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ARTICLE INFO ABSTRACT

Keywords: This study aimed to assess the impact of climate change on the hydrological components of Gilgel
Gilgel Gibe-1 Gibe-1 using the ensemble of Coordinated Regional Climate Downscaling Experiments (CORDEX)
CORDEX RCM

Africa Domain namely REM02009, HIRAM5, CCLM4-8 and RCA4 Regional Climate Models
(RCMs) simulations. The performance of these RCM models was evaluated using the observed
data from 1985 to 2005 and the ensemble was shown to simulate rainfall and air temperature
better than individual RCMs. Then the RCMs ensemble data for historical and future projections
from 2026 to 2055 years under RCP4.5 and RCP8.5 were corrected for bias and used to evaluate
the impact of climate change. A non-linear bias correction and the monthly mean biases cor-
rections method is used to adjust precipitation and temperature respectively. The future projec-
tion shows that; rainfall is expected to increase from August to December with maximum values
of 1.97-235.23% under RCP4.5. The maximum temperature is expected to increase with
maximum value of 1.62 °C under RCP8.5 in the study area. The calibrated and validated Soil and
Water Assessment Tool (SWAT) model was used to investigate the impact of climate change on
hydrologic components such as surface runoff, lateral flow, water yield, evapotranspiration and
sediment yield. The SWAT model was calibrated and validated using monthly stream flow with
the statistical performance of R? value of 0.82 and NSE value of 0.72 for calibration and R? of 0.79
and NSE of 0.67 for validation. Surface runoff and sediment yield are expected to increase from
August to December under RCP4.5 and from August to February under RCP8.5. Overall both
surface runoff and sediment yield are expected to increase in the future.

SWAT
Surface runoff
Sediment yield

1. Introduction

Climate change has become as one of the most pressing issues of the twenty-first century. One of the most significant natural cycles,
the hydrological cycle, is strongly influenced by climate change, which has led to much research into those consequences [1,2]. The
changes in the hydrological conditions resulted in a variety of consequences on water resource systems around the world [3,4].
Anthropogenic greenhouse gas emissions, which ultimately lead to an increase in the earth’s surface temperature, are the causes of
climate change [5].

The IPCC 2021 report indicated that the global surface temperature has increased faster since 1970 than in any other 50-year period
over at least the last 2000 years (high confidence). Temperatures during the most recent last decade (2011-2020) surpassed those of
the most recent multi-century warm period, around 6500 years ago (0.2 °C-1 °C relative to 1850-19000) (medium confidence). Heavy
precipitation events have increased in frequency and intensity since the 1950s over most land areas for which observational data are
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Fig. 1. Map of the study area.

sufficient for trend analysis (high confidence), and human-induced climate change is likely the dominant cause, and contributing to the
increase in agricultural and ecological droughts in some regions due to increased land evapotranspiration (medium confidence) [6].

Developing countries face several water resource management challenges due to climate change [7,8]. Poverty and inadequate
adaptive capacity make developing countries, such as those in Sub-Saharan Africa, particularly vulnerable [9].

In the Gilgel Gibe —1 watershed, the problems such as deforestation and land degradation due to poor land management tech-
niques, combined with changes in hydro-climatic variables, pose a significant threat to the lifespan of the reservoir [10]. The Gilgel
Gibe-1 watershed is one of the sub-basins of the upper Omo-Gibe catchment that is prone to soil erosion. The dam for the Gilgel Gibe-1
hydroelectric power was built in this watershed. Sediment-laden streamflow reveals the extent of land degradation in the upstream
watershed and the siltation problem at the downstream Gilgel Gibe-1 hydropower reservoir [11]. Therefore, an assessment of the
impact of climate change on hydrological components such as surface runoff and sediment yield is required to address issues related to
the Gilgel Gibe-1 hydropower reservoir water management.

Several studies on the impact of climate change using climate models have been conducted worldwide [12]. Results from Global
Circulation Models (GCM) and downscaling techniques for bias correction are used to investigate the impact of climate change.
However, several studies used RCMs for climate impact studies [13-15] due to RCM improved model simulation for regional in-
vestigations when compared to GCM [16,17]. Due to its higher resolution than GCM (approx. 25-50 km), RCM is better suited for areas
with complex physiographical features [18]. This study also used RCMs to assess the effects of climate change.

The IPCC issued the RCP i.e. 2.6, 4.5, 6.0, and 8.5 scenarios for projected greenhouse gas emissions, which have been employed in
hydrological studies [19]. RCP4.5 is an intermediate scenario, with emissions peaking at about 2040 and subsequently declining.
RCP8.5 refers to the carbon concentration that causes global warming of 8.5 W per square meter on average [5]. The studies in Africa
mainly used CORDEX RCM under RCP4.5 and RCP8.5 to study the effects of climate on hydrology [7,20,21].

In Ethiopia, some studies have used the CORDEX RCM model to assess the influence of climate change on watershed sediment
output and other hydrological components. For instance, Refs. [22-24], used the CORDEX RCM model. In addition, [25] used CORDEX
Africa RCM under RCP4.5 and RCP 8.5 to study the hydrological response of the watershed to combined land use/land cover and
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Fig. 2. (a) Soil map and (b) Land use Land Cover of Gilgel Gibe-1 Watershed.

climate change. All of the above researches were carried out in the Awash, Upper Blue Nile, and Central Rift valley basins. No climate
change impact studies on hydrological processes using CORDEX Africa RCM in the Gilgel Gibe-1 watershed have been conducted.

The selection of climate models depends on their ability to simulate both historical simulations and future projections [26]. This
study is based on [15]. Ref. [15] evaluated the performance of four RCMs models such as REgional MOdel (REMO2009),
High-Resolution Hamburg Climate Model 5 (HIRAMS5), Climate Limited-Area Modeling Community (CCLM4-8) and Rossby Center
Regional Atmospheric Model (RCA4) simulations from the CORDEX Africa program in terms of their ability to reproduce past rainfall
and air temperatures, showing that the ensemble of the RCMs models performed well over southwest Ethiopia, particularly in the
Gilgel Gibe-1 watershed. These models have also been evaluated in several studies across Africa [27-29] and showed good results in
simulating rainfall and air temperature. Hence, in this study, to examine the influence of climate change on the hydrological com-
ponents, a bias-adjusted ensemble of these models was utilized as an input to the SWAT hydrological model. The Soil Water Assessment
Tool (SWAT) model is one of several hydrological models developed to predict hydrological components. It has shown its robustness in
predicting sediment yield in different catchment areas under different basin characteristics and can be reliable in estimating and
predicting hydrological components [22].

Assessing the impacts of climate change on hydrological components at the watershed and sub-basin level will assist governmental
and non-governmental organizations involved in watershed planning and management.

2. Materials and methods
2.1. Description of the study area

The Gilgel Gibe River is one of the major tributaries of the Great Gibe River, and it originates in the mountainous areas of Seka
woreda of the Jimma zone. Before joining the Gilgel Gibe-1 reservoir, it collects discharges from Seka, Jimma, Serbo, and Asendabo
towns. The Gilgel Gibe-1 watershed is located between 6.16° to 8.31° N latitude and 36.69° to 37.62° E longitudes. It has a total
catchments area of 4220 km?. Fig. 1 indicated the map of the study area.

2.2. Data collection and analysis

In order to analyze and provide an output, the SWAT hydrological model requires both spatial and daily weather data as inputs. The
Digital Elevation Model (DEM), the soil map and the land use/land cover map are the required spatial data. Rainfall, maximum and
minimum temperature, solar radiation, relative humidity and wind speed are required as input data. One of the data needed to
calibrate and validate the SWAT model is stream flow. Recorded stream flow is also required to calibrate and validate the SWAT model.

2.2.1. Digital elevation model (DEM)

For this study, the DEM with a grid resolution of 12.5 m by 12.5 m is downloaded from the website: https://vertex.daac.asf.alaska.
edu/and used to generate the topography of the basin. The watershed’s topography denotes the arrangement of natural and man-made
characteristics. From upstream to downstream, the geography of the Gilgel Gibe-1 watershed region declines in elevation. The lowest
elevation is 1642 m near the watershed’s outlet, while the highest elevation is 3345 m in the mountainous area along with the river’s
sources.

2.2.2. Soil types and land use land cover of Gilgel Gibe-1 watershed

The Ministry of Water Resources, Irrigation, and Electricity (MoWIE) provided the soil and Land use/Land cover data which are
highly relevant for the SWAT model. The Gilgel Gibe-1 watershed has seven different soil types (Fig. 2a). Chromic vertisols, Dystric
fluvisols, Dystric nitisols, Eutric cambisol, Eutric fluvisols, Eutric nitisols and orthic acrisols. Eutric Nitosols (Ne) dominate among the
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soil types available in the watershed. Eutric Nitosols are Nitosols with a base saturation of 50% or more. They are found on almost flat
to sloping terrain in the highlands of Ethiopia (http://ethiopiamountain.com).

Land use/Land cover is one of the most important factors affecting runoff, evapotranspiration, and surface erosion in a watershed.
The major land use/land cover in the Gilgel Gibe-1 watershed are: Highly Cultivated, moderately cultivated, forest, Urban, open water,
woodland, plantation, and fallow as shown in Fig. 2b.

2.2.3. Climate data

The meteorological stations utilized in this study were chosen based on data availability and overall study area representativeness.
Jimma (located at 7°40'12” N latitude and 36°49'12" E longitude), Assendabo (located at 7°45'0” N latitude and 37°13'12” E
longitude), and Sekoru (located at 7°55'12" N latitude and 37°25'12" E longitude) were the meteorological stations chosen. Long-term
observations are critical for understanding local and regional climate and climate change, as well as hydrological planning and
decision-making [30].

In this study, weather data which spanned 30 years from 1988 to 2017 obtained from the Ethiopian National Meteorological
Service Agency (ENMA) were used to set up the SWAT model. Streamflow data recorded for 15 years (1990-2004) at a gauging station
near Asendabo (near the outlet of Gilgel Gibel reservoir) was collected from the Ethiopian Ministry of Water Resources, Irrigation, and
Electricity and used to calibrate and validate the SWAT hydrological model.

Daily precipitation and temperature RCMs (CORDEX) Africa domains such as CCLM4-8, HIRHAMS5, REM02009 and RCA4 pro-
vided by data of the two illustrative concentration pathways (RCP) mid-range mitigation emission (RCP4.5) scenarios and high
emission scenario (RCP8.5) were selected for their good performance in Ethiopia and East Africa. The RCMs have a spatial resolution of
0.44°*0.44° and extracted using the latitude and longitudes of the selected stations, checked for performance, bias corrected and used
for climate change impact on hydrological components.

The performance of CORDEX RCMs these models: HIRHAMS5, REM02009, RCA4, and CCLM4-8 in simulating rainfall and air
temperature across southwest Ethiopia, specifically in the Gilgel Gibe-1 watershed, were evaluated using observed weather data from
1985 to 2005. The results of the performance evaluation of these models demonstrated that the ensemble of all models outperformed
the individuals [15]. Consequently, in this study, the bias-corrected historical simulated daily rainfall and air temperature ensemble
data from these RCMs were used as input to simulate baseline hydrological parameters, and similarly the ensemble of bias-corrected
projected air temperature and rainfall of these RCMs under RCP4.5 and RCP8.5 for a future period of (2026-2055) were used to
simulate future hydrological parameters.

The Percentage mean of Bias (PBIAS), Pearson’s Correlation Coefficient (r), and Root Mean Square Error (RMSE) were used to
assess the effectiveness e of different RCMs in simulating precipitation and temperature [15,31]. The ensemble data from these models
were bias-corrected in this work to reduce the input error.

Bias correction for climate data has been frequently used [32]. A non-linear bias correction method is most commonly used to
adjust the simulated precipitation data from RCM. It is of the form of P** = aP?. In which: P** is the bias-corrected daily rainfall; P is
the biased daily rainfall and a and b are the transformation coefficients [33]. For the temperature bias correction, the monthly mean
biases corrections are calculated according to equation of [24,34].

ST
S ™)

T = Tiubs +

where T is the modeled day-temperature, T® is the corrected temperature, Ti° and Ti ™°¢ is the mean temperature in a month i and
s(Ti°®®) and s(Ti™) is the standard deviation of the daily temperature in a month i. Here, obs for observed, and mod for model
simulated before bias-correction.

2.3. Description of SWAT model

The SWAT model has been used to assess the hydrological responses of complex and large watersheds in different regions of the
world. The SWAT literature database for peer-reviewed journal articles can be referenced to at (https://www.card.iastate.edu/swat_
articles/). The SWAT model is easily and publicly available and recreates the main hydrological processes in the watersheds. Using the
SWAT model increases the level of detail in temporal and geographical variability in ecosystem service. The SWAT model is developed
to simulate hydrological parameters in an area where land use land cover is dominated by agricultural land. The Gilgel Gibe-1
watershed is also dominated by agricultural land, so the model can be used. The model applicability can also be calibrated using
SWAT CUP [35].

The SWAT model is semi-physically based and enables a high level of spatial detail to be simulated by dividing the watershed into a
large number of sub-watersheds, which are further subdivided into Hydrologic Response Units (HRUs) based on soil, LULC, and slope.
In this study, the Gilgel Gibe-1 watershed was delineated and then divided into 27 sub-basins (Fig. 1). For HRU definition, the multiple
slope option (an option that considers different slope classes for HRU definition) with three slope classes with the slope range of (0-6%,
6-10, and greater than 10 were selected in this watershed. According to Ref. [36], three or less than three slope classes are sufficient for
most situations. To avoid small HRUs and to include the required area, a threshold value of 5-10% is usually used in HRU definition
[37-40]. In this study 20% threshold value for land use, 15% for soil, and 10% for slope were used. Finally, the Gilgel Gibe-1watershed
was subdivided into 187 HRUs.
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The major components of SWAT include hydrology, weather, erosion, plant growth, nutrients, pesticides, land management, and
stream routing [41,42]. The hydrological processes are simulated for each of HRUs.

The hydrologic continuity equation, also called the water balance equation, used to calculate the hydrological components of the
watershed [35] is given in Equation (1):

i=1

1
SWr = SWO + Z (Rda_v - stf —Ea— Wseep — ng) (1)

In which, SW; is the final soil water content (mm H20), SWj is the initial soil water content in day i (mm H»0), tis the time (days), Raay
is the amount of precipitation in day I (mm H»0), Qgyy is the Surfq in day i (mm H0), Ea is the ET in day i (mm water), Wy is the
percolation in day i (mm H»0), and Qg is the return flow in a day i (mm H>0).

The SWAT model simulates SurfQ and peak runoff rates for each (HRU) using daily rainfall data and the Soil Conservation Service
(SCS) curve number (CN) [35] given in Equation (2). HRU denotes the smallest area, which is made up of LULC, soil type, and slope.

(R~ 1)’
Qrur = (Riwy — 1, +S) @
where Qg is the accumulated runoff or excess rainfall (mm), Rgqy is the rainfall depth for the day (mm), I, is the initial abstraction that
includes surface storage, interception, and infiltration prior to runoff (mm H»0) and S is the retention parameter (mm H50).

Among the three alternative methods for estimating the potential ET in the SWAT model, namely the Hargreaves, Pristley-Taylor,
and Penman-Monteith, the Penman-Monteith method was used in this study.

The Modified Universal Soil Loss Equation (MUSCLE) [43] is used by the SWAT model to calculate surface erosion within each HRU
(Equation (3)).

0.56
sed = 11-8(Q5wf<qpeak<areahru) ? Kuysie.Cysce-Pusce. -LSusie-CFRG 3)

For details on Equation (3), reference can be made to Ref. [35].
SWAT computes the peak runoff rate with a modified rational method for each HRU as follow [44].

e * Qwrf * A

Qpeak = @

Teon

where Qpeqx is peak runoff rate (m3/s), o is the fraction of daily rainfall that occurs during the time of concentration, Qg,yis the surface
runoff (mm); A is the sub-basin area (kmz), teon is a time of concentration (hr)

2.4. SWAT calibration and performance analysis

The parameter sensitivity analysis, calibration, validation, and uncertainty analysis for the SWAT model were performed using the
SWAT-CUP developed by Karim Abbaspour [41]. The model’s sensitivity to changes in parameters was evaluated and ranked before
calibration and validation.

Among the five optimization methods found in the SWAT-CUP namelyGLUE, Para Sol, SUFI2, MCMC, and PSO, SUFI2 has been
widely applied by researchers and SUFI2 was used for this study. The SUFI-2 algorithm accounts for a variety of sources of uncertainty,
including uncertainty in driving variables (for example, precipitation (rainfall)), conceptual models, parameters, and observed data. A
P-factor, which is the percentage of observed data that is encompassed by the 95% prediction uncertainty, measures the degree to
which uncertainties are variably accounted for (95PPU). The 95PPU is calculated using the cumulative distribution of the output
generated using the Latin Hypercube sampling at the 2.5% and 97.5% levels [4,41].

To execute the global sensitivity analysis twenty stream flows sensitive parameters were selected. The most sensitive parameters
are identified using two indicators, t, and p. p shows the importance of sensitivity while t indicates the degree of sensitivity. The larger
the absolute value of t or the smaller the absolute value of p (close to zero), the more sensitive the parameters [45,46]. For example,
curve number II (CN2) and GroundWater Delay (GW_DELAY) have a large value for t and a small value for p. This shows that the
parameters are more sensitive than the others in the study’s watershed.

2.5. Model performance analysis

To evaluate the model’s capability for simulating streamflow, The Nash Sutcliff Efficiency (NSE) that goes from - (negative infinity)
to 1 (inclusive), and coefficient of determination (R?) that ranges from 0 to 1 were used. The Model performance improves when the
NSE and R? are higher and can be judged as satisfactory when NSE >0.50 [47]. Equations (5) and (6) are used to express NSE and R%

n . w2
NSE—1— [M} .
> i1 (Qoi — Qo)
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Table 1

Percentage change in monthly rainfall under RCP4.5 and RCP8.5
Months Asendabo Jimma Sekoru

RCP8.5 RCP4.5 RCP8.5 RCP4.5 RCP8.5 RCP4.5

Jan —15.28 13.06 —38.11 —28.74 11.54 —0.47
Feb 18.78 —18.95 —22.08 —27.60 37.13 39.98
Mar —64.63 —77.42 —63.62 —76.66 —70.53 —84.42
Apr —44.57 —52.15 —59.43 —59.45 —39.26 —49.44
May -16.29 —21.66 —-12.29 —20.77 —20.97 —30.06
Jun —29.73 —31.68 —25.88 —27.96 —25.41 —26.99
Jul -8.83 -10.87 —6.75 —2.09 —33.76 —27.85
Aug 5.11 1.97 15.30 9.94 11.37 7.14
Sep 63.69 45.68 39.80 30.45 61.00 47.65
Oct 91.92 87.79 142.18 139.93 202.08 182.73
Nov 200.68 235.23 53.59 75.93 135.88 153.17
Dec 46.33 51.58 19.68 26.23 41.80 40.29

Table 2

Change in temperature (°C) at Asendabo, Jimma and Sekoru stations.
Months Asendabo Jimma Sekoru

Tmax Tmin Tmax Tmin Tmax Tmin

RCP8.5 RCP4.5 RCP8.5 RCP4.5 RCP8.5 RCP4.5 RCP8.5 RCP4.5 RCP8.5 RCP4.5 RCP8.5 RCP4.5

Jan 1.25 1.00 1.04 0.73 1.29 111 1.44 1.02 1.24 0.99 1.07 0.93
Feb 1.25 1.06 1.55 0.55 1.25 1.16 1.80 111 1.22 1.02 1.48 1.06
Mar 1.27 1.03 1.52 0.73 1.33 1.19 1.79 1.22 1.27 1.06 1.48 1.15
Apr 1.30 1.22 1.23 0.85 1.39 1.39 1.54 0.91 1.27 1.21 1.22 0.92
May 1.62 1.33 1.18 0.93 1.61 1.33 1.46 0.91 1.61 1.32 1.22 0.97
Jun 1.52 1.50 1.23 1.68 1.45 1.55 1.55 1.08 1.53 1.52 1.27 1.14
Jul 1.31 1.15 1.16 1.79 1.26 1.14 1.45 0.94 1.31 1.17 1.21 1.00
Aug 1.23 1.08 1.14 1.84 1.19 111 1.44 0.93 1.25 1.10 1.19 0.99
Sep 1.45 0.97 1.09 1.67 1.43 1.01 1.37 0.83 1.45 0.94 1.13 0.86
Oct 1.05 0.83 1.21 1.44 1.05 0.85 1.47 0.97 1.03 0.80 1.22 1.03
Nov 1.13 1.09 0.74 0.70 1.20 1.13 1.11 0.57 1.08 1.05 0.79 0.69
Dec 1.17 1.09 0.10 0.52 1.24 1.18 1.45 0.71 1.15 1.08 1.07 0.80

[0, (Qsi — Qs)(Qoi — Qo)]*
S (Qsi— Q)"0 (Qoi — Qo)’

R ®

where; Qsi, Qoi: the simulated and observed streamflow values, Qo, Qs the mean of the observed and simulated values.
Following model evaluation performance ratings were established for each recommended statistic.

3. Result and discussion
3.1. Climate change analysis

From the analysis of the rainfall in the study area, it is expected that there is an increase in rainfall from August to December, while
it decreases from February to July. The maximum decline in rainfall is observed in March and April. For instance, under RCP4.5 a
maximum percentage decline of 77.4%, 76.6%, and 84.4% is expected at Asendabo, Jimma, and Sekoru stations respectively. On the
other hand, a maximum increase of 235.2%, 139.9%, and 153.2% under RCP4.5 is expected to occur at Asendabo, Jimma, and Sekoru
stations in Nov for Asendabo and Sekoru while it is in October for Jimma station. The maximum decrease in rainfall under RCP8.5 is
expected in March, with percentage declines of 64.6%, 63.6%, and 70.5% at Asendabo, Jimma, and Sekoru stations, respectively. In
the same months as RCP4.5, an increase in rainfall of 200.7%, 142.2%, and 135.9% is expected at Asendabo, Jimma, and Sekoru
stations. Generally, rainfall is expected to increase over Gilgel Gibe-1 watershed in the future period of 2026-2055. The predicted
increase in monthly rainfall for the future period of 2026-2055 under RCP8.5 is greater than that of RCP4.5. The percentage change in
monthly rainfall under RCP4.5 and RCP8.5 with respect to historical is shown in Table 1.

For both RCP4.5 and RCP8.5, the examination of expected maximum and minimum temperatures revealed an increase in tem-
perature. At all stations, the increase in temperature under RCP8.5 is more than that under RCP4.5, except for Asendabo stations,
where the increase in minimum temperature under RCP4.5 is greater than that under RCP8.5 for July, August, September, and
October. The maximum temperature is predicted to increase within the range of 0.75 °C-1.20 °C for January, February, June, August,
September, November, and December at Jimma station under RCP4.5. An increase in maximum temperature in the range of
0.80 °C-1.35 °C for January, February, June, July, August, September, November, and December. At Sekoru station, an increase in
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Fig. 4. Scatter plot of observed vs simulated stream flow (a) for calibration and (b) for validation.

maximum temperature predicted under RCP4.5 is 1.52 °C under RCP4.5 and 1.61 under RCP8.5. At Asendabo station, under RCP8.5,
the maximum temperature expected to increase with maximum of 1.62 °C in May, however, under RCP4.5 expected to increase will be
1.50 °C in June. Table 2 shows change in temperature (°C) in upper Gilgel Gibe stations.

3.2. Streamflow sensitivity analysis

Using SUFI 2 Global Sensitivity Analysis, nineteen parameters were selected for stream flow sensitivity analysis. The sensitivity
ranks for stream flow parameters were based on the p and t values. The bigger the absolute value of t and the smaller p-value the more
the sensitivity of the parameter or the smaller absolute value of t and the bigger value of p the less sensitivity of the parameters. CN2
was the most sensitive stream flow parameter in the Gilgel Gibe-1watershed. Table S5 shows the sensitivity rank of the stream flow
parameters.

3.2.1. Stream flow calibration and validation

Based on their sensitivity rank, twelve sensitivity parameters for stream flow calibration and validation were chosen (Table S6).
The calibration and validation period for stream flow is based on available data. The calibration year is typically greater than the
validation year, the majority of studies use 60% of the data for calibration and 40% for validation [48-51]. In this study, 40% of the
streamflow was utilized for validation, while 60% was used for calibration.

For model calibration, parameter values were adjusted iteratively within permitted ranges until the measured and simulated
streamflow data agreed satisfactorily. The parameters were then fixed, and the model was validated using another set of recorded data.
During calibration, the R? value was 0.82 and the NSE value was 0.72, while during model validation, the R? value was 0.79 and the
NSE value was 0.67. These results reveal a strong connection between observed and simulated streamflow, indicating that the SWAT
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Table 3

Percentage change in Hydrological components under RCP4.5 and RCP8.5
Months RCP4.5

SURFQ (%) LAT (%) Water yield (%) ET in (%) Sed yield (%)
Jan —76.32 19.31 151.38 4.27 —80.00
Feb 95.45 17.53 82.55 —9.09 0.00
Mar —96.51 —59.53 —44.32 —27.64 —96.43
Apr —97.91 —62.52 —82.00 -18.33 —98.09
May —78.69 —41.93 —73.80 —10.01 —80.00
Jun —70.30 —41.60 —73.34 2.70 —-72.12
Jul -7.74 —20.27 —38.87 0.78 3.76
Aug 15.06 7.10 —14.82 —30.64 12.72
Sep 104.53 25.06 16.39 9.28 104.56
Oct 307.22 54.50 36.66 68.84 371.28
Nov 365.05 105.34 58.76 63.88 436.00
Dec 352.63 41.12 82.82 24.52 266.67
Months RCP8.5
SURFQ (%) LAT (%) Water yield (%) ET in (%) Sed yield (%)

Jan 57.89 16.55 151.79 —5.66 80
Feb 263.64 21.65 86.92 —4.46 228.57
Mar —65.12 —48.37 —32.95 —-16.84 —53.57
Apr -96.9 —58.45 —80.43 —16.43 —96.82
May —68.95 —32.06 —65.58 —-8.15 —71.29
Jun —66.51 —37.04 —67.49 3.23 —69.32
Jul —21.57 -17.15 —40.11 -5.16 —13.01
Aug 28.87 11.26 —6.15 —32.61 28.5
Sep 150.82 32.7 29.51 15.79 157.19
Oct 324.42 59.98 43.83 72.57 396.81
Nov 324.73 87.08 59.9 59.56 372
Dec 447.37 39.72 82.2 21.31 433.33

model performed well in the Gilgal Gibe-1 watershed and might be employed for evaluating climate change impact. Fig. 3a) shows
stream flow calibration and Fig. 3b) shows stream flow validation.

During model calibration and validation, a scattering plot of observed stream flow vs simulated stream also shows a very excellent
relationship between simulated and measured stream flow. Fig. 4a) indicates the scatter plot of observed vs simulated stream flow for
calibration and Fig. 4b) shows the scatter plot of observed vs simulated for validation.

During calibration, the average stream flow was found to be 55.48 m3/s, but the simulated flow was 66.48 m>/s. The measured
stream flow during model validation was 57.72 m®/s while the simulated values were 68.72 m>/s. This demonstrated that the model
overestimated the streamflow during model calibration and validation.

3.3. Change in the hydrological response under climate change

3.3.1. Monthly change in the hydrological response under climate change

The impacts of climate change on the hydrological components of the Gilgel Gibe-1 watershed were assessed based on the changes
in temperature and rainfall over future period from 2026 to 2055. Under RCP4.5 and RCP8.5, the calibrated and validated SWAT
model was used to simulate hydrological components for the historical (1976-2005) and future periods. The hydrological parameters
modeled under future climate change estimates were then compared to historical rainfall and temperature data simulations.

Under both RCP4.5 and RCP8.5, the percentage change in simulated hydrological components indicated that for March, April, May,
June, and July, where the percentage change in rainfall is expected to decrease, the corresponding change in all hydrological pa-
rameters, including surface runoff, lateral flow, Water yield, ET, and sediment yield, also decreased. The hydrological characteristics
corresponding to August, September, October, November, and December, in which rainfall is anticipated to increase, increased under
both RCP4.5 and RCP8.5. Comparing the change in hydrological parameters the decrease for RCP4.5 is higher than that of RCP8.5. The
percentage increase is higher under RCP8.5 for months where the simulated hydrological parameters increased. The sensitivity of
hydrological parameters to changes in rainfall that would occur during wet seasons is revealed by the observed changes. In rainy
months, a minor increase in rainfall resulted in increased surface runoff and sediment yield.

To assess the relative influence of climate change (rainfall, maximum and minimum temperature) under both RCP4.5 and RCP8.5
on the hydrological parameters, the Partial Least Square Regression analysis (PLSR) was used. The PSLR model analysis was carried out
using XLSTAT software. The correlation coefficient was used to show the relative effect of each independent variable i.e. the per-
centage change in rainfall and temperature as shown in Table S7a and Table S7b.

In addition, the percentage change in surface runoff and sediment yield were generally negatively correlated with changes in both
maximum temperature and minimum temperature. As compared to the change in minimum temperature, the change in maximum
temperature had a strong negative correlation with hydrological parameters. This shows that changes in maximum temperature have a
greater impact on hydrological parameters in the basin than changes in minimum temperature. This is consistent with the study carried
out by Ref. [2] which reported that each temperature increase of 0.7 °C can result in a decrease of 1.4%-2% in annual runoff and 2%
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3.7% in annual sediment yield.

The hydrological components under both RCP4.5 and RCP8.5 also revealed a strong positive correlation among themselves except
for percentage change in ET and water yield which showed with weak correlation with a coefficient less than 0.5. Table 3 shows the
percentage change in hydrological components under RCP4.5 and RCP8.5.

3.3.2. Hydrological components at sub-basin level under climate change

The hydrological components under historical, and projected climate change under both RCP4.5 and RCP 8.5 were evaluated at the
sub basin level. The simulated hydrological components such as groundwater, sediment yield, evapotranspiration, and surface runoff
using historical, and future scenarios data are shown in Fig. 5. Maximum annual average surface runoff simulated were 269.98 mm,
253.39 mm, and 282.97 mm in sub basin 25 during the historical, RCP4.5, and RCP8.5 respectively. Sediment yield is also high in this
sub-basin. This sub-basin is covered by agricultural land and found upstream of the sub-basin. The groundwater flow is high in sub
basin 27 (covered by agricultural land use) under the three scenarios. High evapotranspiration is found in sub-basin 4 under the three
scenarios.

The sub-basins with high surface runoff and sediment yield under historical climate remained to have the maximum value under
projected future climate change. For instance, sub-basins 3,9,15, and 25 had high surface runoff and high sediment yield under his-
torical and RCP4.5 and RCP8.5 projected climate change. When implementing management practices in Gilgel Gibe-1 watershed,
priority should be given to these sub-basins. Particularly sub-basins 3 and 9 are close to Gilgel Gibe-1 reservoir and require more
attention. Other hydrological parameters such as evapotranspiration will be increased under both scenarios as compared to historical
simulations. On contrary, groundwater decreases in values in most sub-basins under climate change. Hydrological responses at sub-
basin level under historical, projected RCP4.5 and RCP8.5 are shown in Fig. 5.

3.3.3. Percentage change of hydrological components

As shown in Fig. 6, potential changes in hydrological components under RCP4.5 and RCP8.5 were considered at the sub-basin level.
Surface runoff changes from —1.0% to 7.02% under RCP4.5, whereas sediment yield changes from —4.65% to 4.75%. The change in
surface runoff is 2.27% more than the change in sediment yield. However, both surface runoff and sediment yield changed within the
same range under RCP8.5. —4.76%-9.45%, to be precise. The sediment yield has increased because the expected increase in rainfall
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Fig. 6. percent change in hydrologic components under RCP4.5 and RCP8.5 at sub basin level: (a) Surface runoff, (b) sediment yield, (c)
Groundwater flow, (d)Evapotranspiration.

under RCP8.5 is greater than that under RCP4.5. Groundwater is projected to vary by a large percentage, while evapotranspiration is
expected to change by a minor amount. In comparison to RCP4.5, the changes in hydrological components were significant under
RCP8.5. The percentage change in groundwater and Evapotranspiration are low when compared with percentage changes in surface
runoff and sediment yield.

The results of this study are consistent with several studies undertaken to evaluate the impact of climate change on hydrological
components. For instance, the studies conducted by Refs. [7,52] using RCMs with two Representative Concentration Pathways (RCPs)
of 4.5 and 8.5 showed that average monthly streamflow and sediment yield are expected to increase in the future. Similarly, the study
conducted by Refs. [23,24] using the CORDEX RCM model to investigate the influence of climate change on hydrological components
are found that the mean annual sediment yield and surface runoff is expected to increase in Awash basin, Ethiopia. In addition, the
study carried out by Ref. [25] on Finchaa watershed, Ethiopia and [22] on central rift valley basin, Ethiopia, found similar results using
the CORDEX Africa RCM.
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4. Conclusions and recommendations

In this study, the effects/impacts of climate change on the hydrological components of the Gigel Gibe-1 watershed in Ethiopia were
investigated. Under both RCP4.5 and RCP8.5, the corresponding change in all hydrological components dropped during months with
expected decreases in rainfall. However, under both RCP4.5 and RCP8.5, modeled hydrological components were raised for months
with predicted increases in rainfall.

Additionally, the Partial Least Square Regression analysis was used effectively to assess the relative effect of climate change on
hydrological components under both RCP4.5 and RCP8.5.

The percentage change in surface runoff and sediment yield was often inversely proportional to the change in maximum and
minimum temperatures. The change in maximum temperature demonstrated a strong negative correlation with hydrological com-
ponents compared to the change in minimum temperature.

At the spatial scale, the sub-basins with high surface runoff and sediment yield under historical climate remained to have the
maximum simulated values under projected future climate change. For instance, sub-basins 3,9,15, and 25 had high surface runoff and
high sediment yield under historical, and the same was true under RCP4.5 and RCP8.5 predicted climate change. These sub-basins are
completely covered by agricultural land use types. Dystric nitisols and dystric fluvisols are the dominant soil types in these sub basins.

In general, the likely increase in temperature and rainfall in the Gilgel Gibe-1 watershed could increase surface runoff and sediment
yield, rendering the watershed sensitive to climate change. The life span of the Gilgel Gibe-1 hydropower reservoir could be shortened
due to increased sediment yield. This has to further investigated using the sediment balance of the reservoir. In this study, the impact of
Land use/Land cover change was not investigated and future studies should consider both the impacts of climate change and Land use/
land cover change on hydrological components.
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