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Abstract

This paper was aimed to study the impact of climate change on the hydrology of Andasa watershed for the period 2013-2099.
The soil and water assessment tool (SWAT) was calibrated and validated, and thereby used to study the impact of climate
change on the water balance. The future climate change scenarios were developed using future climate outputs from the
Hadley Center Climate Model version 3 (HadCM3) A2 (high) and B2 (low) emission scenarios and Canadian Earth System
Model version 2 (CanESM2) Representative concentration pathways (RCP) 4.5 and 8.5 scenarios. The large-scale maximum/
minimum temperature and rainfall data were downscaled to fine-scale resolution using the Statistical Downscaling Model
(SDSM). The mean monthly temperature projection of the four scenarios indicated an increase by a range of 0.4-8.5 °C
while the mean monthly rainfall showed both a decrease of up to 97% and an increase of up to 109%. The long-term mean of
all the scenarios indicated an increasing temperature and decreasing rainfall trends. Simulations showed that climate change
may cause substantial impacts in the hydrology of the watershed by increasing the potential evapotranspiration (PET) by
4.4-17.3% and decreasing streamflow and soil water by 48.8-95.6% and 12.7-76.8%, respectively. The findings suggested
that climate change may cause moisture-constrained environments in the watershed, which may impact agricultural activities
in the watershed. Appropriate agricultural water management interventions should be implemented to mitigate and adapt to
the plausible impacts of climate change by conserving soil moisture and reducing evapotranspiration.
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Introduction

Water resources systems are described by the interactions
of various interlinked components that yields numerous
economic, environmental, ecological, and social Impacts
(Loucks et al. 2005). Praskievicz and Chang (2009) reviewed
land use/cover as one factor affecting the extent of climate
change impact on hydrologic processes. The climate change
effects on society and natural resources rest on the response
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of the hydrological cycle and further to warming (Marvel
and Bonfil 2013). According to Trenberth et al. (2000), dou-
bling of CO, emission globally may expedite the hydrologi-
cal cycle by 10% through changes in the evaporation and
rainfall regime. Studies predict that the rainfall could decline
by 10% by the mid-century in the south of the Sahara, which
will cause water scarcity (Nyong 2005). Evidenced by his-
torical data and climate projections, freshwater resources
become vulnerable and highly affected due to climate change
(Bates et al. 2008)

The forthcoming climate is often estimated using Gen-
eral Circulation Models (GCMs) considering different sce-
narios of greenhouse gases (GHG) emissions (Trenberth
et al. 2000). GCMs are defined as the physical, chemical,
and biological numerical representations of the climate sys-
tem, and their interactions and feedback processes (IPCC
2013). The future plausible GHG emissions are represented
and studied using scenarios (IPCC 2014), and most of these
scenarios assume increasing GHG concentrations at global
and regional levels (Wilby and Dawson 2007). GCMs are
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currently the most widely used tools for simulating the
global climate system. However, the outputs from GCMs
are too coarse and not in a form that can be used at a local
scale. Therefore, the outputs from crude-scaled GCMs have
to be downscaled to higher and finer spatial resolutions for
localized applications. Although various downscaling meth-
ods are currently available, whenever cost and time effective
study of local-level climate change impacts are needed, the
statistical downscaling approach is the more encouraging
option (Wilby and Dawson 2007). Likewise, the impacts of
climate change are studied using hydrological models, which
are developed to understand the relationship between climate
and water resource systems (Xu 1999).

Two-third of the global population may become vulner-
able to water availability due to climate change (Melese
2016). The severity of the impact has been worse on the
hydrological systems of arid and semiarid Africa, where
the water resource is highly sensitive to the climate system.
For example, Melese (2016) reported that some Ethiopian
rivers and lakes diminish in size and other streams may dry
up due to climate change. Likewise, the impacts of local to
global environmental changes on the hydrology of the Blue
Nile basin were studied by several scholars (e.g., Beyene
et al. 2009; Elshamy et al. 2009; Enyew et al. 2014; Dile
et al. 2013).

Ethiopia has 12 major river basins with the total mean
annual surface water potential of 122 Billion Metric Cube
(BMC) (MoWR 2002). In addition, the recent best guesses
for groundwater potential is between 12 and 30 BMC or
more (MoWR and GW-MATE 2011). Although Ethiopia
is considered as the water tower of East Africa, its water
resources systems have very high spatial and temporal vari-
ability. However, the economy of Ethiopian is heavily reliant
on agriculture, which supports 41% of the national income
and 80% of the workforce (Diao et al. 2007). Since the
Ethiopian economy is highly correlated to the hydrological
variability and seasonality, several studies reported that the
Ethiopian economy is vulnerable to the impacts of climate
change and suggested implementing appropriate mitigation
and adaptation measures to reduce climate change impact
(World Bank 2006). However, the implementation of appro-
priate climate change mitigation and adaptation strategies
requires a robust understanding of the impact of climate
change on water resources. For example, although the Upper
Blue Nile basin is one of the major water resources vital
for Ethiopia and the region by supporting domestic, irri-
gation and hydropower generation, little research has been
conducted to understand the impact of climate change on
the hydrology of its sub-basins making sustainable water
resources development difficult. This study, therefore, aims
to analyze the impact of climate change on the hydrology
on one of the sub-basins of the Upper Blue Nile basin called
Andasa watershed. The study will predict climate change

@ Springer

scenarios for temperature and rainfall in the watershed for
the period 2013-2099, and thereby assess the impact of cli-
mate change on the river streamflow and other water balance
components. The study used the Soil and Water Assessment
Tool (SWAT) to study the hydrological impact of climate
change. SWAT is a physically based model developed to
estimate the impact of climate and land management prac-
tices on water, sediment and pollutants in watersheds with
varying soils, land use, and management conditions (Neitsch
et al. 2011).

Materials and methods
Study area

The case study was conducted in the Andasa watershed
which is located in a headwater of the Upper Blue Nile in
the Ambhara region, Ethiopia (Fig. 1). The location of the
watershed extends between 11°09' and 11°33'N latitude,
and 37°16’ and 37°28'E longitude. The elevation in the
watershed ranges between 1700 and 3210 m above sea level
(masl). The watershed is one of the major tributaries to the
Upper Blue Nile River, and covers an area of 576 km>.

The mean annual temperature of the watershed is 20 °C
and the average annual rainfall and streamflow of the water-
shed are 1370 mm and 9.5 m*/s, respectively. The livelihood
for a large part of the population in the watershed is mainly
through agricultural activities (Fig. 1).

Spatial data

The spatial data used in this study include land use/
cover (LULC), soil, and Digital Elevation Model (DEM).
These data were used to setup and simulate a hydrologi-
cal model that was used to study the impact of climate
change. The LULC of the watershed was prepared using
Landsat 8 satellite image based on a maximum likelihood
supervised classification techniques. Supervised classi-
fication enhances the accuracy of the LULC classifica-
tion since it is backed by prior knowledge about the study
area (Yiqgiang et al. 2010). The Landsat 8 satellite image
was obtained from the United States Geological Survey
(USGS) (https://earthexplorer.usgs.gov/). A reference
data for the supervised classification was collected using
a random sampling technique. The analysis showed that
subsistence rain-fed agriculture covers the majority (45%)
of the watershed followed by cropland—woodland mosaic
LULC type (35%) (Table 1; Fig. 2a). The spatial soil data
were used in this study obtained from the Food and Agri-
culture Organization (FAO 1997) since it provides detailed
chemical and physical properties of the soils available in
the watershed. There were four dominant soil types in the
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Fig. 1 The location of (a) the study area with the digital elevation model as background in (b) Ethiopia and (c¢) Upper Blue Nile basin

Table 1 Land use/cover class of Andasa catchment and its descriptions (2013)

LU/LC SWAT code Description Area coverage % Coverage
(km?)

Cultivated land AGRL Area temporary covered by crops 258.12 45

Grazing land PAST Land covered by grass or herbage and grazed by or suitable for grazing 6.41 1.11

Mixed forest FOMI A forest consisting two or more types of trees including plantation forest 108.86 19

Cropland—-wood-  CRWO A composition of cultivated land with woody plants—a continuous stand of 203.35 34.99

land mosaic

a single-storey trees with a crown density of between 20 and 80%

watershed namely chromic luvisols, eutric vertisols, hap-
lic luvisols, and humic nitisols (Fig. 2b). A DEM data of
30-m resolution was used for watershed discretization and
stream network creation. The DEM data were obtained
from the ASTER GLOBAL archive at the USGS website
(https://earthexplorer.usgs.gov/).

Hydrometeorological data

Daily climatic data were required by the model to simulate
different biophysical processes in the hydrological model.
The required daily climate data include rainfall, maxi-
mum temperature (7-max), minimum temperature (7-min),
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Fig.2 a Land use/land cover and (b) soil maps of the study area

relative humidity (RH), wind speed, and sunshine hours,
which were collected from the Ethiopian National Mete-
orological Services Agency (ENMSA) for Bahir Dar, Adet,
Merawi and Meshenti meteorological stations (Fig. 1). The
climate data were available for the period 1991-2012. The
Bahir Dar and Adet stations all the observed climate vari-
ables were available while the Merawi station observed only
rainfall and maximum/minimum temperature. The Meshenti
station observed only rainfall data. Since the data for the
Bahir Dar station have a better quality for most of the cli-
matic variables, the missing records for all of the stations
were completed using a weather generator based on Bahir
Dar station. Although sunshine hours data were available,
the hydrological model used in this study required solar
radiation data to estimate evapotranspiration and other pro-
cesses. Therefore, solar radiation (Rs) was calculated based
on the sunshine hours using the Angstrom algorithm (Allen
et al. 1998).

The study used observed streamflow data to calibrate and
validate the SWAT model. The observed streamflow data
were collected from the hydrology department of the Ethio-
pian Ministry of Water, Irrigation, and Energy (MWIE) and
Abay (Blue Nile) Basin Authority.

The future climate of the study area was predicted
using outputs from the Global Climate Models (GCMs).
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GCMs have been considered as credible tools to simulate
the response of the global climate system to the increas-
ing greenhouse gas concentrations (IPCC-TGCIA 1999).
However, climate change projections involve uncertainties
due to various assumptions in GCM conceptualizations,
and scenario developments (IPCC 2014). Due to such
uncertainties, multiple GCM outputs and scenarios are
often used to get plausible estimates of the future climate
(Christensen et al. 2007). This study, therefore, used cli-
mate data from the Hadley Center Coupled Model version
3 (HadCM3) and the Canadian Centre for Climate Model-
ling and Analysis second-generation Earth System Model
(CanESM2) GCMs to estimate the future climate change
of the Andasa watershed. Moreover, the study used two
scenarios each from the two models. The scenarios from
the HaDCM3 were A2 and B2, and Representative Con-
centration Pathways (RCP) 4.5 and 8.5 for the CanESM2
model. These scenarios represent the average (B2 and
RCP 4.5) and extreme condition scenarios (A2 and RCP
8.5) were selected to reasonably capture the impact of cli-
mate change on the hydrology of the watershed (Table 2).
The GCM climate outputs data were obtained from the
Canadian climate data and scenario website (http://clima
te-scenarios.canada.ca/?page=main).
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Table2 GCMs used for the climate change study and their associated attributes

GCMs Resolution in degree Downscaled grid box Studied scenarios Period of projections Sources
HadCm3 2.75°%3.75° 30 (37.5°)x 11 (12.5°) H3A2a 1961-2099 http://climate-
H3B2a scenarios.canad
a.ca/?page=pred-
hadem3
CanESM2 2.8125°%2.8125° 15 (39.37°)x 37 (12.55°) canESM2_rcp 4.5 2006-2100 http://climate-
canESM2_rcp 8.5 scenarios.canad
- a.ca/?page=pred-
canesm?2
Modelling approach Changes in the projected climate were estimated in refer-

Prediction of climate change

The coarser scale GCM outputs were downscaled into
finer scale climate predictions using a tool called Statisti-
cal Downscaling Model (SDSM version 4.2). SDSM uses
long-term historical climate data to establish relationships
between predictands and predictors (Wilby and Dawson
2007). The SDSM served as a vital tool for low cost, and
rapid assessments of localized climate change studies (Wilby
and Dawson 2007).

The GCMs data were calibrated and validated using
observed rainfall, 7-max, and 7-min of the Bahir Dar sta-
tion due to its long-term historical and better quality data.
The HadCM3 and CanESM2 were calibrated and validated
for the period of 1961-2000, and 1961-2005, respectively,
using data from the National Center for Environmental Pre-
diction (NCEP). Since the evaluation of the climate data
(i.e., rainfall, T-max, and 7-min) at Bahir Dar station showed
a high correlation with the rest of the stations (r>0.9), the
downscaled future climate change variables at the Bahir Dar
station were introduced to other stations.

Downscaling of rainfall is generally challenging because
of the complex ocean and atmospheric circulation param-
eters (predictors) and local rainfall (predictand) (Table 3)
(Pour et al. 2014; Forland et al. 2011; Sachindra et al. 2014).
Due to the difficulty of replicating the GCM outputs to the
observed rainfall, it is generally recommended to mimic
the long-term averages of the GCM variables to that of the
observed (McMahon 2015).

In the SDSM methodology, predictors were selected
when they showed a significant relationship with the pre-
dictand variables (i.e., rainfall, 7-max, and 7-min). The
relationship was considered significant when partial r-value
was > +0.5 and P value <0.05 (Wilby and Dawson 2007).
The strength of the relationship was further checked using
scatterplot to assess if the significance is affected by outliers.
As is presented in Table 4, strong agreements were observed
between the selected predictor and predictand variables in
all of the scenarios.

ence to a baseline period of 1993-2012 (Vbase). The three
studied periods span for 30 years based on the recommenda-
tion of the World Meteorological Organization (WMO 2017)
representing the periods 2013-2039 (the 2020s), 2040-2069
(2050s), and 2070-2099 (2080s).

Percent changes and differences (A) between projected
climate and baseline climate were calculated for rainfall and
temperature using the following equations:

(V2020s — VbaseP)

AP2020s = 100,
S VbaseP x M
2 - P
AP2050s = Y2050 — VbaseP) 5 )
VbaseP
(V2080s — VbaseP)
AP2080s = x 100,

S VbaseP )
AT2020s = V2020s — VbaseT, 4)
AT2050s = V2050s — VbaseT, 5)
AT2080s = V2080s — VbaseT, 6)

where AP and AT refer to the percent change in mean
monthly rainfall and difference in mean monthly tempera-
ture, respectively. V2020s, V2050s and V2080s represent
the mean of all average mean monthly rainfall and temper-
ature ensembles, and VbaseP and VbaseT refer the mean
monthly rainfall and mean monthly average temperature for
the baseline period, respectively (Wilby and Dawson 2007).

Hydrological modeling

SWAT is a river basin (watershed) scale model that allows
studying durable impacts and the best modeling tool to
account for heterogeneous soils, land use, and management
practice (Winchell et al. 2013). In addition, it showed better
performance for agriculture-dominating watersheds (Gol-
mohammadi et al. 2014). To capture the spatial variability,
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Tablg 3 Studied sensible Predictors of the GCMs Code Predictands correlated with GCMs

predictors of GCMs for

the local weather variables HadCM3 canESM2

(predictands)

T-max T-min Rainfall T-max T-min Rainfall

Mean sea level pressure
Surface airflow strength
Surface zonal velocity
Surface meridional velocity
Surface vorticity

Surface wind direction
Surface divergence

500 hPa airflow strength
500 hPa zonal velocity

500 hPa geopotential height
500 hPa wind direction

500 hPa divergence

850 hPa geopotential height
850 hPa airflow strength
850 hPa meridional velocity
850 hPa vorticity

850 hPa wind direction

850 hPa divergence

Relative humidity at 500 hPa
specific humidity at 500 hPa
Near surface relative humidity
Surface specific humidity
Mean temperature at 2 m

Unknown

Mslp X X X X
ik X

ok X

*E oy X X

** 7 X X X
#%_th X

** 7h X X
kek f

ok X

Fo T B B

p500 X X X

P5th X
P5zh X
p850 X X X

**_f X
k *_V

k *_Z

P8th

P8zh

r500

s500 X
Rhum
Shum

Temp X X X X X

Fa T T - B

>

Precp

Table 4 Agreement between observed predictand and corresponding
period-simulated NCEP climatic variables in monthly basis

No. GCM Climatic variables ~ Type of scenario  R?

1 HadCM3 T-max SRES 0.97
T-min SRES 0.97
Rainfall SRES 0.97

2 canESM2  T-max RCP 0.96
T-min RCP 0.98
Rainfall RCP 0.97

Goodness of fit was examined using coefficient of determination 10:3)

SWAT divides into small spatial disaggregates called Hydro-
logical Response Unit (HRU) (Arnold et al. 2012). It is
also successful in the simulation of management practices
and climate scenarios (Bonuma et al. 2015). Furthermore,
reports indicated that it is frequently applied in the Nile
basin including its sub-basins and show good performances
(Awulachew et al. 2008; van Griensven et al. 2012).

The SWAT hydrological model was setup to study the
impact of climate change on the hydrology of Andasa
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watershed. The model was simulated for the period
1991-2012 in which the first 2 years of simulations were
used for the model warm-up to initialize different water-
shed processes. The model was calibrated and validated
using observed streamflow for the period 1993-2006, and
2007-2012, respectively.

The SWAT model sensitive parameters were identi-
fied and calibrated using a Sequential Uncertainty Fitting
version 2 algorithm (SUFI-2) in SWAT-Calibration and
Uncertainty Program (SWAT-CUP). The higher absolute
value of t-stat with smaller p value (x <0.05) is considered
as sensitive parameters (Abbaspour 2015). The robustness
of the model calibration and uncertainty was evaluated
using P-factor, R-factor, and different statistical goodness-
of-fit evaluation indices such as Nash—Sutcliff efficiently
(Nash and Sutcliffe 1970) and Percent Bias (PBIAS).
P-factor estimates the percentage of the observed data
bracketed within the 95 Percent Prediction Uncertainty
(95PPU) while the R-factor estimates the distance between
the upper and lower 95PPU (Abbaspour et al. 2004).
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Estimating climate change impact

Once the SWAT model was calibrated and validated based
on observed streamflow data, it was used for the climate
change impact analysis. The impact of climate change on
the hydrology of the watershed was studied by introducing
the percent change in mean monthly rainfall and difference
in mean monthly temperature (A°C) into the calibrated and
validated SWAT model for three future periods(the 2020s,
2050s, and 2080s). Figure 3 presents the methodological
framework including model input, data processing, calibra-
tion and validation, and climate change impact analysis.

Results and discussion
Climate change in the Andasa watershed
Rainfall may show a reduction in all the scenarios of the

two GCMs with a consistent agreement for the coming cen-
tury (Fig. 4). The majority of the climate change scenarios

simulated a decrease in mean monthly rainfall for all months
of three periods of the 2020s, 2050s, and 2080s; however,
there was no agreement on the magnitude of changes pre-
dicted by the GCM scenarios (Fig. 5). The decrease in mean
monthly rainfall ranges between 9.2% and 97.1% in which
the highest decrease was predicted by the CanESM?2 model
in the RCP 8.5 scenario in the middle of the century (in
the 2050s). During the 2030s, an increase in mean monthly
rainfall was observed in the months of March and October
for the RCP 8.5, and in the month of April for the RCP 4.5.
In the 2050s, all GCM scenarios showed an increase in rain-
fall in the months of March and April, except the HadCM3
A2 scenario which showed a decrease in rainfall in April.
Compared to the other periods an increase in rainfall was
observed in the 2080s in which at least one of the GCM sce-
narios showed an increase in mean monthly rainfall during
the period of November to May (Fig. 5). On the other hand,
the reduction of mean annual rainfall ranges from 22.5% in
the 2080s to 46.1% in the 2020s. The emission scenarios
(A2 and B2) projected the highest decrease in mean annual
rainfall than the concentration scenarios (RCP 4.5 and RCP
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Fig.4 Projected rainfall of Bahir Dar Station for the coming century projected under CanESM?2 and HadCM3 models

8.5) in the three future periods (the 2020s, 2050s, and 2080s)
(Fig. 5).

Since there are limited studies in the Andasa watershed,
it was difficult to compare the results to previous stud-
ies. However, there are several climate change studies in
the Upper Blue Nile basin where the Andasa watershed
is located, which provides some insight into how climate
change may unfold in the Andasa watershed. On the other
hand, climate change studies in the Upper Blue Nile basin
showed differing results in terms of the future rainfall. This
is because predicting rainfall is a difficult task since it is
influenced by complex atmospheric processes (Conway and
Schipper 2011; Taye et al. 2011). To combat such uncertain-
ties, Setegn et al. (2011) used a multimodel to hydroclimatic
change study in the Lake Tana subbasin of the Upper Blue
Nile basin and reported similar findings as this study that
the future rainfall may generally decrease in the Lake Tana
basin. On the other hand, Aich et al. (2014) projected an
increasing trend of monthly rainfall in the Upper Blue Nile
basin. However, there are studies that observed increasing
and decreasing impact over different time periods in the
future. For example, Beyene et al. (2009), estimating mul-
timodel averages of 11 GCMs, reported that rainfall may
increase early in the twenty-first century and a decrease at
the end of the century. Some studies applied multimodel
climate change studies and provided mixed findings in terms
of rainfall projection. For example, Elshamy et al. (2009)
studied the impact of climate change in the Upper Blue Nile
basin using 17 GCMs from the IPCC 4th Assessment Report
(AR4), and reported that 10 of the GCMs showed decreas-
ing annual rainfall and the rest showed an increasing annual
rainfall. Conversely, some studies (e.g., Taye et al. 2011;
Enyew et al. 2014) reported that there is no clear trend of
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rainfall change due to climate change in the Upper Blue Nile
basin. Taye et al. (2015) reviewed climate change and vari-
ability in the Upper Blue Nile basin. They reported that the
reasons for differing results related to climate change are
related to the inconsistent use of both climate and hydrologic
models, emission scenarios, and GCM output downscaling
techniques. Akhter et al. (2018) also reported that differ-
ences in rainfall projections may occur due to the variations
of atmospheric domain sizes which determine the hydro-
climatology of a watershed by affecting the selection and
number of sensible predictors.

As discussed in the Taye et al. (2015), there is no consen-
sus in rainfall projection in the Upper Blue Nile basin (e.g.,
Conway and Schipper 2011; Elshamy et al. 2009; Gebre and
Ludwig 2015). Although this study used different GCM sce-
narios based on the 4th and 5th IPCC Assessment Report
(AR), the finding from this study is a bit different from the
other studies. For example, Gebre and Ludwig (2015) used
5 RCP-based GCMs to study climate change impact in the
Tana subbasin, and their result showed that 4 of the GCMs
(MPI-esm, IPSL-CMS5, Ec-Earth, CNRM-cm5) showed an
increasing mean annual rainfall while 1 GCM (Hadgem?2-
es) projected relatively a decreasing trend for the 2030s and
2070s except for RCP 8.5.

Dile et al. (2013) also predicted a decrease in mean annual
rainfall at Gilgel Abay River in the Upper Blue Nile basin
in the initial 2020s and an increase in the 2050s and 2080s.
According to their findings, the mean annual rainfall may
decrease by — 10% and — 13% in the 2020s, and increase by
3.8% and 2.2% in 2050s, and 19.3% and 12% in the 2080s
in the A2a and B2a scenarios, respectively. Although there
will be a difference in magnitude, the prediction by Dile
et al. (2013) is in line with this study for the 2020s period.
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This study predicted a decrease in mean annual rainfall by
—46.1% and — 46% for A2a and B2a scenarios for the 2020s
(Fig. 5; Table 5).

The projected temperature (7-max and 7-min) showed
increasing trends in the HaDCM3 and CanESM2 scenarios
for the coming century (Fig. 6). Figure 6 apparently shows
the increasing trend of temperature throughout the future
periods.

The climate change analysis from the two GCMs showed
that there may be an increase in mean monthly for the 2020s,
2050s, and 2080s periods (Fig. 7). The change in mean
monthly temperature for the coming century may range
between 0.4 °C and 8.5 °C (Fig. 7). The increasing pattern
of mean monthly temperature change was consistent among

the model scenarios and three future periods where the high-
est mean monthly temperature increase was observed in the
HadCM3 A2 scenario. Change in mean annual temperature
on the other hand increased between 1.5 °C by RCP 4.5 in
the 2020s and 5.7 °C by A2 scenario in the 2080s (Fig. 7).
However, the projected change in temperature in this
study was a little more than estimates for the global aver-
age temperature. (Figure 7) The lower end change in mean
annual temperature projection using the RCP 4.5 scenario in
this study was 1.5 °C-2.9 °C for the coming century while
the IPCC (2014) reported a global mean surface temperature
change of 1.4 °C (2046-2065) to 1.8 °C (2081-2100). In
fact, the global mean temperature projection was made using
averages of multiple GCM simulations, which may provide
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Table 5 Long-term changes in hydrometeorological variables for the
coming century in the 2020s (2013-2039), 2050s (2040-2069) and
2080s (2070-2099)

GCM/scenario HaDCM3 CanESM2
A2 B2 RCP 4.5 RCP 8.5

ARF (%)

2020s —46.1 — 46 -259 -249

2050s -395 —-372 -259 —347

2080s —453 —-39.8 -225 —40
AT (°C)

2020s 1.7 1.7 1.5 1.7

2050s 4 35 2.5 35

2080s 5.7 2.7 2.9 52
AAET

2020s —-227 —-225 -3.0 -32

2050s —455 —449 -25 -53

2080s -50.8 —474 -25 - 129
APET (%)

2020s 5 5 44 5

2050s 12.7 10.5 7.1 10.2

2080s 17.3 8.4 8.4 15.8
A Streamflow (%)

2020s -87.1 - 86.8 —48.8 —49.5

2050s - 83.5 -81.9 -51.1 — 66.6

2080s -95.6 -93.8 -49 - 823
AWYLD (%)

2020s —-71.3 —-71.1 -31 -32

’2050s —86.6 - 86.7 -38 -50.7

2080s -90 -87.7 —40.3 - 66.8
ASW (%)

2020s —24.8 —245 - 127 - 13

2050s —-714 —76.8 - 184 —-23.1

2080s - 34 - 50 —-223 —343

a lower estimate. On the other hand, the finding in this study
was consistent with some regional studies in Ethiopia and
East Africa. For example, Abdo et al. (2009) reported that
the average temperature of Gilgel Abay catchment by the
end of the century maybe 3.1 °C and 2.25 °C for HadCM3
A2 and B2 scenarios, respectively. Collins et al. (2013),
based on ensemble mean of multiple GCMs, found that the
future increase in temperature in the tropics including East
Africa may range between 0.9 °C and 4.4 °C for both RCP
4.5 and RCP 8.5 by the end of the century.

Similar results were reported by other studies in the Upper
Blue Nile basin. The highest increase of mean monthly tem-
perature by the end of the century (~ 8.9 °C) was reported
by Enyew et al. (2014) and the minimum increase by the
early twenty-first century (0.8 °C) was predicted by Setegn
et al. (2011). Unlike the rainfall projection, the future tem-
perature projection by several studies (e.g., Aich et al. 2014;
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Kim et al. 2008; Elshamy et al. 2009; Beyene et al. 2009)
was consistent and bracketed within the ranges reported by
Enyew et al. (2014) and Setegn et al. (2011).

Findings of this study suggested a general decrease in
mean annual rainfall and an increase in mean annual tem-
perature (Table 5). The maximum changes are projected
with a decrease in rainfall by 46.1% in the 2020s in the A2
scenario and an increase in temperature by 5.7 °C in the
2080s in the A2 scenario. This is consistent with the emis-
sion scenarios assumption that the RCP 8.5 and A2 scenarios
represent extreme conditions whereas the RCP 4.5 and B2
represent average conditions. Other literature in the Upper
Blue Nile and in East Africa (e.g., Beyene et al. 2009; Abdo
et al. 2009; Gebre and Ludwig 2015) reported similar find-
ings of warmer temperature in the RCP 8.5 and A2 scenarios
compared to the RCP 4.5 and B2 (Table 5).

Sensitivity analysis, calibration, and validation
of the SWAT model

Based on the results of sensitivity analysis conducted via
SWAT-CUP by SUFI-2 project, soil hydraulic conductivity
(Sol_K), curve number (CN,), deep aquifer percolation frac-
tion (Recharge_DP), manning roughness coefficient for main
channel (CH_N,) and soil evaporation compensation factor
(ESCO) were identified as the top five sensitive parameters.

The model simulation performance was very good with
NSE of 0.84 and PBIAS of — 10.2 for the calibration period.
Moriasi et al. (2007) suggested that models that provide
NSE between 0.75 and 1.00, and PBIAS < +10% are very
good. However, the PBIAS value for the validation period
was within the range of a good model. The p-factor for
the calibration and validation period was, 98% and 76%,
respectively. While the r-factor for calibration and validation
period was 0.94 and 0.79, respectively. Abbaspour (2015)
recommended that for streamflow calibration the r-factor
and p-factor values should be >70% and close to 1, respec-
tively. Therefore, the estimates for the p-factor and r-factor
indicated a satisfactory model performance both for the cali-
bration and validation periods (Fig. 8).

Impact of climate change on the hydrology

The results showed that climate change may significantly
affect the hydrology of Andasa watershed. It may increase
the potential evapotranspiration (PET), and decrease water
yield and soil moisture. The increase in PET may reach up
to 17.3% (HadCM3 A2 scenario), and the decrease in water
yield and soil moisture may reach to — 90% (HadCM3 A2
scenario) and — 50% (HadCM3 B2 scenario), respectively.
The impact was comparable to the results reported in similar
studies conducted in the Upper Blue Nile Basin. For exam-
ple, Cherie et al. (2013) showed a decrease in streamflow in



Modeling Earth Systems and Environment (2022) 8:103-119

13

====RCP 4.5 T-min

20

RCP 8.5 T-min

A2 T-min

B2 T-min

18

16
14 -
12 2 Va

10

O N &~ O

T T T T

2000 2010 2020 2030 2040

====RCP 4.5 T-max

40

2050

RCP 8.5 T-max

T T T T 1

2060 2070 2080 2090 2100

A2T-max =—=B2 T-max

35

25

30 MW»&Q%&

20

15

10

51b

0 \

T T
2000 2010 2020 2030 2040

T
2050

2070

T T
2060 2080 2090 2100

Fig.6 Projected minimum temperature (7-min) (a) and maximum temperature (7-max) (b) of Bahir Dar Station for the coming century pro-

jected under CanESM2 and HadCM3

the range of — 10% to — 61% in the Upper Blue Nile Basin,
which is close to the results presented in this study (Table 5).

The increase in PET and decrease in water yield are
related to an increase in temperature and a decrease in rain-
fall (Table 5). Cherie et al. (2013) reported an increase in
PET and a decrease in actual evapotranspiration (AET) due
to an increase in temperature and limited soil water avail-
ability. PET is evaporative demand and it can increase as
the temperature increases whereas AET may decrease since
it depends on other factors such as rainfall, soil moisture,
canopy interception, and plant transpiration (cf. Neitsch
et al. 2011). Besides, Neitsch et al. (2011) stated that when
one layer unable to meet the evaporative demand, SWAT
does not allow compensating from a different layer. Thus,
it results in a reduction in actual evaporation for the HRU
(Table 5).

The streamflow simulations from the HadCM3 and
CanESM2 scenarios showed a reduction in streamflow in the
Andasa watershed compared to the baseline period (Figs. 9,
10). This may be due to a general decrease in rainfall and an

increase in temperature in the future periods. The highest
decrease in monthly streamflow was simulated up to 100%.
All the scenarios except 4.5, simulated the maximum change
in streamflow at least once in the three periods. On the other
hand, an increase in monthly streamflow was simulated by
44.2% and 89.8% on April 2050s and 2080s by the RCP
4.5 scenario, respectively. This is mainly because the excep-
tional increase in mean monthly rainfall of up to 5.3% and
108.9% was projected in the 2050s and 2080s with the RCP
4.5 scenario, respectively.

Unlike the mean monthly rainfall, all the scenarios con-
sistently projected a change in mean annual rainfall in the
range of — 22.5% to — 46.1%. Hence, it leads to a change in
mean annual streamflow in a range of — 48.8% to — 95.6%
(Table 5). This shows that the direction of changes in stream-
flow follows the direction of changes in rainfall.

Since the streamflow is highly influenced by rainfall, a
decreasing trend of rainfall caused a corresponding decrease
in streamflow for the future period. A similar finding was
reported by Setegn et al. (2011) and partly by Dile et al.
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(2013). Conversely, Aich et al. (2014) projected an increas-
ing trend of streamflow in the Blue Nile basin. However,
climate change impact study in the Upper Blue Nile by Taye
et al. (2011) found a mixed trend of streamflow prediction
in the 2050s.

As indicated in Fig. 10, the watershed may experience
less flow condition in the coming periods compared to the

@ Springer

baseline period. All the scenarios agreed that there may
be a mean annual decrease in streamflow due to climate
change. The most pronounced reductions in streamflow
were simulated by the HadCM3 Scenarios (A2 and B2)
than the CanESM2 scenarios (RCP 4.5 and RCP 8.5) in
the future periods. These are due to the highest decrease in
both mean monthly and mean annual rainfall was projected
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by A2 and B2 scenarios. It results in a reduction of stream-
flow by the scenarios that were simulated compared to the
baseline period (Fig. 10). Overall, these affirm that climate
change would have a profound effect on the hydrology of
Andasa watershed.

Furthermore, the simulated streamflow with all the sce-
narios showed a consistent pattern with the baseline period
(Fig. 10), which suggested that climate change may not
significantly affect the seasonal variability of the stream-
flow in the Andasa watershed.
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Conclusion CanESM2 GCM from 1961 to 2099. Two scenarios from

each model were selected to represent a range of greenhouse
The future climate of the Andasa watershed was studied by ~ gas emissions/concentrations. The scenarios were A2 and B2
downscaling GCM outputs using the Statistical Downscaling ~ from HadCM3, and RCP 4.5 and RCP 8.5 from Can ESM2
Model (SDSM version 4.2). The maximum/minimum tem- models. Generally, there may be a decrease in mean monthly
perature and rainfall data were obtained from HadCM3 and  rainfall in the majority of the scenarios and an increase in
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mean monthly temperature for the coming century. While
all the scenarios provided an increasing mean monthly tem-
perature as well as mean annual temperature for the study
periods, there was no consistency among the scenarios in
projecting the mean monthly rainfall. However, all scenarios

uniformly projected a decrease in mean annual rainfall for
the three future periods.

SWAT model simulated results revealed that the hydro-
logical components of the watershed may be negatively
impacted by climate change. The potential evapotranspiration
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(PET) may increase and other hydrological components such
as actual evaporation (AET), streamflow, water yield, and
soil moisture may decrease compared to the baseline period
(1993-2012). The increasing trend in PET was related to
the increase in temperature, whereas the decrease in other
hydrological components was due to the decrease in rainfall
and increase in temperature. This suggests that for the com-
ing century, the Andasa watershed may have a constrained
soil moisture regime. Therefore, appropriate climate change
adaptation and mitigation strategies should be implemented
in the Andasa watershed to reduce the negative externalities
on soil moisture and streamflow, which are the lifeline for
smallholder farmers in the watershed.
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