7 

2047 0.7 0.9 2.5 1.7 6.7 61.7 502.2 653.5 207.3 40.3 9.7 4.2 124.3 

2048 1.4 1.5 33.1 78.7 29.1 59.6 556.3 582.5 193.0 49.0 15.8 4.3 133.7 

2049 0.9 0.4 1.4 0.5 36.1 45.8 338.5 592.2 230.2 57.3 19.5 13.4 111.4 

2050 3.3 0.8 1.1 1.3 5.2 45.5 886.0 770.0 251.9 65.3 13.8 3.0 170.6 

2051 0.6 0.2 0.0 8.6 20.4 95.2 734.1 557.0 230.8 89.9 20.2 4.5 146.8 

2052 1.0 0.6 2.5 3.0 12.5 45.9 120.2 244.4 194.8 85.8 42.2 9.2 63.5 

2053 1.3 0.3 0.4 2.6 1.3 44 304 468 355 64.9 13.9 3 104.9 

2054 0.6 0.2 1.3 0.7 0.4 40.5 538 510.3 115 136 31.8 7.8 115.2 

2055 1.6 1.1 1 0.4 0.4 35.1 679 506.4 250 108 21 8.9 134.4 

2056 2.7 1.1 0.4 4.4 14.8 49.2 640 708.6 158 38 9.3 2 135.7 

2057 0.4 0.1 0 0.4 32.7 50.4 418 928.7 239 53 28 10.1 146.7 

2058 2.2 0.5 0.2 0.4 3.4 64 420 688.4 187 158 75.3 56.7 138.0 

2059 15.3 8.4 2.7 48.6 191 144 294 569.3 231 68 16 3.9 132.7 

2060 3.7 2.1 1.2 13.3 47.3 80.1 487 755.4 228 63.2 13.4 2.9 141.5 

 

Appendix C: Mann Kendall trend test 

Table C-1: Statistical summary of trend test of annual observed discharge (1996-2015) 

Table C-2: Statistical summary of trend test of annual observed rainfall (1996-2015) 
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Table C-3: Statistical summary of trend test of annual simulated rainfall under RCP4.5 

(2021-2060) 

Table C-4: Statistical summary of trend test of annual simulated rainfall under RCP8.5 

(2021-2060) 

Table C-5: Statistical summary of trend test of annual simulated discharge under RCP4.5 

(2021-2060) 

Table C-6: Statistical summary of trend test of annual simulated discharge under RCP8.5 

(2021-2060) 


