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Abstract

Climate change refers to variations in the mean state of climate or variability of its properties such as rate, range and magnitude
that extends for a long period due to external influences. The sign of climate change and its impact is revealing on different
natural and manmade systems directly or indirectly. In this study, hydrological impact of climate change on Lake Hawassa water
balance components was estimated in response to the A2a and B2a emission scenarios. Hydrological impact of climate change on
Lake Hawasa water balance components were estimated in response to the A2a and B2a emission scenarios. Observed and future
climatic variables were used to verify the hydrological impact. The future climate variables were predicted by using General
Circulation Model (GCM) which is considered as the most used tool for estimating the future climatic condition. Statistical
Downscaling Model (SDSM) was applied in order to downscale the climate variables to watershed level. Then, hydrological
model soil and water analysis tool (SWAT) was applied to simulate the water balance components and calibrated by SWAT CUP
(calibration uncertainty program) with sequential Uncertainty Fitting, Version 2 (SUFI-2) algorithm. The simulation result
revealed that, by 2020s, the total average annual inflow volume into Lake Hawassa will rise significantly up to 6.14% for A2a

and 5.9% for B2a-scenarios.
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1. Introduction

Climate change refers to variations in the mean state of
climate or variability of its properties such as rate, range and
magnitude that extends for a long period due to external in-
fluences. Changes in solar radiation and volcanism, occur
naturally and contribute to the natural variability of the cli-
mate system and the change in the composition of the at-
mosphere also began with the industrial revolution and the
result of human activity [1].

The IPCC (Intergovernmental Panel on Climate Change)
scenarios project temperature rises of 1.4-5.8<C, and sea level

rises of 9-99 cm by 2100 [2]. Warming and precipitation are
expected to vary considerably from region to region. Changes
in climate average and the changes in frequency and intensity
of extreme weather events are likely to have major impact on
natural and human systems [3].

Climate affects all aspects of the hydrologic cycle namely
rainfall, runoff and evaporation. Changes in these components
in turn affect the water availability and variability. In general,
changes in climatic variables causes significant change over
the hydrologic water balance components [4, 5].
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In this study we specifically estimated future water balance
of Lake Hawasa with respect to base period. Numerous other
studies have been conducted which assess various hydrologic
parameters using downscaled global circulation models
(GCMs). The overall assessment made by conducting 20
hypothetical climate sensitivity scenarios is that the annual
stream flow of the Eastern Nile is very sensitive to variations
in precipitation and moderately sensitive to temperature
changes. In addition, the modelled response of a combined
temperature and precipitation change was very similar to
adding the responses from the temperature change only and
precipitation change only simulations [6], additionally, Cli-
mate change expected to cause significant changes in
streamflow and other hydrological parameters in the period
between 2045-2100 in lake Tana Basin [7].

Generally, climate change can cause significant impact on
water resources by resulting in changes in the hydrological
cycle as the changes on temperature and precipitation can
have a direct consequence on the quantity of evapotranspira-
tion and on both quality and quantity of the water balance
components [8]. Therefore, it is very important to assess the
expected impact on the hydrology and water resources due to
expected climate changes. The main objectives were to: de-
velop climate variability and change scenarios using historical

observation of climate and projected data of climate models
(HadCM3) by applying SDSM, establish a hydrologic mod-
eling using Soil and Water Assessment Tool (SWAT) and
calibrate the SWAT model for watershed hydrology using
SWAT CUP (SUFI-2 algorithm) and quantify the hydrolog-
ical impact based on developed climate change scenarios of
this study is to quantify the hydrological impact of climate
change on Lake Hawasa watershed hydrology.

2. Methods

2.1. Description of Lake Hawasa Catchment

Lake Hawasa is located at 275km south of Addis Ababa
beside of Hawasa town, which is located at (6° 33-7° 33' N
and 38° 22' - 38° 29' E) in the Ethiopian Rift Valley. Lake
Hawasa is a closed and located in a caldera depression. The
nested Hawasa-Korbetti Caldera complex forms a giant el-
liptical depression of 30-40 km wide on the Rift floor [9]. The
Tikurewuha River at the north eastern shore is the only per-
ennial stream flowing into Lake Hawassa (Halcrow, 2008).
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Figure 1. Location of Lake Hawasa watershed and meteorological stations.

2.2. Hydrological Impact of Climate Change

Generally, study of climate change on the hydrological re-
gimes consists of the following three steps: The development
and use of General Circulation Models (GCMs) to provide
future global climate scenarios under the effect of increasing
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greenhouse gases, the development and use of downscaling
techniques for downscaling the GCMs output to the scales
compatible with hydrological models, and the development
and use of hydrological models to simulate the effects of
climate change on hydrological regimes at various scale [10].
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Figure 2. Overall frame work of the study.

In this study, the Global Circulation Model (GCM), Statis-
tical Downscaling Model (SDSM) and a hydrological model
(SWAT Model) were applied for the hydrological impact
analysis. The overall step to study the hydrological impact of
climate change was described by this simple conceptual
framework shown in Figure 2.

2.3. Climate Change Scenarios and General
Circulation Model (GCM)

The Special Report on Emissions Scenarios [11, 12] are
grouped into four scenario families (Al, A2, B1 and B2) that
explore alternative development pathways, covering a wide
range of demographic, economic and technological driving
forces and resulting greenhouse gases emissions. For this
study the model output of Hadley Centre for Climate Predic-
tion and Research Coupled Model (HadCM3) was employed
for the A2 (Medium-High Emissions) and B2 (Medium-Low
Emission) Scenarios. The coarse spatial resolution of the
General Circulation Model
(http://www.cics.uvic.ca/scenarios/sdsm/select.cgi) obtained
and applied a Statistical Downscaling Model (SDSM) so as to
downscale its outputs to suit the study area, therefore, the
model output of HadCM3 was used in this study to simulate
the climatic effect of increased atmospheric concentration of
greenhouse gases and the climate model output was
downscaled to catchment scale using Statistical Downscaling
Model (SDSM) version 4.2.9.

The SDSM rely on empirical relationships between lo-
cal-scale (predictands) and regional-scale (predictors) to
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downscale GCM scenarios. Compared to other downscaling
methods, the statistical method is computationally inexpen-
sive, relatively easy to use and provides station-scale climate
information from GCM-scale output, which is often necessary
in many climate change impact studies. During downscaling
stage data quality control, screening of predictors, calibration
(1978-1990) and validation (1991-2000) were performed. The
impact assessments was to determine the effect of climate
change with respect to the present and therefore, a 1978 to
2000 time span was selected to represent baseline period for
this study. After selecting the scenarios, the future time scales
from the year 2011 until 2070 were divided into two periods
of 30 years considered (2011-2041 and 2041-2070).

2.4. Hydrological Model for Climate Change
Study

SWAT is widely applied in many parts of the world and
public domain model developed by [13]. It is physically based
and can operate on large basins for long periods of time.
SWAT simulates the hydrological cycle based on the water
balance equation:

SWt:SWo +Z (Rday - qurf - Ea - Wseep - ng) (1)

Where SW, is the final soil water content (mm), SW, is the
initial soil water content on day.

i (mm), tis the time (days), Rgay is the amount of precipi-
tation on day; (mm), Qs is the amount of surface runoff on
day ; (mm), Ea is the amount of evapotranspiration on day i
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(mm), W, 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). More detailed descriptions of the
different model components are listed in [15].

The model setup begins by loading the Digital Elevation
Model (DEM) and a mask of the catchments was used to focus
the watershed area. The location of the Tikurwuha river
gauging was added as subbasin outlet near Dato. The land use
and soil map was loaded from a separate file. The hydrologic
response units (HRUs) were created from the multiple land
use, soil type and slope. Then, the climatic data was loaded
and the interface assigned the different weather station data
sets to the sub basins in the watershed. The SWAT input files

were built and initial simulation performed and the model is
ready to run sensitivity analysis and calibration using SWAT
CUP.

Lake Hawasa obtains flow from gauged and Un-gauged sub
watershed. In this study first sub watershed was modeled
through calibration because it has measured flow data. The
challenging task is to estimate the water yield from this
un-gauged area, the optimized parameters that have been
obtained during calibration were transferred to un-gauged part
by simulation mode used in SWAT model [14].

The SWAT model requires the data on terrain (DEM), land
use, soil and weather data (Table 1) for impact assessment on
Stream flow at desired locations of a drainage basin.

Table 1. Description of Arc SWAT Model Input.

Data Type Source

Terrain ASTER Global Digital Elevation Model (ASTER GDEM)
http://www.jspacesystems.or.jp/ersdac/ GDEM/E/index.html

Soil Ministry of water resources Ethiopia

Land use 1996

Weather Data

Climate change

Scenario Data Coupled Model

2.5. Hydrological Model Calibration, Validation
and Uncertainty Analysis

The sensitivity analyses of 26 parameters were undertaken
by using a built-in tool in SWAT2009 that uses the Latin
Hypercube One-factor-At-a-Time (LH-OAT) design method
so as to select parameters for calibration. This method com-
bines the ‘One-factor-At-a Time’ (OAT) design and the Latin
Hypercube (LH) sampling by taking the LH samples as initial
points for a OAT design.

The Sequential Uncertainty Fitting, Version 2 (SUFI-2) is
developed for a combined calibration, validation and uncer-
tainty analysis. It is a multi-site, semi-automated global search
procedure and the objective function was formulated as the
NSE and R? coefficient between the measured and simulated
discharges. In SUFI-2, parameter uncertainty is depicted as
uniform distributions. The parameter uncertainty leads to
uncertainty in the output which is quantified by the 95% pre-
diction uncertainty (95PPU) calculated at the 2.5% (L95PPU)
and the 97.5% (U95PPU) levels of the cumulative distribution

Ministry of water resources Ethiopia and www.glovis.usgs.gov

Ethiopian National Meteorological Service Agency

Hadley Centre for Climate Prediction and Research
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Data Description / Properties

Digital Elevation Model (30m*30m)

Soil classification and physical properties. texture,
porosity, field capacity, wilting point, saturated con-
ductivity, and soil depth

Ministry of water resources and Landsat land use
classification,

Daily precipitation, minimum and maximum tem-
perature, mean wind speed and relative humidity data

Downscaled with SDSM to use at watershed level

obtained through Latin Hypercube Sampling [15]. Starting
from initially large but meaningful parameter ranges that
bracket most of the measured data within the 95PPU, SUFI-2
is iterated until an optimum solution is reached. After each
iteration, new and narrower parameter uncertainties are cal-
culated where the more sensitive parameters have a larger
uncertainty reduction than the less sensitive parameters.

Two different indices were developed to compare meas-
urement to simulation: the P-factor and the R-factor [16] and
the goodness-of-fit measures used were the coefficient of
determination (R?) and the Nash- Sutcliffe efficiency (NSE)
value [17] to test performance of SWAT model.

[2f1@s=09)(@0i-Q0)” . o _ T (Q0i=0s)”

R? = 1 - =
Y 1(Qsi=0s)? T11(Q0i-Q0)? T 1(Q0i-Q0)?

()

Where: Qg is the simulated value, Q; is the measured
values, Q,is the average simulated value,Q, is the average
measured value. Nash and Sutcliffe simulation efficiency,
NSE, indicates the degree of fitness of the observed and sim-
ulated plots with the 1:1 line [16].
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2.6. Free Water (Lake) Evaporation

Penman (combination) is an approach which does not require
surface water temperature and is recommended for estimating
free water evaporation [18]. Monthly evaporation over the Lake
has been estimated using Penman method based on Hawasa
station data (temperature, precipitation, wind speed, relative
humidity and sunshine hours) for periods of baseline (1978-2000)
and future (2020s and 2050s). While estimating future evapora-
tion of (2020s and 2050s), other climate variables such as wind
speed, solar radiation, and relative humidity were assumed to be
constant throughout the future simulation periods.

3. Result and Discussion

3.1. Climate Change Scenarios

3.1.1. Selection of Potential Predictors

The first step in the downscaling procedure was to establish
the empirical relationships between the predictand variables
(minimum, maximum temperature, and precipitation) based
on observed and the predictor variables obtained from the
NCEP Re-analysis data for the current climate to identify
appropriate predictor variables.

Table 2. List of selected predictor variables that shows good correlation results at p<0.05.

Predictand Predictors
p5_vaf
Precipitation shumaf

Ncepp_uaf.dat
p_zhaf

Maximum Temperature p8_vaf

tempaf
ncepp500af

Minimum Temperature ncepp8_uaf

ncepshumaf

As shown on Table 2 the variables which gave better corre-
lation with the daily maximum temperature, daily minimum
temperature and daily precipitation predictand at p<0.05 sig-
nificance level. Partial correlations (r) point out that on average
Surface specific humidity has the strongest association, while
maximum temperature is strongly correlated with mean tem-
perature at 2m, which shows its highly dependence on regional
temperatures. On the other hand, minimum temperature is
correlated with 500 hPa geopotential height, 850 hpa zonal
velocity and surface specific humidity predictor variables. In
general screened variables were selected for this study, similar
to variables for Lake Ziway [19]. The calibration parameters
selected and their corresponding regression statistics generated
by SDSM to be used for the scenario generation.

The regression weights produced during the calibration
process were applied to the time series outputs of the
HadCM3 model. Twenty ensembles of synthetic daily time
series data were produced for each of the A2a and B2a sce-
narios for a period of 1978-2070. The calibration result reveal
that (R?) 0.86; 0.81 for minimum temperature and 0.82; 0.79
for Maximum temperature and 0.65; 0.6 for rainfall during
calibration and validation respectively.

Description Partial r
500 hpa meridional velocity +0.224
Surface specific humidity +0.410
surface zonal velocity +0.050
Surface divergence +0.52
850 hpa meridional Velocity +0.289
Mean temperature at 2 m +0.325
500 hpa geopotential Height +0.394
850 hpa zonal velocity +0.360
Surface specific humidity +0.165
3.1.2. Projected Precipitation
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Figure 1. Percentage change in mean monthly precipitation of A2a
and B2a scenarios.
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Figure 3 shows the precipitation experiences a mean annul
increase amount by 3.5% and 5.3% for A2a scenario at 2020s
and 2050 respectively. But, the precipitation exhibits a mean
annual decrease in amount by 2.55% and 4.36% for B2a
scenario at 2020s and 2050s.

3.1.3. Projected Maximum Temperature

This Figure 4 depicts that the projected period will expe-
rience high increase in maximum temperature for both A2a
and B2a scenarios. However, the increments will be less for
B2a scenario relative to A2a scenario. This is due to the fact
that A2a represents medium high scenario which produces
more CO2 as compared to B2a scenario.
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Figure 4. Maximum temperature A2a and B2a scenarios (delta
values).

3.1.4. Projected Minimum Temperature

Figure 5 depicts the projected average monthly maximum
temperature, minimum temperature positive change with
respect to base period. The downscaled minimum temperature
in 2020s indicated that the minimum temperature will rise by
1.1<C and 0.94 <C for both A2a and B2 scenarios. For 2050s
the increment will be 1.71<C for A2a and 1.54<C for B2a
scenarios respectively.
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Figure 2. Change in average monthly minimum temperature A2a
and B2a scenarios (delta values).

3.2. Watershed Delineation and Determination
of Hydrologic Response Units

Lake Hawasa watershed was delineated, by dividing two
sub-watersheds: the gauged (Tikur Wuha River) and
un-gauged sub-watershed were delineated (Figure 6). The
only gauged river in this watershed is the Tikur Wuha River
and its catchment area based on SWAT delineation is 62317
ha. The un-gauged part of Lake Hawasa watershed has a
catchment area of 59124 ha. That means, out of the total
catchment only 51.3% is gauged and 48.7% is not gauged.
After sub-watershed delineation, the determination of hy-
drologic response units (HRUs) was performed for which
unique soil and land use combinations are within sub basins
modeled together irrespective of their spatial positioning.

3.3. Hydrological Model Calibration, VValidation
and Uncertainty Analysis

Before calibration the parameter sensitivity analysis was
done using the Arc SWAT interface for the gauged catchment
at the outlet which is found near Dato. The parameters are
ranked with decreasing sensitivity according to the mean
relative sensitivity (MRS) of the parameters, and their cate-
gory of sensitivity was also defined based on the [20] classi-
fication. Sensitivity is divided into four classes: small to neg-
ligible (0<MRS<0.05), medium (0.05<MRS<0.2), high
(0.20<MRS<1.0), and very high (MRS>1.0).

The model result reveals that the most sensitive parameters
considered for calibration were soil evaporation compensa-
tion factor, initial SCS Curve Number Il (Cn2), available
water capacity (Sol_Awc), Soil depth (Sol_Z), base flow
alpha factor (Alpha_Bf), threshold depth of water in the
shallow aquifer for “revap” to occur (Revapmn), groundwater
"revap" coefficient (Gw_Revap) and average slope steepness
in increasing sensitivity order.

Because of its simplicity SWAT CUP (SUFI-2 algorithm)
was used for calibration, validation and uncertainty analysis
of the SWAT model in Tikurewuha River. The period for
calibration was having duration of six years (72 months) from
January, 1990 to December, 1995; and the calibration was
done using the most sensitive parameters.
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Figure 3. The Delineated sub basins for ungauged and gauged Sub watershed.

Table 3, Figures 7 and 8 show the calibration and validation gauged monthly flows of the sub watershed. These values
results of the sub watershed, better correlation coefficient (R?) satisfied the recommendation made by Morasi et al. (2007),
and the Nash-Sutcliffe (1970) simulation efficiency values  where R=and Nash- Sutcliffe efficiency (NSE) are expected to
show the very good agreement between the simulated and have values more than 0.6 and 0.5, respectively.
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Figure 4. Calibration result of average monthly simulated and observed flow.

Accordingly, the result for flow calibration shows that 80%  smaller the r-factor, which quantifies the thickness of the
of the observed data is bracketed by the 95PPU (p-factor) and ~ 95PPU, the smaller the uncertainties and the better calibration
r-factor had a value of 0.27, which are good results. The  work.
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Figure 5. Validation result of average monthly simulated and gauged flow.
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For the stream flow validation, 70% of the measured data
were bracketed by the 95PPU while the r-factor had value of
0.3. Unlike the calibration, the flow simulation during vali-

dation is satisfactory with relatively large uncertainties.
Generally the model is able to simulate with reasonable ac-
curacy over the modeled period.

Table 3. Calibration and Uncertainty analysis results using SUFI2 for Tikurwuha River.

variable P_factor
Flow (m®/s) Calibration period 1991-1996 0.8
Flow (m®/s) Validation period 1997-2000 0.7

Generally, the SWAT model performed well in simulating
flows for calibration as well validation period based on cali-
brated parameters.

3.4. Projected Lake Water Balance Components

The water balance is estimated based on the inflow and the
outflow (evaporation) of the Lake Hawasa. The inflow com-

R_factor R? NSE
0.27 0.88 0.88
0.3 0.84 0.78

ponent is the summation of the over-lake precipitation and
stream flow from gauged and un-gauged rivers and outflow
component is the summation of the over-lake evaporation
from the lake. In this study, lake water balance is established
for the baseline period (1978-2000) and the two future time
horizons 2020s and 2050s. The sum of the inflow from
gauged and un-gauged catchments is used to estimate the total
stream flow into the lake.

Table 4. Water balance components (106 m®) with expected percentage changes (%).

LWB components Baseline Scenarios 2020s 2050s

A2a 89.92 (+4.22%) 91.57 (6.14%)
Gauge catchment inflow volume 86.28

B2a 88.37 (+2.42%) 89.86 (+4.15%)

A2a 77.84 (+4%) 79.21 (+5.9%)
Un-gauged catchment inflow volume 74.8

B2a 76.5 (+2.35%) 77.8 (+4.03%)

A2a 84 (+3.5%) 85.6 (+5.3%)
Rainfall Over lake 80

B2a 82.6 (+2.55%) 84 (+4.36%)

A2a 156 (+1.64%) 159 (+2.64%)
Evaporation Over lake 153

B2a 155.5 (+1.5%) 158 (2.4%)
Storage change 87 A2a 95 (9%) 97.4 (11.9%)

87 B2a 92 (5.7%) 93.7 (7.7%)

(+) indicates increase and (-) decreases of change in percentage

Generally, inflows to the lake, over-lake precipitation and
evaporation will be expected to increase for both A2a and B2a
emission scenarios.

Table 4 shows the annual distribution of hydrological var-
iables considered for Lake water balance of the two scenarios
(baseline, 2020s and 2050s) corresponding to climate change.
Different scenarios produce a wide range of changes in the
hydrological parameters. For the impact of climate change,
most hydrological variables increased for the two time hori-
zons. Precipitation falling over the lake will be expected to
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increase by 2.5% in 2020s and up to 5.3% in 2050s, inflow
volume increased by 2.4% in 2020s and 6.14% in 2050s and
evaporation over lake increased by 1.5% in 2020s and 2.64%
in 2050s for both A2a and B2a scenario.

4. Conclusions

In this study, hydrological impact of climate change on
Lake Hawasa water balance components were estimated in
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response to the A2a and B2a emission scenarios. SWAT has
proved to be very well simulating the hydrological process of
the watershed. The regression coefficient (R?) and the
Nash-Sutcliffe efficiency (NSE) values obtained proved this
fact. Based on the hydrological simulation carried out, more
than 70% of the precipitation falling in the watershed is lost
through evapotranspiration and it is more than six times the
total flow. So, evapotranspiration can be more affected by the
changing climate than any other hydrological component.

Generally climatic variables (i.e. precipitation and temper-
ature) will be expected increase for both A2 and B2 future
scenarios with an inflow to the lake.

This study should be extended by considering combined
future (projected) changes in land use, soil and other climate
variables in addition to the changes in precipitation and tem-
perature and the outcome of this study is based on single
GCMs of two emission scenarios (A2a and B2a). However, it
is better to apply different GCMs and emission scenarios so as
to make comparison between different models as well as to
explore a wide range of climate change scenarios that would
result in different hydrological impact. Hence, this work
should be extended in the future by including different GCMs
and emission scenarios.

Abbreviations
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GCMs Global Circulation Models

HadCM3 Hadley Centre For Climate Prediction and
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IPCC Intergovernmental Panel On Climate Change
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SDSM Statistical Downscaling Model

SWAT Soil And Water Assessment Tool
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