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Abstract: The Awash River Basin is the most irrigated area in Ethiopia, which is facing critical
water resources problems. The main objective of this study was to assess the impacts of climate
change on river flows in the upper Awash Subbasin, Ethiopia, using the soil and water assessment
tool (SWAT) hydrological model. The ensemble of two global climate models (CSIRO-Mk3-6-0
and MIROC-ESM-CHEM with RCP4.5 and RCP8.5) for climate data projections (the 2020s, 2050s,
and 2080s) and historical climate data from 1981-2010 was considered. Bias-corrections were made for
both the GCM data. SWAT model was calibrated and validated to simulate future hydrologic variables
in response to changes in rainfall and temperature. The results showed that the projected climate
change scenarios were an increase in rainfall for the period of the 2020s but reduced for the periods of
2050s and 2080s. The annual mean temperature increases, ranging from 0.5 to 0.9 °C under RCP4.5
and 0.6 to 1.2 °C under RCP8.5 for all time slices. In the 2020s, annual mean rainfall increases by 5.77%
under RCP4.5 and 7.80% under RCP8.5, while in 2050s and 2080s time slices, rainfall decrements
range from 3.31 to 9.87% under RCP4.5 and 6.80 to 16.22% under RCP8.5. The change in rainfall
and temperature probably leads to increases in the annual streamflow by 5.79% for RCP4.5 and
7.20% for RCP8.5 in the 2020s, whereas decreases by 10.39% and 11.45% under RCP4.5; and 10.79%
and —12.38% for RCP8.5 in 2050s and 2080s, respectively. Similarly, in the 2020s, an increment
of annual runoff was 10.73% for RCP4.5 and 12.08% for RCP8.5. Runoff reduces by 12.03% and
4.12% under RCP4.5; and 12.65% and 5.31% under RCP8.5 in the 2050s and the 2080s, respectively.
Overall, the results revealed that changes in rainfall and temperature would have significant impacts
on the streamflow and surface runoff, causing a possible reduction in the total water availability
in the subbasin. This study provides useful information for future water resource planning and
management in the face of climate change in the upper Awash River basin.

Keywords: climate change; RCPs; GCM; streamflow; runoff, SWAT model

1. Introduction

Global population growth and its respective demand, as well as climate change, put the water
resources under pressure. It is estimated that by 2050, about 4.8 to 5.7 billion people will be living
under potentially water-scarce areas. Africa is one of the most susceptible regions to climate change
and variability [1]. Climate change is accelerating from time-to-time over the Earth’s surface due to the
increase in human activities [2]. According to the Intergovernmental Panel on Climate Change [3],
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in comparison to earlier decades, radiative forcing on the natural system has increased a manifold from
the 1970s. Accordingly, the total radiative forcing is reported to be 43% higher in IPCC Assessment
Report 5 (AR5) than AR4 [3]. Global temperatures have shown an increase of around 0.74 °C during
the last century (1906-2005), according to IPCC AR5 [3]. Thus, in all Representative Concentration
Pathways (RCPs), a likely increase in the global warming trends during the twenty-first century
has been well reported [4]. The change in both local and global climate, magnitude, and pattern
of temperature and rainfall, affects the rate and occurrence of hydrologic processes such as water
cycle and water resources. Water is a critical and vital resource for both human uses and ecosystem
services [5-8]. Rivers are among the water resources important for their use in domestic, agricultural,
and industrial purposes. The upper Awash River is the major water resource in the central rift valley,
a subbasin that suffers from an increasing shortage of natural water resources. There is a tremendous
increase in the demand for rivers; an increasing number of populations, advanced irrigation practices,
and industrial usages are some of them [7,9].

The projected climate change will increase water scarcity risks at a peak level [10]. Climate changes
also alter hydrological processes that maintain water supply and ecosystem function [11], and its impact
is felt through changing patterns of water resources [12,13]. Moreover, an increase in temperature
is hastening the global hydrologic cycle [14]. The hydrologic cycles that connect the lithosphere,
atmosphere, and biosphere are most likely affected by global warming [15,16]. Almost all regions of the
world have experienced global warming, with global air temperatures increasing by 0.85 °C, over the
past half-century [1]. The variability and uncertainty of water resources associated with climate change
are critical issues in arid and semi-arid regions of the world [9], and tropical river catchments face the
challenges of the water resource as the population grows exponentially [17]. The impacts of climate
change on hydrological variables and its processes have been studied extensively, particularly on
surface runoff, groundwater flow, streamflow, and evapotranspiration, and soil moisture, by analyzing
projected and downscaled climatic data and using different hydrological models [18-25]. This is
particularly prominent in semi-arid and arid regions because in these regions, water resources,
primarily streamflow and surface runoff, are highly sensitive to climate change; a small change in
climate variables may result in significant variations of hydrological cycles and subsequence changes of
regional water resources [26-30]. Thus, climate change and climate variability, the need for managing
water resources require immediate attention and action.

Furthermore, climate change impact needs to be evaluated; at local and regional scales. This will
require climate projection information at a spatial scale relevant to the system of interest, which is
often significantly smaller than the resolution of GCMs, and thus, dynamic downscaling with RCMs is
capable of addressing this scale gap [31]. In Ethiopia, a number of studies have been conducted to
investigate the impacts of climate change on water resources by using hydrological models and several
emission scenarios [32—40]. The reports revealed that climate, land use, and cover changes are among
the main drivers of land degradation, which in turn largely affect water resources.

In the upper Awash Subbasin, water scarcity problems are becoming increasingly common due
to higher water demand, urbanization, economic development and climatic variability [32,34,41,42].
Downstream irrigation and industrial enterprises in the upper Awash Sub-basin have been expanding
from time to time with climate variability and leading to competition for water among different
sectors coupled, thereby will pose a great problem on meeting the future water demands [32,41].
This necessitates the need for knowledge of future climate change and water resources availability
taking into account. In that regard, a few studies have been reported in investigating climate change
impacts on river flow, using RCPs emission scenarios in the basin. Thus, more information is necessary
for a better plan of the adaptation strategies and water management practices under changing climate.

Climate models are important tools utilized to advance our understanding of the current and
past climate [43]. However, despite all their complexity of our Earth imposes important limitations on
existing climate models, and they represent simulations of the real world, constrained by their ability
to correctly capture and reveal each of the important processes that operate to affect climate [43,44].
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Similarly, global climate models attempt to describe the earth’s climate and are used in a variety of
applications [45]. These include the study of the possible causes of climate change and the simulation
of past and future climates, understand complex earth systems, and improving our understanding
and predictability of climate behavior on seasonal, annual, decadal, and centennial time scales [45,46].
However, these models have several limitations, including an incomplete understanding of the
climate system, an imperfect ability to transform our knowledge into accurate mathematical equations,
the limited power of computers, the models” ability to reproduce important atmospheric phenomena
and inaccurate representations of the complex natural interconnections [45]. Downscaling is required
because of the limitations of coarse spatial resolution in the global models [44]. Thus, downscaling
improves some aspects of the performance of models and their ability to represent observations;
this technique is still subject to the general limitations suffered by all numerical models [43].

Here we propose a methodology that uses the output of two ensembles of bias-corrected global
climate models (GCMs) as input to hydrological modeling and applies the outcome to the upper Awash
River for predicting future runoff and streamflow. To address this, we evaluated climate change impacts
on river flow using two ensemble GCMs under two RCPs emission scenarios. This effort essentially
involves taking projections of climate at a regional scale and downscaling it at a regional-scale for
all climatic variables considered, then finally downscaled to local scale and computing its impact on
hydrological components using SWAT. The SWAT model is a useful tool for investigating climate change
effects on water resources [47-50]. Its application was used in simulating surface runoff, streamflow,
groundwater, and sediment transport, as well as the assessment of climate and land-use change impacts
on the hydrology of river basins [25,27,51-56]. However, there are some of the limitations of this study
that could be addressed in future research. The limitations and uncertainties are mainly related to
the input data, the climate models and projections, the representation of physical processes and its
algorithm in the hydrological model. The primary limitation to the generalization of these results
is the use of only two ensembles GCMs and their spatial resolution that may lead to biases in the
estimation of future climate and hydrology. Similarly, this analysis does not cover the effect of change
in the magnitude (variability) of temperature/rainfall on the simulated streamflow. Another limitation
presented in this study is linked to the land use and soil properties used in model development under
current climate conditions were assumed to be constant and remain valid under conditions of future
climate change. There is no consideration of changes in land use and soil properties in a simulation of
future hydrology that may influence our model estimates. Thus, further research is recommended
to address the limitations of this study for improved understanding and assessments that will prove
useful for planning purposes in the upper Awash River Basin. This study provides insights on future
trends of the subbasin response for the basin stakeholders to address water management issues.

The objective of this study was to evaluate the impacts of climate change on river flows in the
upstream Awash Basin using the soil and water assessment tool (SWAT) model and ensemble global
climate models (GCMs) under two RCPs emission scenarios.

2. Materials and Methods

2.1. Description of the Study Area

The Awash Basin lies over the central highland of Ethiopia and has a drainage area of about
110 x 10° km?. This study was undertaken on the upper part of the Awash River Basin; located between
8°16" and 9°18" North latitude and between 37°57” and 39°17’ East longitude (Figure 1). The Subbasin
area covers a surface of about 7240 km?.
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Figure 1. Study area location of the Upper Awash River Basin.

The basin received an annual mean rainfall of 1019 mm through the period of 1980-2013.
Mean maximum, minimum, and average values of temperatures recorded at the basin during the
season were 12.10 °C, 23.20 °C, and 17.65 °C, respectively. The major soil groups identified by FAO are
Vertisols, Luvisols, Cambisols, Nitisols, Andosols, Fluvisols, Regosols, and Leptosols. Vertisols are
the dominant soils of the subbasin, covering about 40% of the total [57]. The report showed that the
Vertisols are mainly distributed in the central highland plateau, including the surroundings of Addis
Ababa areas, and these areas are characterized by intensive cultivation of teff and wheat. Moreover,
Nitisols, Luvisols, and Cambisols cover about 27%; their distribution is mainly in the northern part,
around Holeta and Sululta; and Nitisols and Luvisols are red soils that cover areas characterized by
high rainfall [57]. About 80% of the Upper Awash River Basin is covered by Haplic Luvisoils and
agricultural crops.

The main crops of the study area are wheat, teff (Eragrostis tef), barley beans, and other
different types of grains and vegetables. Pasture lands, permanent open water bodies, and grassland
associated with bushes and shrubs are also important units of land use/cover. Irrigated fields, swamps,
and settlements cover a small area in the subbasin. About 68% of the total study area is flat or slightly
undulating, with a slope between 2% and 8%. The annual runoff within the basin is estimated at
4.6 km3, and some tributaries like Mojo, Akaki, Kassam, Kebene, and Mile Rivers carry water the
whole year while many lowland rivers only function during the rainy seasons [37].

In addition to the agricultural and purposes industrial, the Awash River used as a drinking water
source for the city of Addis Ababa, Adama, and other rural towns within the basin [32,41].

2.2. Datasets

In the present study, the following geospatial data and hydro-climatic variables were used for
analyses. The daily meteorological data, including rainfall, minimum and maximum temperature at
six meteorological stations, were obtained from the National Meteorology Agency (NMA) of Ethiopia
for the period (1981-2010). The daily observed streamflow data at the outlet of the basin covering
the 1980-2010 periods were provided by the Ethiopian Ministry of Water Resources. The general
information of selected meteorological stations is shown in Table 1. An ensemble of the two global
climate models (CSIRO-Mk3-6-0 and MIROC-ESM-CHEM with RCP4.5 and RCP8.5 emissions) was
used to generate future climate projections at selected stations. The historical simulations were
forced by observed data and anthropogenic atmospheric composition covering the period 1981-2010,
whereas the projected one range from 2011 and 2100 derived via RCP4.5 and RCP8.5 emission
scenarios. The simulated data of RCP4.5 and RCP8.5 scenarios were generated from CSIRO-Mk3-6-0
and MIROC-ESM-CHEM of the global climate model outputs.
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Table 1. General information of meteorological stations.

No Station Lat. (°N) Lon. (°E) Elev. (m) Mean RF (mm) Avg. Temp. (°C)
1 Addis Ababa 9.03 38.75 2354 1145.1 15.8

2 Debrazeit 8.73 38.95 1900 962.3 18.5

3 Holeta 9.07 38.48 2380 1048.96 155

4 Tulubolo 8.67 38.22 2100 1076.4 16.6

5 Ghinch 9.02 38.13 2132 1025.2 *

6 Hombole 8.37 38.77 1665 955.8 *

* Data not available (the station that has no temperature recording stations).

The 90-m digital elevation model (DEM) (http://gdex.cr.usgs.gov/gdex/) was obtained from the
shuttle-radar topographic mission (SRTM) for the delineation of the subbasin and to analyses the
drainage systems on the study area. Subbasin components (slope length and slope gradient) and the
stream network characteristics (channel width, length, and slope) were derived from this DEM.

The hydrological response units (HRUs) of the watershed were defined using soil and land use
data. SWAT requires different physical, chemical, and soil textural properties such as available water
content, soil texture, hydraulic conductivity, bulk density, and organic carbon content for different
layers of each soil type. Soil physical and chemical properties databases from different studies in the
basin were used. The infiltration and hydraulic conductivity of the major soils of the Awash Basin were
measured and calculated [41,58]. All necessary soil information was obtained from the Awash River
Basin Integrated Development Master Plan Project, Semi-detailed Soil Survey, and the Soil of Upper
Awash area [57]. The land use/land cover map of the study area was obtained from the OWWDSE [57]
and the Ministry of Water Resources of Ethiopia. They have reclassified the land use/land cover map
of this area based on the available topographic map at a scale of 1:50,000, aerial photographs and
satellite images.

2.3. Modeling Approach

Global climate models (GCMs) and regional climate models (RCMs) are important tools to assess
climate change impacts. In this present study, changes in surface hydrology as a result of climate
changes were assessed using the following procedure: (1) rainfall and temperature were considered
and characterized for the baseline period. (2) The bias-corrected GCMs data using RCP4.5 and RCP8.5
were incorporated as an input to the SWAT model for the future time slices: 2020s, 2050s, and 2080s.
A weather generator (WXGEN) model is included in SWAT, which can generate daily climate data.
A weather generator WXPARM program reads daily values of maximum and minimum temperature,
precipitation, solar radiation (calculated from daily sunshine hours), relative humidity, and wind speed
data to calculate monthly averages and standard deviations of all the input variables.

Therefore, a weather generator was used to produce daily climate data to serve as input for the
SWAT model to simulate streamflow and runoff.

2.3.1. Description of the Global Climate Model (GCM) and Climate Scenarios (RCPs)

The ensemble means of two climate models: CSIRO-Mk3-6-0 (resolution = 192 x 96 km?) and
MIROC-ESM-CHEM (resolution = 128 x 64 km?) were selected based on their spatial resolution for
the atmospheric variable (longitude*latitude) and their further applicability to African climate impact
studies; and encouraged by its effectiveness in reproducing the climate in Ethiopia with respective
RCPs [59-63], both with respect to other CMIP5 generation. Two different RCPs: RCP4.5 is having
CO; concentration of 650 ppm equivalent with A1FI SRES of the third and fourth assessment report
and RCP8.5 having CO, concentration of 1370 ppm equivalent with B1 SRES [64,65] were employed
to downscale the rainfall, temperature (minimum and maximum) from GCMs to specific locations.
The two RCPs were chosen to consider the impacts of CO, emitted to the atmosphere at medium and
high emission concentrations.
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2.3.2. Soil and Water Assessment Tool (SWAT) Model

SWAT is a physically-based semi-distributed and continuous-time hydrological model, with the
most promising and computationally efficient capacity to operate on large basins in reasonable time [66].
SWAT was established to forecast the impact of land management practices on agricultural chemical
yields of water and sediment in catchment basins with varying management conditions in soils and land
use over long periods [67]. The model simulates 8 (eight) major components: agricultural management,
soil temperature, hydrology, weather, crop growth, nutrients, pesticides, and sediment transport
and erosion [68]. Major hydrological processes that can be simulated by the SWAT model include
surface runoff, percolation, evapotranspiration (ET), infiltration, deep aquifer flows, and channel
routing, and shallow aquifer [67]. The hydrological model was calibrated and verified using observed
streamflow data of the subbasin. The model was selected because of its simplicity, availability,
and widely acceptance [69].

Daily meteorological data of rainfall, solar radiation, minimum and maximum temperature,
wind speed, and relative humidity were fed to the model. Data are given to the model as a user-defined
observed time series and WXGEN model generated within SWAT from monthly data to filling the
missing climate data [68].

Hence, simulation of basin hydrology with The SWAT model system embedded within a GIS,
ArcSWAT, was undertaken in two isolated cases. The first case is the hydrological cycle given by
the land phase, which controls the amount of pesticide, water, nutrient, and sediment loading to the
main channel in each subbasin. The second case is a hydrologic cycle by routing phase, which can
be defined as the movement of organic chemicals, water, nutrients and sediments load through the
channel network of the catchment to the outlet. The model simulates the land phase hydrological cycle
based on the water balance as given in Equation (1):

SWi = SW, + (Rday - qurf -E, - Wsweep — ng) 1)

t
=1

t=
where SW; is the final soil water content (mm); SW, is the initial soil water content (mm); ¢ is the
time (days); Ryay is the amount of precipitation on day i (mm); Qg,f is the amount of surface runoff
on day I (mm); E, is the amount of evapotranspiration on day i (mm); wsweep is the amount of water
entering the vadose zone from the soil profile on day i (mm), and Qg is the amount of return flow
on day i (mm). Moreover, we employed the Green and Ampt infiltration method [70] and the Green
and Ampt infiltration method [71] for estimating surface runoff through the SWAT model. It was
explained that the SCS curve number procedure is a function of the soil’s permeability, antecedent soil

water conditions and land use. SWAT model simulates surface runoff by using the SCS curve number
method Equation (2).

2
Ryyy — I,
qurf: (( il ) (2)

Rdﬂy - Ia + S)
where Qs is the accumulated runoff or rainfall excess (mm); Ry, is the height of rainfall for day
(mm); I, is the initial abstractions (canopy interception, surface storage, infiltration prior to runoff)
(mm) and S the retention parameter. Therefore, retention parameter S is defined as Equation (3):

1000 )

5= 25.4(W ~10 @3)

where CN is the curve number for day and the initial abstractions, I;, are commonly approximated as
0.2S. Equation (4) is represented as follows:
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(Raay - 0.25)2

Qaurf = (Raay +0.85) @

Runoff will only occur when Rz, > Io.

2.4. Bias Correction Method

GCMs, provide climate data on a global scale. Thus, in order to assess the impact of changes in the
climatic variables, such as precipitation and temperature, on water resource and hydrology systems,
the outputs of GCMs need to be downscaled [72]. Downscaling is a process of obtaining high-resolution
climate change or climate information from relatively coarse-resolution GCMs. The Local climate is
influenced greatly by local topographies, such as mountains, which are not well-represented in GCMs
because of their coarse resolution [73].

For hydrological simulations, raw data of RCPs were corrected using a linear scaling bias correction
method [72,73]. In the bias correction method, transformation algorithms were used to adjust GCM'’s
climate variables. The approach was based on the determination of possible biases between measured
and simulated climate variables and represents the starting point for correcting both control and the
scenario RCM runs. Precipitation was corrected by fitting it to the long term (1981-2010) baseline data
and measured for its coefficient of variation [74]. The temperature was corrected by fitting it to long
term (1981-2010) baseline data and to the standard deviation (SD). We used a power transformation
as an alternative by which corrects the average, as well as the CV [74]. In this nonlinear correction,
each daily precipitation amount P is transformed into a corrected p* by using Equation (5) as follows:

P =apP? (5)

The coefficients a and b were iteratively determined. The mean coefficient b was determined by
equating the CV of the observed value of precipitation with that estimated (GCMs) on a monthly basis,
and the coefficient 2 was determined by equating the mean value of observed precipitation with that
estimated for the basic period.

Temperature bias correction only involved scaling and shifting to adjust the mean and variance of
GCMs and observed climate data [75,76]. The corrected daily temperature T, Was obtained by using
the following Equation (6):

0 ( Tops )
O‘(Tgcm )

where Tcor is the corrected daily temperature; Tecn, is the uncorrected daily temperature from the
GCM model; Ty is observed daily temperature; Tops and Tgen, are mean temperatures for observed
and simulated GCM datasets, respectively.

Teorr = Tﬂobs + (Tgcm - Tohs) + (Tobs - Tgcm) (6)

2.5. Model Performance Evaluation

Sensitivity analysis was done on the SWAT model to select the best sensitive hydrological
parameters. From the total of 27 hydrological parameters that are involved in the SWAT model for
calibration, eight most sensitive parameters were selected (Table 2). A total of 27 parameters with
ten intervals of LH sampling and 270 iterations were done to select the rank of these most sensitive
parameters. Thus, each parameter was estimated after 1000 simulations (one iteration) until the
performance criteria were satisfied. The most sensitive parameters to simulate streamflow were
Alpha_Bf, Cn2, Ch_K2, Esco, Sol_Z, and Ch_N2. The curve number (CN2) was sensitive to discharge
and peak flow. The CN2 value was calibrated within —25% to 25%; it was fitted at 4.96% that indicates
discharge and peak flow, and baseflow recession constant (ALPHA_BF) was Varied 0 to 1 and calibrated
at 0.643 values.
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Table 2. Hydrological parameters and their ranges used for model calibration.

No Parameters Description Min  Max Fitted Value
1 Alpha_Bf Base flow recession 0.00 1 0.643
2 Cn2 Initial SCS CN II value -0.25 0.25 0.496
Channel effective hydraulic
3 Ch_K2 conductivity [mmy/h] 0 150 136.680
4 Esco Soil evaporation compensation factor 0 1 0.168
5 Sol Z Depth from the soil surface to bottom 025 025 0.077
of the layer
6 Ch N2 Manning’s “n” value for the 0 1 0711

main channel
7 Blai Maximum potential leaf area index 0 1 0.036
The threshold depth of water in the
shallow aquifer for “revap” or
percolation to the deep aquifer
to occur

8 Revapmn 0 500 434.340

The SWAT model was manually and automatically calibrated and validated by using observed
monthly gauged streamflow data at the Hombole outlet of the watershed. Validation verifies the
performance of the SWAT model for simulated streamflows in different periods from the calibration
periods without any additional tuning in the calibrated flows. Once calibrated and validated, the SWAT
model was used for future predictions under different climate scenarios, if the SWAT model simulates
reasonably in both the validation and calibration phases.

The performance of the SWAT model was assessed by using most statistical methods to define
the reliability and quality of predictions when compared to measured values. For the goodness
of fit measures, Nash—Sutcliffe simulation efficiency Eys and coefficient of determination R, [77]
was used to assess the SWAT model prediction. R? and Epg values are explained in Equations (7)
and (8), respectively.

YN (0i=0)(pi =)
R2 — 1=1 (7)
[Zf\i1 (Oi - 6)2][211'11 (Pi - ﬁ)O.S]
Ya(oi—pi)?)

where N is the number of compared values oo, O; is the observed data, 0 is the observed average, P; is
the simulated data and p is the simulated average. Eys can have values ranging from —oo to 1.

The ability of the hydrologic model to simulate streamflow was evaluated by computing
Kling-Gupta efficiency (KGE), mean bias error (MBE), mean absolute error (MAE), and root-mean-square
error (RMSE). The bias provides a measure of systematic errors revealed from comparing model
results with measurements. The RMSE gives an estimate of the variability of the model compared
with observation. Therefore, SWAT model performances were assessed in terms of goodness-of-fit
performance (KGE, Eys and R?) in order to assess the quality of the simulation in future hydrology
under a change in the climate. KGE is given by:

B s fcd 2icm 2
KGE_l—\/(CC—l) *(E‘l) (——1) )

rm

where CC is the Pearson’s coefficient value, and rm is the average of observed values and cm is the
average of forecast values, and rd is the standard deviation of observation values, and cd is the standard
deviation of forecast values.
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The mean bias error (MBE) can indicate whether the model overestimates or underestimates the

power output:
n

MBE = = Y (pi~0) (10)
i=1
where O; the observation is value and P; is the forecast value.
In addition, the degree of accuracy of each model was evaluated using the root-mean-square error
(RMSE) and mean absolute error (MAE), which is a good indicator to represent the quality of the model
and its ability to describe the real behavior of each system. RMSE is given by:

2
Z?:1(Xobs,i - Xmodel,i)
RMSE = " (11)

where X, is the observation value and X,,,,4,; is the model value.

Both RMSE and MAE express average model prediction error in units of the variable of interest.
The RMSE and MAE can range from 0 to co and are indifferent from the direction of errors. MAE is
given by:

n
MAE = %x Z'Oi — Py (12)
i=1

where O; is the observation value, P; is the forecast value and | O; — P;| = the absolute errors

2.6. Climate Change Impact Assessment

Detailed climate models and long hydrological records are needed to predict future conditions in
a changing world [78]. The bias-corrected ensemble mean of GCMs data using RCP4.5 and RCP8.5
were given as an input to the SWAT model for the periods of 2020s, 2050s, and 2080s. The remaining
climatic and all other land use and soil hydrologic properties used in model development under
current climate conditions were assumed to be constant and remain valid under conditions of future
climate change. There is no consideration of changes in land use, soil properties, and other climatic
variables, which could influence the hydrology of the basin. The assumption of stationarity, which has
been made so far in runoff and streamflow forecasts studies, is now being challenged. Such a study
should not be considered as actual accurate scenarios because the latter would need to include future
soil and land-use change impact. The model calculates the impacted daily precipitation by multiplying
the daily precipitation multiplier by the corresponding baseline daily precipitation values; whereas the
impacted daily temperatures were calculated by adding the average daily delta values of the maximum
and minimum daily temperature to the corresponding average baseline daily temperature as shown in
Equations (9) and (10).
ad pep ) (13)

Rday = Rday X (1 + 00

Riay is the precipitation falling in the subbasin on a given day (mm H,0), and adjy is the
percentage change in rainfall.
T =T+ adjump (14)

T is the daily temperature (°C); adjip is the change in temperature (°C).

To simulate the seasonal and annual changes under given climatic conditions, the monthly delta
and precipitation multiplier values were used and applied evenly on all the days of the month. For the
selected RCP4.5 and RCP8.5 climate change scenarios, the amounts of runoff and base flow as generated
by the SWAT model were compared with those obtained from the baseline stream flow. In this work,
the analyses were performed based on annual and three seasonal periods; kiremt (JJAS), Bega (ONDY]),
and Belg (FMAM), and this helps to provide a seasonal comparison of changes in the climatic and
hydrologic variables in the study area.
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3. Results and Discussion

3.1. Precipitation and Temperature Bias Correction

The comparison of observed, uncorrected, and bias-corrected mean monthly rainfall data
(1981-2010) is shown in Figure 2a,b. There was a considerable discrepancy between the uncorrected
GCMs and observed data. The result revealed that both RCP4.5 and RCP8.5 overestimated the observed
mean monthly precipitation for Addis Ababa station in January, February, March, June, July, November,
and December; and underestimated for the remaining months. Concerning the Debrazeit station,
the RCPs data overestimated the observed mean monthly precipitation for all months. Similarly, at each
selected station located in the study area, the considered model with respective RCPs overestimated or
underestimated the observed mean monthly rainfall for the baseline period (1981-2010). The result has
shown that after monthly bias correction, the RCPs and observed rainfall exhibited similar patterns both
at all stations. It was found that RCPs rainfall was reduced bias reasonably well after bias-corrected.

® Observed B Observed

(a)

#uncorr. RCP4.5 #uncorr. RCP4.5
# corr. RCP4.5
# uncorr. RCP8.5

m corr. RCP8.5

% corr. RCP4.S
% uncorr. RCP8.5
., Wcorr. RCP8.S

Monthly Average Rainfall (mm)

Jun - Jul o Aug Jan  Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Time (Month) Time (Month)

Figure 2. Bias corrected precipitation at (a) Addis Ababa and (b) Debrazeit stations.

It can be seen that the two ensembles of bias-corrected GCMs seasonality fit well to the observed
behavior: kiremt (JJAS) is the wet season (with rainfall peak in June), and the dry season occurs in
Bega (ONDJ) and Belg (FMAM) (with the lowest amount of rainfall in December and January).

The uncorrected RCPs of maximum temperatures were overestimated for all stations and followed
the pattern of the observed maximum temperature at Addis Ababa station. As shown in Figure 3a,b
and Figure 4a,b, the uncorrected RCPs maximum and minimum temperature at each station were
overestimated by the observed data almost for all months except for a few months. At Addis Ababa
station, large differences between the observed and the uncorrected RCPs can be seen during the wet
season. This shows that bias correction seems to correct bias reasonably well.
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Figure 3. Bias corrected maximum temperature at (a) Addis Ababa and at (b) Debrazeit stations.
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Figure 4. Bias corrected minimum temperature at (a) Addis Ababa and at (b) Debrazeit stations.

The correction coefficient of “a” and “b” obtained from the base periods was applied for the RCP4.5
and RCP8.5 to downscale the future rainfall and temperature scenarios. After the bias corrections were
applied for the future RCPs, the estimated rainfall, maximum and minimum temperature had a similar
pattern with the observed historical climate data. The bias-corrected RCP4.5 and RCP8.5 can be used
for future hydrological impact assessments.

Downscaled future scenarios for the three climate variables (rainfall, maximum temperature, and
minimum temperature) were graphically plotted to detect the trends. Results showed an increasing
trend of average minimum and maximum temperature were observed for both RCP4.5 and RCP8.5
under all the time slices (Figure 5a,b), and decreasing trends were observed in total annual rainfall
(Figure 6a,b), respectively.
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Figure 5. Future trends of (a) representative concentration pathways (RCP4.5) and (b) representative
concentration pathways (RCP8.5) maximum and minimum mean annual temperatures (1981-2100).
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Figure 6. Future trends of (a) RCP4.5 and (b) RCP8.5 total mean annual rainfall (1981-2100).
3.2. Change in Seasonal and Annual Temperature

The current research data revealed that the downscaled rainfall, maximum, and minimum
temperatures increased in both emission scenarios. Annual and seasonal mean temperatures of the



Hydrology 2020, 7, 98 12 of 22

future periods (the 2020s, 2050s, and 2080s) for two ensemble GCMs models with RCP4.5 and RCP8.5
emissions scenarios are given in Figure 7. The projected ensemble data series showed an average annual
and seasonal temperature increase. For the subbasin, the average annual temperature under RCP4.5
and RCP8.5 increases by 0.51 °C and 0.64 °C, respectively, in the 2020s. In mid-century, the annual
temperature increases by 0.77 °C under RCP4.5 and 0.88 °C under RCP8.5; and increases by 0.9 °C
under RCP4.5 and 1.2 °C under RCP8.5 by the end of the century. In the Awash River basin, the study
also found that in mid-century minimum and maximum temperature increases range from 1.8 to 1.6 °C
(RCP 4.5) to 2.6 to 2.1 °C (RCP8.5), respectively, while end-of-century increases vary from 2.4 to 2.0 °C
(RCP 4.5) and 4.6 to 3.7 °C [79]. This shows the previous report overestimated temperature compared
to the present results. Similarly, the finding Jilo et al. [80] argued that the mean annual maximum and
minimum temperatures would increase under RCP4.5 and under RCP4.5 scenarios. Girma [81] has
also argued that the increases of average annual temperature for the Upper Blue Nile Basin have been
1.5 °C for the 2020s, 2.6 °C for 2050s, and 4.5 °C for 2080s in relation to 1980-2010.
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Figure 7. Change in seasonal and annual temperature for three time periods under RCP4.5 and RCP8.5.
3.3. Change in Seasonal and Annual Rainfall

This study analyzed the projected annual and seasonal rainfall changes under RCP4.5 and RCP8.5
scenarios. Figure 8 shows the mean annual and seasonal rainfall changes for two ensembles GCMs.
In the 2020s, the kiremt (JJAS) rainfall increases by 9.22% and 12.42% under RCP4.5 and RCP8.5,
respectively, whereas it decreases by 6.82% for RCP4.5 and 10.74% for RCP8.5 in the 2050s; and 10.56%
for RCP4.5 and 18.52% for RCP8.5 in the 2080s. The projected mean annual rainfall increases by 5.77%
and 7.80% under RCP4.5 and RCP8.5 in the 2020s, respectively. On the contrary, for time periods 2050s
and 2080s, projected annual rainfall decreases range 3.31 to 9.87% under RCP4.5 and 6.80 to 16.22%
under RCP8.5. The maximum increments in mean seasonal rainfall can be seen in Bega (OND]) and
Belg (FMAM) seasons under the RCP8.5 scenario in the 2080s, whereas minimum change can be seen in
Bega (ONDJ) season in the 2020s under RCP4.5. Taye et al. [27] have also found the change in climate
as projected by the GCMs shows a clear difference between seasons.

Generally, the results of simulated ensemble model scenarios to show drier conditions can be
seen in the second rather than in the first half of the 21st-century. Girma [81] has found the ECHAM5
downscaled rainfall changed in the Upper Blue Nile by 1.8%, —6.6%, and —6.4% in the 2020s, 2050s,
and 2080s, respectively. The result of this analysis coincides with the IPCC’s mid-range climate
emission scenario, shows that, compared to the time period 1961-1990, annual precipitation undergoes
changes from 0.6% to 4.9% and from 1.1% to 18.2% for 2030 and 2050, respectively [82].



Hydrology 2020, 7, 98 13 of 22

2500 -
20,00 - B Kiremt [J1AS)
¥ Bega (ONDJ)
1500 - N Belg (FMAM)
g 1000 - B Annual
-
5
E 5.00 A
=
o 000
o
=
s > 75 ETgEERE5Es 7562580253
£ S ZE8E =z EREE R - S 28 ¢
. ST - I | o = = = =T PR g | = = = = =T
PPt T e |E g o= |58 x
£ ¥ 3 £ 33 £ ¥ £ ¥ 3 E & < ¥
-15.00 - * o 2 o = w o = =
=-20.00 1
RCP4.5 (2020s) | RCP4.5(2050s) | RCP4.5 (2080s) | RCPS.5(2020s) | RCPS.5(2050s) | RCP3.5 (2030s)
-25.00 -

Figure 8. Seasonal and annual change in rainfall for three time periods under RCP4.5 and RCP8.5.

As shown in previous results, climate models give estimated interpretations of real climate.
Subsequently, applications of climate models are results to impact studies require consideration of
several limitations that characterize model output. In principle, using the direct output of climate
models is not desirable because these because of the limitations of coarse spatial resolution in the global
models. Thus, downscaling will improve the performance of models and their ability to represent a
physically consistent picture of the current and future climate conditions.

3.4. Flow Calibration and Validation

Calibration was performed for eight years period from 1 January 1993, to 31 December 2000,
from which one year was taken as a warm-up period. As depicted in Figure 9, the calibration results
showed that there is a good agreement between the simulated and gauged monthly flows at the outlet of
the Hombole gauging station. Model statistical and performance indicators for streamflow simulations
in the calibration and validation are shown in Table 3. This was demonstrated by the correlation
coefficient (R? = 0.85), the Nash-Sutcliffe simulation efficiency (Ens = 0.80), Kling-Gupta efficiency
(KGE = 0.77), mean bias error (MBE = 8.39), mean absolute error (MAE = 16.46), and root mean square
error (RMSE = 26.78). Similarly, the finding Shawul et al. [83] has found that the correlation coefficient
(R? = 0.88) and the Nash-Sutcliffe simulation efficiency (Ens = 0.87) showed a very good agreement
between observed and simulated for the calibration period.
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Figure 9. Hydrographs of monthly simulated and gauged flows for calibration (a) and validation (b) at
the outlet of the Hombole station.
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Table 3. Model statistical and performance indicators for streamflow simulations in the calibration and

validation periods.

Model Calibration (1993-2000) Validation (2001-2004)

Ens 0.80 0.78

R? 0.85 0.83

KGE 0.77 0.75

MAE 16.46 13.48

MBE 8.39 -12.35
RMSE 26.78 18.01

Validation proved the performance of the model for simulated flows in periods different from
the calibration periods but without any further adjustment in the calibrated flows. Validation was
performed for four years period from 1 January 2001, to 31 December 2004, from which one year
was considered as a warm-up period. The correlation coefficient (R?> = 0.83), the Nash-Sutcliffe
simulation efficiency (Ens = 0.78), Kling-Gupta efficiency (KGE = 0.75), mean bias error (MBE = —12.35),
mean absolute error (MAE = 13.48), and root mean square error (RMSE = 18.01) showed a very
good agreement between observed and simulated values. Both calibration and validation results
fulfilled the requirements suggested by Santhi et al. [84] for R? > 0.6 and Eng > 0.5 (Figures 9 and 10).
Shawul et al. [83] have argued that very good model performance was obtained at Hombole sub-basin
with (R? = 0.88) and (En = 0.87). Moreover, several studies have been reported that good to very good
model performance was obtained in the study area [85-87], with Engs and R2 > 0.69, for the calibration
and validation period. Thus, numerous studies have proven that the achieved model performance
is satisfying.
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Figure 10. Scatter plot of monthly simulated and gauged flow for (a) calibration and (b) validation
periods at Hombole station.

3.5. Climate Change Impact on Stream Flow

Climate change impact on monthly streamflow was analyzed by comparing baseline river flow
with the future flows for three time periods (the 2020s, 2050s, and 2080s). Figure 11 showed the
changes in average annual and seasonal streamflow (%) for the ensemble of two climate models for
three-time slices under RCP4.5 and RCP8.5 emission scenarios. Results showed that Kiremt (JJAS)
season streamflow increases by 8.61% for RCP4.5 and 10.66% for RCP8.5 in the 2020s, whereas decreases
by 5.43% and 18.12% for RCP4.5 and 5.48% in the 2050s; and 19.42% for RCP8.5 in the 2080s. Similarly,
annual streamflow increases by 5.80% under RCP4.5 and 7.20% under RCP8.5 for the period of the
2020s. The projected annual streamflow increases in the near-term and decreases in the middle and end
of the 21st-century over the study area, ranging from —12.38 to 5.80%. The finding Getahun et al. [88]
revealed the projected streamflow increase by 12% for the intermediate period in the subbasin.
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Figure 11. Seasonal and annual change in streamflow for three time periods under RCP4.5 and RCP8.5.

The maximum reduction in streamflow can be seen in Belg (FMAM) season under both RCPs
scenarios. Due to changes in precipitation and temperature, the annual and seasonal flow has changed,
and the change is more serious during Kiremt and Belg (FMAM) seasons for period 2080s under RCP4.4
and RCP8.5. The maximum increase in streamflow can be seen in Bega (OND]J) season by 26.56% in the
2020s under the RCP8.5 scenario.

The results suggested that the linkage between streamflow and precipitation may change in a
future climate in that a unit decrease in precipitation will cause a larger decrease in streamflow for
the middle and end centuries. This may be due to decreased recycling of moisture, more uniformly
from year-to-year in a future wetter climate. The decrease in streamflow may associate with high
temperatures and increased evapotranspiration [88]. Precipitation and temperature, being the main
drivers in the water balance computation, in reference to their variability both annually and seasonally,
have a direct impact on the other simulated water budget components. In agreement with the current
finding, several reports on streamflow and runoff projections based on the SRES and RCP climate
scenarios demonstrate a decrease in streamflow, surface runoff and water resources availability as a
consequence of decreasing precipitation and increasing temperature [27,79,89-93]. Mersha et al. [42]
have also found that under irrigation expansion scenario, streamflow will be reduced up to 23% during
the last year of scenarios compared to the business-as-usual scenario, and this reduction streamflow
likely imposes high pressure on water resources of the Upper Awash River basin.

3.6. Climate Change Impact on Future Surface Runoff

Considering the daily observed meteorological and downscaled future RCPs data of rainfall and
temperature as an input to the SWAT hydrological model, developed runoff projections were obtained
for three future periods (the 2020s, 2050s, and 2080s). As shown in Figure 12, the annual surface runoff
increments can be seen in the 2020s by 10.73% for RCP4.5 and 12.08% for RCP8.5, whereas decreases
by 12.03% in the 2050s and 4.12% in the 2080s under RCP4.5; and 12.65% in the 2050s and 5.31% in the
2080s under RCP8.5. Similarly, the simulated flow in the 2020s showed increments of Bega (OND])
season runoff by 32.74% for RCP4.5 and 36.81% for RCP8.5 and in the 2080s, increases of 18.19% for

RCP4.5 and 22.53% for RCP8.5 whereas decreases of 6.80% under RCP4.5 and 6.86% under RCP8.5 by
the 2050s.
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Figure 12. Seasonal and annual change in runoff for three time periods under RCP4.5 and RCP8.5.

The projected average seasonal and annual runoff evaluation showed that runoff increases or
decreases in magnitude in the future three periods as compared to the baseline period (1981-2010). A high
amount of increase in average runoff was observed during Bega (OND]) season, whereas maximum
reduction in runoff can be seen in the Belg (FMAM) season. Our study highlighted the change in
projected streamflow and runoff across the upper Awash Subbasin because of decreased annual rainfall
and increased temperature in the subbasin. Similar to the current result, climate change would have
a significant impact on streamflow and surface runoff and water resources [27,79,88,94]. Daba [24]
argued that climate variables (mainly rainfall and temperature) would have a significant effect on the
surface runoff and causing a possible reduction in water availability. Abraham et al. [94] also found
that a decrease in annual runoff and has been declining, particularly over the Meki and Katar River
under RCP4.5 and RCP8.5 emission scenarios.

The projected runoff change is associated with the magnitude of rainfall and temperature changes
over the basin in future periods. In agreement with the current finding, Taye et al. [27] concluded that
in the Awash River basin, due to a projected increase in temperature and decrease in precipitation,
the projections for the future three periods show an increase in water deficiency in all seasons. It was
found that the projected increase/decrease of runoff associated with the increase/decrease in rainfall and
temperature over the basin in the future time periods. The water resources sector will be impacted by
climate change through a decrease in river runoff, as well as floods and droughts are on the increase [95].
The decrease in water availability throughout the future projected period’s indicator of water stress in
the basin [27]. The inconsistency in the rainfall, which originates from climate change and variability,
consequences in shortage of water stress; as a result, the ecosystem characterized among others by rain
and water resource, could be seriously affected [7,8,11,80,96,97].

4. Conclusions

This specific study estimate the impacts of climate change on basin future runoff and
streamflow supported the statistical downscaling technique. The ensemble of GCMs derived from
the CSIRO-Mk3-6-0 and MIROC-ESM-CHEM with RCP4.5 and RCP8.5 was used for 3 future periods
(the 2020s, 2050s, and 2080s) compared to the baseline period (1981-2010). The downscaling of
climate variables like rainfall and temperature is very important for various impact studies in the
Upper Awash River basin, which has huge water scarcity due to higher water demand, urbanization,
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economic development, and climatic variability in the basin. A statistical downscaling approach was
employed to downscale these outputs at a station scale using the bias-correction method. The bias
correction approach used in this study gave reasonable results. It was found that rainfall and
temperature variances have been reduced significantly after bias correction. The performance statistics,
including Ens, R2?, KGE, MAE, MBE, and RMSE computed to evaluate the model performance,
were more promising to simulate the future hydrology under a change in the climate.

The results showed that the projected average annual temperatures increase for all three time
periods, whereas the predicted annual rainfall reduces for the period of the 2050s and 2080s and
increases for period 2020s under both RCP4.5 and RCP8.5 scenarios. In the 2020s, the results of
downscaled rainfall, maximum and minimum temperature increased in both RCP4.5 and RCP8.5
scenarios. These climate variable increments were expected to result in increases in the mean annual
streamflow and runoff.

In this study, SWAT hydrological model was effectively applied to the annual and seasonal
timescale to quantify climate change impacts on river flow for the subbasin. The results of hydrological
model calibration and validation indicated that the SWAT model simulates appreciably well the
streamflow for the area. The results of hydrological impacts of future climate change showed that there
would be variation in components of mean annual and seasonal streamflow and runoff from current to
future under both RCP4.5 and RCP8.5 scenarios. The seasonal effect would be more serious than the
annual, due to the dominant dry seasons in the study area. Dry season change results would be more
serious than that of the wet season in the basin. Climate change could cause an increased runoff in the
wet season and a decreased runoff in the dry season, resulting in an increased seasonal variation in
runoff and streamflow. The study revealed that climate change would have a significant impact on the
surface runoff, on streamflow, and causing inconsistent increasing or decreasing water availability
was observed. Thus, such studies would provide useful information for hydro-climatologists and
managers for better decision-making regarding future agricultural and water resources management
in the face of climate change.

5. Limitations and Recommendations

Even though this study employed a standard approach to evaluate the impacts of climate change
on surface runoff and streamflow in the Upper Awash River Basin using an ensemble of two GCMs,
a bias-correction scheme and a semi-distributed SWAT hydrological model, assessments can be
improved by considering multiple GCMs, assess the impacts of possible soil and land-use changes,
and uncertainties associated with future climate scenarios, bias-correction methods, and hydrological
models. For instance, in the hydrological impact assessment, there are numerous sources of uncertainty.
The climate models used, the SWAT model, and the bias correction of the GCMs outputs, have their
levels of uncertainty. Even the use of an ensemble of the two GCMs for statistical downscaling may
lead to biases in the estimation of future climate and hydrology. Thus, to take care of uncertainties
using two GCMs, it is suggested to use a multimodel ensemble and/or multi scenarios approach to give
a more accurate estimation of future hydrology. However, downscaling of the large-scale variables
by using the bias correction method was done at some meteorological stations, and it was assumed
that this alteration would be valid to other stations as well. However, it is recommendable if climate
change assessment will be done by downscaling large-scale variables at each station located in the
study area. Therefore, to reduce this uncertainty, further study using different GCMs outputs and use
all RCPs emission scenarios and different downscaling methods need to be considered.

The same land use/cover data, as the current time, were used, and there is no consideration of
changes in land-use, soil properties, which could influence the hydrology of the basin. Using more
detailed hydrological models that combine the effects of land-use changes on the hydrological cycle
and water obstructions on downstream flow may sharpen our insight and knowledge of future runoff
and streamflow. Such a study should not be deliberated as an actual accurate scenario because the
latter would need to include future land-use change impact. In addition to fluctuations in temperature
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and rainfall, non-climatic factors such as population growth, changes in water demand per capita and
for agricultural needs, deforestation among current trends over the subbasin and can play a relevant
role in the water resources of the Upper Awash subbasin. Thus, the study strongly recommends a
thorough study of the combined effect of non-climatic factors, climate and land use/land cover change
on the water recourses variability and hydrological processes, which are so crucial for the livelihoods
and economy of people.

Despite these limitations, this study is a good starting point to assess future flows, and further
research is recommended to address the limitations of this study for improved understanding and
assessments that will prove useful for better planning and management of water resources in the basin.
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