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Abstract

This study predicts future runoff conditions under changing climate using multi model outputs from Coupled Model
Intercomparison Project Phase 5 (CMIP5) over Lake Ziway Catchment. The River system is located in the Central Rift
Valley of Ethiopia which serves for wide range of socio-economic activity, but recently different water use sectors are
increasing their pressure on the water balance of the catchment. Bias corrected precipitation, maximum and minimum
temperature data from three climate models HadGEM2-ES, CSIRO-MK-3-6-0 and CCSM4 under representative
concentration pathways RCP 8.5 and RCP 4.5 were used as input for the hydrologic model. A calibrated and validated
HBV model is used to simulate the future inflow from Katar River and Meki River towards Lake Ziway. The result
revealed that the maximum and minimum temperature increased under RCP 8.5 and RCP 4.5 scenarios. However,
precipitation showed a decreasing trend. The percentage change in monthly average precipitation showed extremes for
HadGEM2-ES model which range between -51.19% during January 2050s and +23.15% during February 2080s under
RCP 8.5. The model output showed an annual decrement in runoff depth on Katar River up to 19.45% during RCP 8.5
on CSIRO MK-3-6-0 model and maximum reduction was recorded for RCP 4.5 at 17.49% for CCSM4 model. Meki River
has shown maximum annual reduction of 20.28% during 2080s on RCP 8.5 for HadGEM2-ES model and seasonally
during Bulg maximum increment was recorded for the same model which ranges up to 10.23% on 2050s for RCP
4.5. However seasonal maximum reduction is obtained from Bulg season by 40.27% on HadGEM2-ES model during
2050s. From the study, a reduction in rainfall has brought larger effects on runoff reduction than evapotranspiration
components. Due to future reduction of River flow on the region optimal allocations for water use purposes at all levels

of water resource development projects are crucial for future water planning and management.

Keywords: CMIP5; HBV model; Lake Ziway catchment; RCP; Runoff
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Introduction

In recent decades, changes in climate have caused impacts on natural
and human systems on all continents and across the oceans. Irrespective of
its cause, natural and human systems has become sensitive to climate change
[1]. Increased anthropogenic activities on industries and population expansion
towards forested areas during the last century has resulted for increase in
concentration of carbon dioxide on Earth's atmosphere which resulted for
rising global surface temperature, sea level rises, arctic and land ice decrease
and erratic precipitation [1,2].

Many Ethiopia lakes are bounded within the Ethiopia Rift Valley
that is part of great East African Rift Valley which extends from Jordan
in the Middle East, through Ethiopia and ends at Mozambique in
Southern Africa [3]. Lake Ziway is one of the lakes with in the central rift
valley system which serves for wide range of socio-economic activity.
Different water use sectors are recently increasing their pressure on the
water balance of Lake Ziway which is recharged by precipitation and two
rivers namely Katar and Meki Rivers [3-5]. Globally, water resources are
under influence of the changing climate [6] and regionally its impact
on rainfall and flood frequency, ground water recharge variability and
storage has been observed over the past few decades on Ethiopia Rift
Valley lakes [4,7-9]. Climate variability in the frequency and intensity
of extreme events over the Ethiopian Rift Valley [7,10] has increased
due to climate change. These changes can have a direct consequence
on evapotranspiration and runoff component of the hydrologic cycle
which effects sectors like agriculture, industry and urban development
[11,12]. Changes in flow magnitude, variability on long-term mean
annual stream flow and water availability are among frequently cited
hydrologic issues in the region [4-5,10,13]. Existing studies have mainly
focused on IPCCs fourth assessment report to assess the future water
potentials and little is known about the potential impacts on River

flows from the Climate Model Intercomparison Project Phase 5 archive
(CMIPS5) outputs [14].

Possible future changes in the precipitation and temperature
extremes can be predicted by global circulation models (GCMs) [15].
On the Central Rift Valley, GCM simulations for daily data was collected
from the Climate Model Intercomparison Project Phase 5 archive
(CMIP5) [14]. The CMIP5 contains number of model output to enhance
the understanding of climate processes and to conduct regional impact
assessment research. Statistically downscaled data products of Coupled
Model Intercomparison Project (CMIP5) multi-model ensemble and
its predecessors are widely applied for hydrological models [14,16].
These downscaled data provide a basis of Intergovernmental Panel
on Climate Change (IPCC) Fifth Assessment Report (AR5), which is
relevant for policy makers in the assessment of climate change impacts
on water resources. Representative concentration pathways (RCP ) have
been also introduced in the CMIP5 ensemble data, which are more
comprehensive than Special Report on Emission Scenarios (SRES).

Lake Ziway catchment covering a total area of about 6991 km?
contains Lake and River systems, where two Rivers namely Katar and
Meki flowing towards Lake Ziway and one outflow River Bulbula flow
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towards Lake Abiyata. The flow scheme in the region passes through a
densely populated area where water use for commercial farming, fishing
and recreation by state and private sectors is gigantic. The outflow of
Lake Ziway is an important source of the downstream terminal Lake
Abiyata, whose quantity and quality is controlled by the outflow from
Lake Ziway [5,17]. Predicted 21st century climatic changes are expected
to impact a range of environmental processes in the catchment and
therefore raise concerns for hydrological, environmental and economic
issues [3].

Therefore, evaluation of climate change impacts on regional
hydrology would greatly benefit policy makers and other stakeholders
for better preparedness. In this study, we used bias corrected climate
model output of CMIP5 ensembles (HadGEM2-ES, CSIRO-MK-3-6-0
and CCSM4) for simulation of river flows for impact evaluation. A
calibrated and validated HBV-96 [18] hydrologic model was tested over
Lake Ziway catchment to generate future inflows under RCP 4.5 and 8.5
scenarios for Katar and Meki Rivers respectively, and impact analysis
was made using metrics that are useful for decision makers.

Materials and Methods

Study area

Lake Ziway is located about 160 kms south of the capital city Addis
Ababa, in Ethiopia. Lake Ziway catchment falls in between 7°15’N to
8°30°N Latitude and 38°15E to 39°30’E Longitude covering a total
area of about 6991 km? (Figure 1). The floor of Ethiopian Rift valley
encompasses three major River basins from North East to South West
namely Awash Basin; Central Ethiopian Rift Valley and Southern Basin
[13]. From these basins, Lake Ziway Catchment is found in the Central
Ethiopian Rift valley basin. It starts from the highlands of the Eastern
Gurage Zone from which the Meki River is originating, passes through
the central parts of the East Shoa Zone where Lake Ziway is located,

and ends up in the Western Highlands of the Arsi Zone from which the
Katar River is originating. Lake Ziway has an open water area of 442
km? and elevation of 1636 m.a.s.l. with maximum and mean depth of
8.9m and 2.5m respectively [12].

The altitude of the catchment ranges from 1607 to 4181 m.a.s.l
with a mean elevation of 2266 m.a.s.l. Only one third of the whole
watershed area has an elevation below 1867 m.a.s.1 and more than 56%
of the whole watershed has an elevation more than 2000 m.a.s.l, which
magnifies the upland terrain of most parts of the area.

Baseline data

Climate and Hydrology: The rainfall pattern is largely influenced
by the annual oscillation of the Inter-Tropical Convergence Zone.
According to OEPO [19], the ‘Kiremt’ rainy season (June, July, August
and September) represents 50-70% of the average yearly total rainfall.
The dry period, which extends between October and February and
locally known as ‘Bega. OEPO [19] indicated that occasional rain
during this period brings 10-20% of the yearly average rainfall. The
other season, which is locally known as ‘Belg’ is of a ‘small rain’ season
accounting for 20-30% of the annual amount, and stays from March to
May (Figure 2).

According to the statistical analysis of the climatic data, the climate
of the study area can be categorized as semi-arid to sub-humid type
with a mean yearly rainfall ranging from 704.4 mm (Adamitulu) to
1084.4 mm (Bekoji), and with a mean yearly minimum and maximum
temperature ranging from 8.4°C (Bekoji) to 13.7°C (Ziway), and from
19.43°C (Bekoji) to 28°C (Langano) respectively.

The watershed is composed of two main rivers flowing into
Lake Ziway namely, Meki and Katar River which are used for model
calibration and validation, and one outflow river called Bulbula River
drains into Lake Abiyata through its spills.

33°300°E 39°0'0°E 39°30'0°E
N
35°0°0"E  40°0°'0"E 45°0°0"E BO0OTE A
1 1 1 1
N
A
873007 N- -8°30°0°N
157007 N A =15°00"N
000" N A =10°0°0"N
S0k =3°0'0"N
[
Legend
5=DID"N-Lege“d 500N Rivers
Ethiopia I:l Lake Ziway
=57 Rift Valley Basin TR0 ke zinsy catanment 700N
— 0 165330 B0 I Elevation
070074 1 0700
e w— Kilometers Value B Hydro stations
35°0'0"E 40°0'0"E 45°0'0°E 50°0'0°E wor High: 4181 &  Meteorologic stations
- . 051020 30
Low : 1607
750'0°N- En—mmKilometers 700N
T T T
33°300°E 39°0'0°E 39°30'0°E

Figure 1: The study area showing the Rift Valley Basin, Lake Ziway, Lake Ziway Catchment with hydro meteorological gauging locations and rivers.
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Figure 2: Mean monthly rainfall of selected stations at Lake Ziway Catchment (1982-2011) (Source: NMSA).

The western plateau of the Gurage Zone highlands with elevation
ranging from 3500 to 3600 m.a.s.l are the sources of Meki River. The
watershed area of 2300 km? is bounded by the Awash River to the north
and by Omo River Basin to the west. River Meki drains the western
mountains and escarpments including a vast swampy area to the south
of Butajira town. The other River Katar originates in eastern volcanic
chains of the Arsi Zone about 4000-4250 m.a.s.1. It is the largest tributary
of Lake Ziway with a catchment area of 3430 km?, and has a common
boundary with the Awash River Basin in the north and with Wabi-
Shebele River Basin in the west. River Katar and its tributaries drain the
highland area to the south and east of Lake Ziway. The Bulbula River
is an outflow from Lake Ziway and feeds to downstream Lake Abiyata.
As a result, it is completely dependent on Lake Ziway water level [19].

HBV-96 model requires daily stream flow data for base line period
calibration of the model to generate future inflows to the Lake. This
data was obtained from the Hydrology Department of the Ministry of
Irrigation Water and Energy of Ethiopia (MoIWE) (Figure 3).

Catchment data

A semi-distributed HBV-96 model needs sub-division of the basin
in to different elevation and vegetation zones. Each elevation zone
was also divided in to different vegetation cover, forested and non-
forested areas [20]. Therefore, Lake Ziway Catchment was processed
and divided in to different elevations and vegetation zone using DEM
hydro-processing from Shuttle Radar Topography Mission (SRTM).
Resolutions of 30m * 30m and the land cover data of the study area
are used to extract drainage area, drainage network and to divide the
area into different sub basins and elevation zones. Spatial data of land
use/land cover map of 1996 and shape files were collected from GIS
department of Ministry of Irrigation, Water and Energy of Ethiopia
(Figure 4).

The land use of the study area can be categorized mainly as
agricultural, forest, bush, bare land, savanna, and water bodies.
Irrigated agriculture is common especially along the courses of the
Meki River, Katar River, Bulbula River and around Lake Ziway. Onion,

tomato, cabbage, pepper, beans, maize, fruits and vegetables are widely
cultivated in many private and state farms in the area.

Climate projection

Horizontally gridded CMIP5 model group outputs were employed
to predict the past and the future climatic conditions of the study area.
Observed precipitation and temperature dataset at monthly time scale
from 1980 to 2005 are downloaded from the above model group web
pages (https://climexp.knmi.nl/select.cgi). Coupled model output data
(precipitation and surface air temperature) of a historical run from
1850 to 2005 and two future projection simulations from 2010 to 2099
under two Representative Concentration Pathways were obtained. The
RCP 4.5 represents a moderate mitigation scenario [21], while RCP
8.5 represents the higher stabilization pathway, where wider range of
radiative forcing across the RCP extensions is provided [22]. Hence
RCP s required for planning the adaptation and mitigation option for
the response of river flow by changing climate. These data are extracted
from the World Climate Research Program Coupled Model Inter-
comparison Project Phase 5 (CMIP5) [14].

Outputs of coupled climate models, three GCMs were employed
over Lake Ziway catchment, as shown in Table 1. The selection of the
GCM model was based on how well models represent the past and the
present climate, their resolution and other studies related to the impact
of climate change on the Ethiopian Rift Valley and adjacent plateau.
HadGEM2-ES, CSIRO-MK-3-6-0 and CCSM4 models are recognized
as being capable of reproducing the precipitation and temperature
pattern on the Ethiopian Rift [23-28].

The daily precipitation, T and T from 1980 to 2099, was
extracted from grid cells covering Lake Ziway Catchment. The period
from 1980 to 2005 was defined as the baseline period, based on good
quality of observational climatic and hydrological data for model
calibration and validation. While the future periods that are covered
by this study are 2010-2040, 2041-2070, and 2071-2099 (denoted by
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Figure 3: Mean monthly River flow of gauged stations at Lake Ziway Catchment 1989-2000 (Source: MolWE).
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Figure 4: Lake Ziway Catchment major land cover of 1996 (left) and elevation zones (right).

the 2020s, 2050s, and 2080s, respectively) relative to the baseline period
during 1980-2005. Future climate time series were constructed using
the delta change method [8,29] which involves observed climate time
series by mean changes (differences or ratios of changes) simulated with
GCMs. The changes were determined as monthly temperature changes
(in °C) and monthly precipitation changes (in %) values from the base
period during 1980-2005.

CMIP5 GCM models were selected based on how well models
represent the past and the present climate. In this regard bias correction
of precipitation data has employed a nonlinear method [30] which
corrects coeflicient of variation (CV) and the mean [31] Eqn. (1) while
temperature correction is done by calculating monthly systematic
biases [8,24,32] Eqn. (2).

P =aP’ 1)

Where P* is the simulated data in the projection period, where @
and b’ are the parameters obtained from calibration in the baseline
period and subsequently applied to the projection period. They are

determined by matching the mean and coefficient of variation (CV) of
simulated data with that of observed data.

Tc=Tom+%*(Tr—Trm) 2)
r
Where;

Tc is bias corrected future temperature, Tom is mean of observed
temperature in base period, Trm is mean of RCP s temperature in base
period and Tr is RCP s temperature of base period dr, and §o, represent
the standard deviation of the daily RCP s output and observations in
the reference period respectively.

HBV- 96 model

The HBV model was developed at Swedish Metrological and
Hydrological Institute (SMHI) during the early 1970’s. This model
has been applied worldwide [33-35] and regionally [15,36,37]. HBV
is a semi-distributed conceptual rainfall-runoff model for continuous
simulation of catchment runoff and out flow from reservoirs. The
model consists of subroutines for snow accumulation and melt, soil
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moisture accounting procedure, routines for runoff generation and
finally, a simple routing procedure.

In HBV Precipitation calculations are made separately for each
elevation/vegetation zone with in the basin [20]. To separate between
snow and rainfall a threshold temperature (tt) in the range between
-2°C to 2°C was used in Eqn. (3).

RF = pcorr*rfcf * p if T > tt (3)

Where: RF = rainfall, P = observed precipitation (mm), T = observed
temperature (°C), tt = threshold temperature for precipitation (°C), r =
rainfall correction factor, p_ = general precipitation correction factor.

The soil moisture accounting routine is the main part controlling
runoff formation. The soil routine in the HBV model is governed by
two rather simple relations and the three parameters Beta, LP and
FC. At low soil moisture levels most of the precipitation is kept within
the unsaturated zone. The share of precipitation contributing to the
discharge increases gradually as the soil moisture increases as a bigger
part of the area reaches its field capacity (FC). This process was run by
FC and Beta. Beta controls the contributions of the response function
(AQ/AP) or the increase in soil moisture storage (1- AQ/AP) from
each millimeter of rainfall or snow melt. The ratio AQ /AP is often
called runoff coeflicient, where AP contribution from rainfall and AQ
is contribution to the response function [20]. LP is a soil moisture
value above which evapotranspiration reaches its potential value, and
FC is the maximum soil moisture storage (in mm) in the model. The
parameter LP is given as a fraction of FC, therefore as LP increases, the
base flow increase and quick runoff decreases.

The runoff generation routine is the response function which
transforms excess water from the soil moisture zone to runoff.
The function consists of one upper, non-linear, and one lower,
linear reservoir. These are the origins of the quick and slow runoff
components of the hydrograph. The yield from the soil moisture zone,
i.e., the effective precipitation, will be added to the storage in the upper
reservoir. As long as there is water in the upper reservoir, water will
percolate to the lower reservoir according to the parameter perc. The
lower reservoir, on the other hand, represents the groundwater storage
of the catchment contributing to the base flow. K and K4 represent the
recession coefficient from the upper and lower reservoir respectively. In
this case outflow upper and lower reservoir is calculated according to
the formula (Eqn. 4 and Eqn. 5) respectively.

QO — K * UZl+alpha (4)
O1=K4*LZ ©)

Where: Qo = upper reservoir outflow (mm), Q1 = lower reservoir
outflow (mm), UZ = upper reservoir storage (mm), LZ= lower reservoir
storage (mm), K = recession coefficient on upper reservoir and K4=
recession coefficient on lower reservoir.

The runoff generated from the response routine (Q = Q0+Ql) is
routed through a transformation function in order to get a proper shape
of the hydrograph at the outlet of the sub basin. The transformation
function is a simple filter technique with a triangular distribution
of the weights, as shown in Figure 5. The time base of the triangular
distribution is given by the parameter maxbaz.

Model inputs

The conceptual semi-distributed HBV model computes runoff
from observed daily rainfall, temperature, long-term monthly potential
evapotranspiration, catchments characteristics of different elevation

and vegetation zones [37] and river flow data for model calibration and
validation.

Areal rainfall

For many hydrological applications that also include modeling,
extrapolation and interpolation of point rainfall measurement is
necessary. The Thiessen polygon method which is one way of calculating
areal precipitation was used for this study. This method gives weight
to station data in proportion to the space between the stations [20]
(Table 2). However, factors such as topography and the representativity
of a station have to be taken into consideration. Therefore, decisions
about the technique used for processing of gauged data, as well as the
adequacy of conclusions drawn from the final results, depend heavily
on the magnitude and nature of the uncertainty [38]. For this study,
daily areal rainfall was calculated from the daily point measurement
of rainfall in and around the catchments by Thiessen polygon method
Eqn. (6).
1

potl

y : As* Ps (6)

Where: P - Areal average rainfall, Ps - Rainfall measured at sub-
region, As - Area of sub-region and A - total area of sub regions.

Potential evapotranspiration

For calibration and validation of HBV-96 Model Penman-Monteith
method is recommended to calculate the daily potential evaporation
when all climatological data like rainfall, maximum and minimum
temperature, relative humidity, sun shine hours and wind speed are
available [39]. Average of potential evapotranspiration from Ziway
and Kulumsa stations were used for model calibration and validation;
since all required evapotranspiration variables are well recorded and
available for these stations Eqn. (7).

Atmospheric

Resolution
Model Name Model Center (Longitude x
Latitude)
Hadley Centre for Climate Prediction
HadGEM2-ES and Research, Met Office, United 1.875° x 1.25°
Kingdom
ccsM4 National Center for Atmospheric 1.25° x 0.9°
Research
Commonwealth Scientific and
CSIRO-MK-3-6-0 Industrial Research Organization, 1.9°x1.9°

Australia

Table 1: Description of the climate models used in this study.

Stations Katar River Basin Meki River Basin
Adamitulu 0.02 --
Bekoji 0.46 -
Kulumsa 0.09 --
Abura 0.04 --
Assela 0.31 --
Ogolcho 0.08 -
Meki - 0.11
Bui - 0.30
Butajira - 0.33
Koshe - 0.21
Mito -- 0.05

Table 2: Weight of meteorological stations by Thiessen polygon method.
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900 )
0.408A(Rn—G)+ U (es—ea
Eto = ( ) 7T+273 ( ) 7
A+y(1+0.34U7)
Where:

Eto = Reference evapo-transpiration [mm day']

Rn = Net radiation at the crop surface [M] m? day]
G = Soil heat flux density [M] m? day']

T = Mean daily air temperature at 2 m height [°C]
U2 = Wind speed at 2 m height [m s]

es = Saturation vapour pressure [kPa]

ea = Actual vapour pressure [kPa]

es-ea = Saturation vapour pressure deficit [kPa]

A = Slope vapour pressure curve [kPa °C™']

y = Psychrometric constant [kPa °C™]

In Eqn. (5) the value 0.408 converts the net radiation Rn expressed
in MJ m-2 day™ to equivalent evaporation expressed in mm day.

In a situation where solar radiation, wind speed, relative humidity
and other data are completely absent, reference evapotranspiration for
future runoff generation can be estimated using the equation stated
by Hargreaves and Samani [40] Eqn. (8). Since the existing data for
future time period were the downscaled precipitation, minimum and
maximum temperature. The potential evapotranspiration was also
calculated by dividing the future time in to three non-overlapping 30
year periods (i.e., 2020s, 2050s and 2080s).

PETHG=0.023*Ra *(T (Tmax - Tmin) 8)

mean

+17.8) *

Where: PETHG Hargreaves potential evapotranspiration [mm
month]

Ra Extraterrestrial radiation (calculated from latitude and time of
year) [MJm>day]

T, ... Mean temperature [°C]

T ., Minimum temperature and [°C]

T . Maximum temperature [°C]

HBV-96 model calibration and validation

According to ITHMS [20], HBV model parameters can be grouped
into volume controlling (FC, LP and Beta) parameters, that influence
the total volume and shape controlling parameters (K4, Perc, khq, Hq
and Alfa) that distribute the calculated discharge in time and inflaming
the shape of hydrograph. The parameter maxbaz which control the
smoothness of the hydrograph was also calibrated for this study. Hq is
the high flow level at which the recession rate khq is assumed to hold.
The program uses the parameters khq, Hq and alfa to calculate the
value of k assuming khq to be recession rate for high flow level at Hq.
Normally the parameter Hq is not calibrated; it was calculated from
the mean of observed discharge over the whole period and the mean of
annual peak flows Eqn. (9).

(MQ* MHQ)"’ *86.4 9)

Hq(mm/day): y

Where: MQ: the mean of observed discharge over the whole period
(m3/s), MHQ: is the mean of annual peak flow (m3/s) and A: area of
catchment in km?.

Hq for Katar and Meki river basin is of 7.81 and 0.703 mm/day
respectively. The quick flow was calibrated by khq and Alfa. Khq result
in higher peaks and more dynamic response on the hydrograph. Alfa
was used in order to fit the higher peaks in to the hydrograph, the
higher the Alfa the higher the peaks and the quicker the recession [20].
Base flow was adjusted with perc and K4 as a lower value of perc result
in low base flow and K4 describes the recession of base flow. In HBV-96
model, it is recommended that calibration be done with not less than
ten years of data. For this study a baseline period data during 1989-
2000 was used for model calibration and validation. Before starting the
calibration, 1 year of daily in the 1989 data was used as warm up period
to initialize the model before calibration. The remaining 11 years were
divided in such a way that 2/3rd of the data during 1990-1996 were
used for calibration and 1/3rd of the data during 1997-2000 was used
for validation.

Goodness of fit test of the model

The level of goodness of fit was evaluated by the objective function
that measures the level of agreement between the observed and the model
output, i.e., the observed and modeled discharge [41]. In IHMS/HBV this
is mainly done by calculating the coeflicient of determination R2, Eqn.
(10), Nash and Sutcliffe coefficient (NSE) [42] Eqn. (11) and the relative
volume of error was also used to test the model performance Eqn. (12).
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. [Z(0i-0)si-5)]

R = (10)

Y. (0i-0) X (vi-P)
X (0sn(i)-ots ()]
z; (Qsim (i)—Qobs (1))

~ > [ Qobs(i)-Qsim(i) ] .

RVE = 100 (12)

Z; Qobs (i)

Qobs: Observed flow, Qsim: Simulated flow and QObS : Average
of observed flow.

NSE =1- (11)

Where:

The RVE can vary between oo and -eo but it performs best when a
value of 0 (zero) is generated. Since an accumulated difference between
simulated, Qsim (i) and observed Qobs (i), discharge is zero. A relative
volume error between +5% and -5% indicates that a model performs
well while relative volume errors between +5% and +10% and -5% and
-10% indicates a model with reasonable performance.

Results and Discussion

Performance of GCM models

The correlations of precipitation, T and T, with observations
have to be done to selected suitable models for the area. They found
CSIRO-MK 3-6-0 and HadGEM2-ES perform well on reproducing
precipitation. Whereas, CCSM4 have higher skill in simulating T  and
’Imax.

The best way to check rainfall is to calculate the monthly means and
variances; these are closer to normal distributions than daily data are
[43]. If these both match, then the simulation is working. Correlation
will also give representative result if correlation of the monthly rainfall
sums is done. However, the best test is still to compare the means and
variances (Figure 6) [43].

The annual variability of the daily mean and variance of daily
precipitation for the three GCM outputs, and the observed data averaged
for the period 1980-2005, is given in Figure 6. For the HadGEM2-ES
and CSIRO-MK-3-6-0 models, the annual variability of the monthly
mean precipitation data is completely in order, corresponding to the
observed data. For the CSIRO-MK-3-6-0 models, most months were
quite good, while other months (April, May and Aug) showed a clear
difference. Furthermore, the CCSM4 model has a general tendency to
underestimate the monthly variance on most months of the year, except
September. For the daily variance, the HadGEM2-ES models have the
highest variability while the CSIRO-MK-3-6-0 presented a lowest
variance.

Figures 6b and 6¢ show the monthly mean and variance comparison
between the observed data and three GCM outputs for the T and T
data. The three GCMs are capable of reproducing the observed mean
T, .and T  values with small biases. The variance of the HadGEM2-ES
and CCSM4 showed clear differences in some months for T _, while
the CCSM4 and CSIRO-MK-3-6-0 models have showed the highest

variance across the months for T, .

The statistical tests of GCM outputs evaluation to simulate
historical records of climatic variables showed good simulation results
for T _and T, than for rainfall. Rainfall simulation is affected due to

the fact that GCM failure to capture the seasonal migration of the Inter-
Tropical Convergence Zone in these equatorial regions [44]. Regardless
of the uncertainties related with GCMs, the three models have been
selected based on their ability to representing the actual climate over
Lake Ziway Catchment. This selection is also supported by the ability
of these models to reproduce the mean annual precipitation for 1980-
2005 period, which is mainly important variable for modeling the
hydrological impact on Lake Ziway Catchment.

Analysis of monthly and seasonal future climate on lake ziway
catchment

For this study, monthly and seasonal analysis was taken for
Ethiopian local season of Belg (March, April and May), Kiremt (June,
July, August and September) and Bega (October, November, December,
January and February) over Lake Ziway Catchment. Future climate
from CMIP5 model outputs for three climate variables (precipitation,
maximum and minimum temperature) under RCP 4.5 and RCP 8.5 are
summarized below.

Maximum temperature

There is a general increasing trend for maximum temperature from
baseline period under RCP 4.5 and RCP 8.5 except for the months of
March and September in all time periods under RCP 4.5 for HadGEM2-
ES and CSIRO-MK 3-6-0 model (Figure 7). However, CCSM4 model
has shown absolute maximum temperature increment almost for all
months under RCP 4.5 and RCP 8.5. Seasonally, maximum amount of
temperature increment is projected during Ethiopian local dry season
of ‘Bega’ (Oct-Feb) for the three model outputs of CMIP5. This dry
period ‘Bega, is primarily controlled by the seasonal migration of the
Inter Tropical Convergence Zone (ITCZ) which lies to the south of
Ethiopia at that time. Also, on Bega season the contribution of rainfall
for the area is very minimum to supplement agriculture where by,
almost all farming activity is supplemented by irrigation from the water
sources on Lake Ziway Catchment [9].

The maximum amount of average annual temperature is projected
from HadGEM2-ES model under RCP 8.5 during 2080s and the
minimum average annual temperature is projected from CSIRO-MK
3-6-0 model under RCP 4.5 during 2020s (Figure 7). The same trend
has been also reported on the projected average annual temperature by
[45,46] where, increased extreme daily temperature events prevailed for
future scenarios [24]. Maximum amount of temperature change from
RCP 8.5 is due to the fact that RCP 8.5 produces more greenhouse
gas as compared to RCP 4.5, which is medium in greenhouse gas
production [47].

Minimum temperature

For minimum temperature, there is a general increasing trend from
baseline period under RCP 4.5 for the three models except on March for
HadGEM2-ES, October on CSIRO-MK 3-6-0 and July CCSM4 (Figure
8). However, on RCP 8.5 all models have shown absolute minimum
temperature increment almost for all months except October on CSIRO-
MK 3-6-0 model and February and July on CCSM4 model. Seasonally,
maximum amount of temperature increment is projected during Ethiopian
local season of ‘Kiremt’ (June-September) for the three model outputs of
CMIP5.

The same conclusion has reached upon like the case of maximum
temperature, where minimum temperature change also exceeds for
RCP 8.5 than RCP 4.5 due to the fact that, RCP 8.5 represents high
emission scenario which produces more greenhouse gas as compared
to RCP 4.5 [47].
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Figure 8: Absolute difference in mean monthly and seasonal minimum temperature under RCP 4.5 and RCP 8.5 for the future period (2010-2099).
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Precipitation

The overall result revealed that, percentage change in monthly
average precipitation might range between -51.19% during January
2050s and +23.15% during February 2080s under RCP 8.5 for
HadGEM2-ES model. But the change in monthly average precipitation
ranges between -27.13% during January 2020s and 29.80% during
November 2020s on RCP 4.5 for HadGEM2-ES model (Figure 9).

Annually, projected decrement for precipitation has shown by 2.8%,
7.5% and 7.97% for RCP 8.5 during 2020s, 2050s and 2080s respectively.
However, for RCP 4.5 precipitations is projected to increase in amount
by 2.69% on 2020s and decrease by 2.7%, and 1.6% during 2050s and
2080s, respectively which is having similar projection by [46]. However,
seasonally maximum precipitation reduction is projected during the
Ethiopian local rainy season of ‘Kiremt’ in all the model outputs.

Furthermore, inter-annual and intra-seasonal rainfall variability
in the Central Rift Valley is accompanied by a significant warming
trend in temperature and reduction of rainfall can add stress to crop
growth during this season. The occurrence of warming across Ethiopia
is reported previously by Conway [48] as shown by Boberg and
Christensen [49] and decline in precipitation up to 25% is also shown
by Monireh et al. [46].

Hydrological model calibration and validation results

Calibration was done manually by optimizing the model parameters
in each subroutine that have significant effect on the performance of
the model. Based on this, several runs were made to select the most
optimum parameter set in order to match the observed discharge with
simulated discharge. The most optimum parameters set that were used
in the calibration are reported in Table 3.

HBV-96 Model calibration was performed for seven years during
1990-1996 using daily stream flow data at lower Katar and lower Meki
River outlets. The goodness of fit tests of Coefficient of Determination
(R2), Nash and Sutcliffe Efficiency Criteria (NSE) and Relative Volume
Error (RVE) which were used to evaluate the model performance on
monthly basis have showed good agreement (Table 4).

From visual inspection of observed and simulated hydrograph the
performance of the model in simulating base flow, rising and recession
limbs of the hydrograph is shown in Figures 10 and 11.

Observed and simulated hydrograph of the model in simulating
base flow, rising and recession limbs of the hydrograph is good monthly
basis for Katar basin; despite under estimation on high river discharge
periods of 1992, 1995 and 1996 during calibration.

For Meki River the observed and simulated hydrographs of the
model in simulating base flow, rising and recession limbs of the
hydrograph were good as well on monthly basis. The goodness of fit
tests, R2 and NSE coefficients are also well above 0.8 on monthly basis.

Impact on seasonal and annual flow of Katar River

For this study seasonal analysis was taken for Belg (March, April
and May), Kiremt (June, July, August and September) and Bega
(October, November, December, January and February) on Katar River.

For the HadGEM2-ES model maximum flow reduction was
observed during the rainy season ‘Kiremt' on average. It shows
reduction of 10.78%, 17.58% and 19.23% for the periods of 2020s, 2050s
and 2080s respectively under RCP 8.5. Reduction is also reported by
16.79%, 22.01% and 20.75% for the same time period under RCP 4.5

(Figure 12). And annually maximum reduction is projected on this
model at 14.67% during 2080s under RCP 8.5. Generally, flow reduction
from this model corresponds with the reduction in precipitation on the
same season. CSIRO-MK 3-6-0 model has also shown maximum flow
reduction during the rainy season ‘Kiremt’ on average basis. It shows
reduction of 18.78%, 17.58% and 19.54% for the periods of 2020s, 2050s
and 2080s respectively under RCP 8.5. Reported reduction is projected
by 13.25%, 15.26% and 18.26% for the same time period under RCP
4.5 (Figure 12). Annually maximum reduction is projected from this
model by 19.45% during 2080s under RCP 8.5. On the other hand,
CCSM4 model has shown maximum flow reduction by 25.75% during
2080s under RCP 4.5 which is the extreme as compared with the above
model groups. Generally, flow reduction from the model groups is also
shown by previous study on the neighboring Awash River Basin ranging
between 10% to 34% using different GCM outputs [12]. Annually, flow
shows reduction for both scenarios has complied with the precipitation
reduction. Therefore, the River flow is found to be very sensitive to
variations in precipitation than temperature changes. However, the
study done in the rift [7] indicated that under high or low warming
trends a very slight proportional change in evapotranspiration resulted
in high relative change in ground water recharge and surface runoff.
Also decrease in ground water recharge is reported on the northern
part of Ethiopia on Tekeze river basin under future scenarios of RCP
2.6 and RCP 4.5 [31].

This result shows the maximum flow reduction during rainy season
of Kiremt that comply with previous study on the area [9]. Large flow
increment on discharge during the first months of the year (especially
January to March) over most parts of Ethiopia and Kenya is also evident
and has the potential to compromise the percentage flow change [50].

Impact on seasonal and annual flow of Meki River

Flow reduction on Meki River was observed during ‘Belg’ season
across all the model groups. Maximum flow reduction reaches 40.27%
for the periods of 2050s under RCP 8.5 for the HadGEM2-ES model. A
slight flow increment is observed during the local dry season of ‘Bega’
on HadGEM2-ES model for both concentration pathways (Figure 13).
Other slight increment is also predicted during the 2080s from CCSM4
model output under RCP 4.5 scenario which represents a range of
technologies and strategies for reducing GHG until 2100 [21].

Flow reduction from this model furthermore has correspond with
the reduction in precipitation on the same season. Annually maximum
reduction is projected from model by 20.28% during 2080s from
HadGEM2-ES model under RCP 8.5. On the other hand, CCSM4 model
has shown minimum flow reduction by 1.1% during 2080s under RCP
4.5 (Figure 13). Also for this model groups, the precipitation reduction
is the major driving factor for flow reduction.

This result showed that maximum flow reduction for Meki River was
expected from Belg season, which is different from Katar river inflow
where maximum reduction occurred during Kiremt. Seasonal change
in flow volume from Katar and Meki rivers will have implication on
the socio-economic conditions with respect to reduction for irrigation
potential, Lake level [5] and on out flow river. Increased Bega stream
flow for indicated periods and scenarios is desirable to exploit the
irrigation potential of the sub-basins thereby improving the irrigated
agricultural production in the area, whose agriculture is rainfall
dependent [51]. Kiremt flow volume might show highest decrease for
Katar River and Belg seasons show the highest reduction from Meki
River for both scenarios, which will greatly affect Lake Ziway level. This
effect has also been indicated by Zeray and Alemayehu et al. [9,13]
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Figure 9: Percentage change in mean monthly and seasonal precipitation at different time horizon under RCP 4.5 and RCP 8.5 for the future period (2010-2099).
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drop on lake level that may rich up to two third of a meter, surface area
might also shrink by 25.3 km? which is about 6% of the base period
lake surface area.

On Central Rift Valley (CRV) human impacts contributed to the
changes in the hydrology of Lake Ziway and Lake Abiyata causing a
decrease in lake storage and prolonged dry periods [5]. This shows a
worsening trend of the recent lake level fluctuation and aerial coverage
contraction. This combined with the unbalanced supply-demand
equation in the watershed is expected to have significant impact on the
lake water balance.

Other clear indicator is the fate of Bulbula River flowing out
of Lake Ziway, recently its flow is observed to be intermittent and
number of state and private farms that were operating on it was closed
up. Hence, it is imaginable to predict its complete existence on future
for indicated inflow scenarios. The increasing water abstraction for
industrial and agricultural activities [5] due to economic development
and population growth [10] is also likely to further reduce seasonal
flows [12] and downstream Lake Abiyata surface area [5]. Projected
flow reductions studies have also showed decrement in water levels that
reduce production of hydropower potential across different river basins
[52-54]. Furthermore, Pachauri and Meyer [1] reported climate change
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Figure 12: Percentage change in seasonal and annual inflow at Katar River with respect to baseline period for the HadGEM2-ES, CSIRO-MK 3-6-0 and CCSM4 model.
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Figure 13: Percentage change in seasonal and annual inflow at Meki River with respect to baseline period for the HadGEM2-ES, CSIRO-MK 3-6-0 and CCSM4 model.
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Calibration Value (on Katar River)

Calibration Value (on Meki River)

1.05 0.5
1 1.06
703 514
0.1155 0.08
0.0015 0.008
0.45 0.589
0.2 0.01

Table 3: List of optimal parameters set in HBV-96 model calibration for Katar and Meki River.

Parameters Range Starting Value
a 0.5-1.1 0.9
B 1.0-4.0 1
FC 100-1500 *
KHq 0.005-0.2 0.09
K4 0.001-0.1 0.01
LP <1 1
Perc 0.01-6 0.5
°:;'if‘tts Period R? NSE RV,
Calibration
Lower Katar 1990-1996 0.86 0.84 -0.0021
Lower Meki 1990-1996 0.84 0.84 0.083
Validation
Lower Katar 1997 -2000 0.84 0.822 -0.05
Lower Meki 1997 -2000 0.8 0.79 -0.06

Table 4: Monthly calibration and validation result between observed and simulated
discharge.

over the 21st century is projected to reduce renewable surface water
and groundwater resources in driest subtropical regions, intensifying
competition for water among sectors. As this region is largely occupied
by rural settlers they are expected to experience major impacts on water
availability and supply, food security, infrastructure and agricultural
incomes, including shifts in the production areas of food and non-food
crops around the world [1].

Therefore, in Lake Ziway catchment, runoff is likely to decrease in
the future and insufficient to meet future demands for water of the ever-
increasing population in the region. That requires integrated basin-
wide water management practice for the region [13].

Conclusion

CMIP5 model outputs from IPCC 5% assessment report has
been used to assess the response of Katar and Meki River and their
implication to Lake Ziway that was projected by using three GCMs and
a semi distributed hydrologic model (HBV-96). Projection of the three
GCMs HadGEM2-ES, CSIRO-MK 3-6-0 and CCSM4 pointed out that
temperature will increase and precipitation reduced for future periods
denoted by 2020s, 2050s and 2080s. The decrease in precipitation and
increase of air temperature as projected by model group of CMIP5
IPCC appears to have a negative impact on Katar and Meki River flow
potentials. These effects caused by slight projected temperatures rise
coupled with decrease in future precipitation brought overall reduction
on the River flows.

The HBV-96 model output showed that HadGEM2-ES, CSIRO-
MK 3-6-0 and CCSM4 models showed flow reduction during the rainy
season ‘Kiremt” on extreme case under RCP 8.5 on Katar River. CCSM4
model has shown maximum flow reduction by 25.75% during 2080s
under RCP 4.5 which is the extreme as compared with the above model
groups. On Meki River seasonally flow reduction was observed during
‘Belg’ across all the model groups. Maximum flow reduction reaches
40.27% for the periods of 2050s under RCP 8.5 for the HadGEM2-
ES model. A slight flow increment is observed during the local dry
season of ‘Bega’ on HadGEM2-ES and CCSM4 model. Flow reduction
from this model furthermore has corresponded with the reduction in
precipitation on the same season. Annually maximum reduction is
projected during 2080s from HadGEM2-ES model. On the other hand,

CCSM4 model has shown minimum flow reduction during 2080s
under RCP 4.5. Flow shows reduction for both scenarios has complied
with the precipitation reduction. HBV-96 simulation results also
suggest that River flow highly comply with the seasonal rainfall pattern
and, therefore River flow is found to be very sensitive to variations
in precipitation than temperature changes. Despite uncertainties on
GCM and hydrological models, the result suggest early decrease in
water use from different water use sectors in Lake Ziway Catchment
as the best water resource management strategy. Furthermore, the
integrated watershed development in Lake Ziway Catchment should be
considered, to reduce the adverse impact of climate change particularly
during local rainy season on rain fall dependent agriculture, River and
Lake water user communities.

Therefore, projected scenarios on River flow and climate change
would significantly affects the livelihood of farmers and water using
sectors in the area. Thus, concern for climate change and water
management strategies should have to be given priority to mitigate the
impacts. Furthermore, this study need to be extended to see the role
of other climate model groups and use of new assessment reports, and
further investigations on impact of other water sources like groundwater
has to be done to fill the gap [55].
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