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Abstract

Lake Tana is the largest fresh water lake in Efligmd the main source of the Blue Nile. Climate
change has a significant impact on lake hydrologyenthan human impact such as deforestation and
diversion of lake water for irrigation. Thereforaudying the impact of climate change on the net
basin supply of Lake Tana is important for sustali@altilization of the water resource in Ethiopia.

In this study the net basin supply of Lake Tanpredicted for different scenarios of climate change
for three time windows: 2010-2039, 2040-2069 an@d(2P099. Net basin supply is the sum of all
inflow to the lake and lake precipitation minus dakvaporation. Among the different GCMs the
HadCM3 model is selected for this study since thualehis widely used for climate change impact
assessment. But the model output has coarse spasalution for this reason the statistical
downscaling model (SDSM) is applied to downscalke thimate variables to a finer resolution to
match with hydrological modelling. For the SDSM tB8 years historic data of maximum and
minimum daily temperature and rainfall of the thetations (Bahir Dar, Gonder and Debre Markos)
were used. The downscaled data are used in hydcalogodel to forecast the inflow to the lake.
Lake evaporation and lake precipitation are estwhditased on the downscaled climate data of Bahir
Dar and Gonder stations as well.

The result of downscaling in the baseline periodwsh maximum temperature and the minimum

temperature have better agreement with the obseesdts than the precipitation. The simulation of

precipitation though showed a relatively lesseeagrent as compared to the maximum and minimum
temperature due to the fact that precipitationhis tonditional process. Conditional process like
precipitation is dependant on other intermediategsses like on the occurrence of humidity, cloud
cover, and wet day occurrence. Unconditional pretike temperature; however, are not regulated by
other intermediate process. In addition local terapee are largely determined by regional forcing

whereas precipitation series display more “noig#sig from local factor. Hence larger differences

can be observed in precipitation ensemble membarsthat of temperature.

The result of downscaling in the future scenarioiqukindicates that the maximum temperature,
minimum temperature and precipitation are incrgasirthe future times. As a result the mean annual
lake precipitation, lake evaporation and inflowthe lake in the future period are higher than im th
baseline period. But the increase in lake evapmmat obscured by the increase in lake precipitatio
and inflow, therefore the mean annual net basiplgughows an increasing trend in the future time.

Key words: climate change; downscaling; Lake Tared;basin supply
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ASSESSMENT OF CLIMATE CHANGE IMPACT ON THE NET BASIN SUPPLY OF LAKE TANA WATER BALANCE

1. Introduction

1.1. Background

Water is the most important natural resource regufor the survival of most living species. With
respect to the increasing demand of water duecteasing population its availability is limited and

is not equally distributed. Therefore proper watsource management is essential to achieve the
current demand and for sustainable utilizationrdase population, rapid urbanization, and climate
change causes water resource planning and managémeoming difficult in the 21 century.
Among these difficulties the impact of climate cbaron the water resource is a concern to decision
makers because of its impact on the water reso@ig@ate change in a region causes the change in
the hydrologic cycle especially the rainfall-runaflationship and thus could result unexpected
flooding and drying of stream flow (Kim and Kaluehghi, 2008).

A human activity like fossil fuels and land covdrange cause atmospheric concentration of green
house gases and causes climate change. Some stdigedes that the mean annual global surface
temperature has increased by 0.3-6since the late f9century and it is expected to further
increase by 1-3.%C over the next 100 years. Such changes in thatdimill have significant impact

on local and regional hydrologic regimes, whichlwil turn affect the ecological, social and
economical system. Nevertheless, substantial éiffees are observed in the regional change in
climate compared to global mean change (Dibike@oulibaly, 2005).

Climate change has already become a global isshiehweeds to turn the minds of every one caring
for the future. As it is know, climate change havsignificant impact on the sea level rise, meltihg
glaciers and also expected to have adverse impattieooverall air quality, agriculture, forestrydan
biodiversity. Despite its global impact the climateange has also an impact on the individual nation
In developing countries like Ethiopia the main s@uof the economy is agriculture. Therefore the
variability of the climate has a significant impamh the overall productivity. In addition to this
climate variability and shortage of irrigable laralses a recurrent drought in the country. LakeaTan
basin is one of the parts of Ethiopia which hagtsige of natural resources such as vegetation, soil
and water due to increasing demand of irrigablé lanincreasing population and lack of water shed
management. These increasing demand of the natesalrces together with climate variability
makes the condition challenging. Taking active rmeaso understand ecohydrological system of the
Lake Tana basin and the impact of climate changd®mvater resource will require detailed study.
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1.2. Research problem

In a country like Ethiopia, where agriculture i€ timain source of the economy as well as ensures the
well being of the people, the water resource isegassential. However, unless the water resource is
utilized with a balanced approach of the supply dechand, its sustainability will become in danger.
Therefore proper planning of water resources dgwveémt as well as the utilization based on climate
change impact is very essential. Despite the sagmif importance of Lake Tana and Lake Tana basin
for the national income and for the survival of ge®ple around only little is done in this regard.

For Lake Tana basin variation in climate plays adieater control on lake hydrology than human
impact of local forces such as deforestation anerdion of irrigation during the last century. The
basin is characterised by limited knowledge on gdadlogy. There is a fluctuation of seasonal and
annual flow and in some basins there is a dedfirdry season flow across the basin (Kebede et al.,
2006). This is mainly driven by impact of erratimdaunpredictable changes in climate variables. This
unpredictable climate causes famine due to recudeught and lack of advanced water structure.
Then studying the impact of climate change on dygon is very crucial to take adaptation measure.

The Lake Tana basin is exposed and more sensitivdirhate variability. At national level, the
Ethiopian government is implementing a policy ainmadimproving food security which includes
greater utilization of the basin water. For thisgmse some of the water resource projects are under
implementation and the other are under study, but tlimate change will affect the situation not
clear. When the rainfall increases there may befitsrfor crop yields but there may also be baldnce
by increase variability, soil erosion and siltatiohdams due to higher rainfall intensities while a
rainfall decrease will cause food security to detete.

1.3.  Objective of the study

In this study the general circulation model (GCMitput of HadCM3 to predict the future climate
variables and statistical downscaling model (SDSM)change the coarse resolution of climate
variables to the finer scale are used to estinfegtduture lake water balance.

The general objective of this study is to asses<limate change impact on net basin supply of Lake
Tana Water balance.
Specific objectives of this study are:

* To compare the HadCM3 output of maximum air temjpeea minimum air temperature and

rainfall with observed trends from the weatheristatecords.

* To determine the impact of climate change on thdasin supply of Lake Tana.

* To determine the future lake evaporation.

* To determine the future lake precipitation.
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1.4. Research questions

e Is there any trend in maximum temperature, mininmperature and rainfall between
the years 1960 and 2007?

« What is the significance of climate change on lekaporation?

* How does climate change affect the net basin supilyake Tana?

¢ What is the impact of climate change on lake araiafall?

1.5. Research hypothesis

< Due to climate change there is an increasing tiemginimum and maximum temperature.

« The net basin supply of the lake increase dueitimaté change.

« The GCM and statistical downscaling methods witaately estimate the impact of climate
change on the net basin supply of Lake Tana watanbe.
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2. Description of the Study area

2.1. General

Lake Tana occupies the largest depression in thifian plateau. The lake is shallow and fresh
water, with weak seasonal stratification. Lake Tanthe source of the Blue Nile River and has altot
drainage area of approximately 16008kof which the lake covers 3,060kat an elevation of 1784
m. The maximum depth of the lake is 14 metres tmthean depth is 9 metres. The lake is located in
north-west highlands at 1B0’'N, 37°15’E which is 564 km from the capital Addis Ababa.
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Figure 2-1: Location of the study area (Lake Thasin)

2.1.1. Topography

The lake catchment has the minimum elevation o#41m8at Dembia and Fogera flood plain to the
North and East side of the Lake Tana respectivety & the north of Gilgel Abbay catchment. The
Fogera flood plain is approximately bounded by L&kea, the Gumara and Ribb rivers and the Bahir
Dar to Gonder road. River flow coming from the suriding 13 small rivers flows to the flood plain
are the main causes of the flooding, in additiorflbods caused by the over flow of Ribb and
Gumara rivers (SMEC, 2007). Maximum elevation 0094n is located in the east of Lake Tana at
the boundary of Ribb catchment. The catchment &ragtierised by undulating topography in the
upper parts of the catchment and gentle topograpliye lower part. The average elevation of the
catchment is 2946 m.
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2.1.2. Land cover

The land cover of the Lake Tana catchment is dladsin to four major parts namely cropland, urban
area, and forest and water body. From the tota @fe 3, 0.14 and 20% are covered by cropland,
forest, urban area and water body respectivelys Shows that most of the area is covered by the
cropland and the percentage of forest is low.
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Figure 2-2: Land cover of Lake Tana catchment

2.1.3. Climate

The climate of the study area varies from humicemi arid. Most precipitation occurs in the wet
season (June to September) and the remaining fiedicip occurs in the dry seasons (October to
February) and in the mild season (March to May).

The annual average daily maximum and minimum teeatpeg of Bahir Dar station (1961-2007) is
26.7°C and 11.7°C and for Gonder station it is 2626 and 13.1°C respectively. The mean annual
relative humidity based on the Bahir Dar statiod9@-2007) data is 58 %. The seasonal variation of
temperature is between 3 to°® from the warmest month and the coolest montlsuimmer, peak
temperature is reduced because of rainfall anddslouhile the highest temperature normally is
expected in (April and May). The range of elevatwithin the basin is from 1784 to 4109 m and it
has the major impact both on the climate and theamuactivity. On average the temperature falls by
5.8°C for every 1000 metres increase in elevation (Gom&000).
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2.1.4. Hydrology of the basin

Lake Tana has more than 40 tributaries but the miaflows to the lake are Gilgel Abbay, Koga and
Kelti from the south, Gumara and Ribb from east Kedjech from the north. The total inflow to the
Lake Tana is the sum of the guaged and unguagkahinThe gauged inflow is estimated based on
the actual river discharge data that was collefrtad the Ministry of Water Resource during thediel
work and the unguaged river discharge is forecasyecbnceptual HBV model. The model structure
and the input data required to forecast the digdsaare described in section 4.5.

The mean annual lake precipitation based on Bahirstation from 1961-2007 data is estimated to be
1453 mm and the mean annual surface water inflemfi997 to 2006 period is 1961 mm. The
contribution of gauged rivers is 63 % of the tatdllow to the Lake Tana and the rest 37 % is codere

by the unguaged catchments (see Table 2-1)

Table 2-1: Inflow of gauged and Ungauged Riverkake Tana water balance (1997-2006)

Inflow Inflow
No Guaged River (mm/year) No Unguaged River (mml/year)
1 Gilgel Abbay 562 1 Unguaged Gillgel Abbay 388
2 Gumara 367 2 Unguaged Ribb 29
3 Ribb 151 3 Unguaged Megech 19
4 Megech 73 4 Unguaged Gumara 32
5 Koga 51 5 Garno 18
6 Kelti 102 6 Gemero 29
Total guaged inflow 1313 7 Gelda 59
8 Tana West 51
9 Derma 12
10 Gabi Kura 10
Total unguaged inflow 648

The water level of Lake Tana is controlled by a rnwvatcross the Blue Nile at Chara Chara,
approximately one or two km downstream from thenpaihere the river drains from the lake. The
construction of weir is completed in 1996 and iirikended to augment the dry season outflow to
supply water regularly to the hydropower plant (§as Hydropower).

2.2.  Data availability

The data required for both the hydrological model the climate change studies are collected from
Ethiopia National Meteorological Agency (ENMA), Eipian Ministry of Water Resource (EMWR)
and Bahir Dar Meteorological Agency. The major daallected are the hydrological data,
meteorological data and the GPS data for the lamdraclassification. Hydrological data are the gail
discharge records of the gauged rivers while théeanelogical data are daily record of rainfall,
maximum and minimum temperature, relative humiditind speed and sunshine hour data.
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2.2.1. Hydrological data

Measurement on the major rivers in Tana basinestaaround 1959 during the Abbay basin study
carried out by USBR (1964). In Lake Tana basindtee around 21 river gauging stations. Some of
these stations have only been in operation for atsime, while the others have a long record

(SMEC, 2007). The major rivers that have been gauge_ake Tana are: Gilgel Abbay and Koga

near Merawi, Gumara near Bahir Dar, Ribb near Adéimien and Megech near Azezo.
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Figure 2-3: Spatial distribution of meteorologieald hydrological stations

Most gauging stations have been located near the iro view of their easy accessibility. Sediment
accumulation and flooding of the river bank haveseal the major problems in the stage discharge
relation. Because of these problems some statioms son-homogeneity in the records. In order to
observe the homogeneity of the discharge the dowlales curve is made for the major rivers (see
Appendix D). The double mass curve shows therengsrisistency of flow in Gumara discharge
between 2004 and 2007. This is because of soméersuih the records and it is adjusted by
correlating the weighted precipitation and the llisge.
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Figure 2-4: DailyGilgel Abbay river discharge (1997-2006)

The gauging station of Gilgel Abbay is found at ¥tetbbay town near the Bridge of Gilgel Abbay
River on the road from Addis Ababa to Bahir DareTaily average flow of Gilgel Abbay (1997-
2006) is 56.4n{/s.

2.2.2. Rainfall data

For water balance and climate change studies tihéalladata is collected from 12 meteorological
stations. Most stations are distributed aroundstiighern and eastern part of the Lake Tana basin in
which major catchments are located. In the wegtarhthe spatial distribution is less.

The available records of all meteorological da&\dsually checked to see the outliers and most of
these appeared to be simple typing error. Themeeftasistency checks were carried out using double
mass analysis (see Appendix E). The base statied imsdouble mass analysis is Bahir Dar. This
station has relatively long and complete records their data quality is considered acceptable. The

consistency check indicates that there is no st problem in the rainfall records of all the
station.

The mean annual rainfall map over the basin isutaled using the annual rainfall depth of the 12
stations (1997-2006) using inverse distance weighiiterpolation in ILWIS and it shows that the
rainfall distribution is decreases from the southitte north. The mean annual rainfall of the basin

1624 mm. The maximum annual average rainfall @72dm is observed at Gundil station while the
minimum of 1140 mm at Gonder station.
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Figure 2-6: mean annual rainfall of the Lake Taatzlement (1997-2006)

2.2.3. Evaporation data

The FAO Penman-Monteith method is found to be biétéor estimation evapotranspiration from the
reference surface under any climatic condition asals sufficient climatic data is available. The
reference surface is a hypothetical reference writip an assumed crop height of 0.12 m, a fixed
surface resistance of 70 s m-1 and an albedo &. O.Be reference surface closely resembles an
extensive surface of green grass of uniform heigttively growing, completely shading the ground
and with adequate water. The fixed surface registaf 70 s m implies a moderately dry soil surface
resulting from about a weekly irrigation frequer{éylen et al., 1998).
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This method requires daily records of maximum terafure, minimum temperature, relative
humidity, wind speed and sunshine hours. ThereBaieir Dar, Gonder, Debre Tabour and Dangila
stations are selected for this study because aifadoility of sufficient records from 1997-2006 for

estimation of evaporation.
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Figure 2-7: mean annual Penman-Monteith referemaparation of Lake Tana catchment (1997-
2006)

The mean annual reference evaporation map of tsie Eamade using the climate data of the above 4
stations from 1997-2006 using the inverse distamterpolation in ILWIS. The mean annual
reference evaporation is low in the southern anstega part of the Lake Tana basin while the
reference evaporation is high in the northern gdre mean yearly reference evaporation within these
periods are 1356 mm, 1561 mm, 1265 mm and 1294 asacbon Bahir Dar, Gonder, Debre Tabour
and Dangila station respectively. The highest ekatpmn is estimated at Gonder station while the
lowest is estimated at Debre Tabour station.

The average monthly reference evaporation alscates that the highest evaporation is observed at
Gonder stations while at Debre Tabour station tregperation is low. Seasonally maximum reference

evaporation is observed in the March, April and Mbay in the wet season (June, July and August)
the evaporation has the lowest record.

Solar radiation is the main driving force for evegtmn. High temperature results an increase of
evaporation while low temperature reduces the evdjom despite the wind speed, humidity and
other climate factors also have the impact. Topglyyaof the catchment has an influence in the
evaporation. At higher elevation the temperatutgigher than the lower elevation area. Therefoee th
evaporation is maximum at high elevation than loglervation area.

11
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Figure 2-10: Monthly average reference evaporgtl®97-2006)

In Lake Tana basin the highest maximum monthly &mfure of 32C is observed in May 2003 at
Gonder station while the lowest monthly maximum genature of 17C is observed in July 1999.
The mean monthly maximum temperature of ZIL327.4°C, 25.2°C and 22.2C are observed at
Bahir Dar, Gonder, Dangila and Debre Tabour statimspectively. The trend indicates that the
highest monthly maximum temperature is observedViarch, April and May and the lowest
maximum temperature is observed in the wet seaktimeoyear (June, July, August and September)
because of rainfall, cloudy condition and energgau®r evapotranspiration.

The highest monthly minimum temperature of°C8is also observed at Gonder station in May 2003
while the lowest monthly minimum temperature of 334is observed in January 2001 at Dangila
station. In March, April and May the minimum temgierre shows an increasing trend while in the
month of December, January and February, which pgn¢ of the dry season, the minimum
temperature shows the lowest trend in the anapgsied.
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3. Literature review

3.1. Climate scenarios

A climate scenario is a reasonable prediction efftliure climate change. There are different clenat
scenarios used for climate change studies, amosm synthetic scenario, analogue scenario and
scenario based on general circulation model owtprithe most widely used.

In a synthetic scenario the future temperature thed precipitation is changed by a realistic but
arbitrarily chosen value. It is most widely useddaploring system sensitivity prior to the apptioa

of more credible, and model based scenario. Anaaggenario is based on identifying recorded
climate region which may have the same record efftliure climate in a given region. But this

scenario has its own drawback for climate changesasnent because it is difficult to get climateadat

in the present which will have the similar recordthe future. Scenarios from general circulation
model outputs is different from the others sincésia numerical model which represents physical
processes in the atmosphere, ocean and land sfaocgodelling the response of global climate
system to increasing green house gas concentrgtarter, 2007).

For this study the model is selected based ondlfmnfing criteria:
e The model should be consistent in global projection
e The model should be physically plausible
« The model should be easily available and
¢ The model should be representative

Most GCM outputs are able to simulate the global eantinental climate processes in detail and
gives accurate climate prediction in the futureb{ké and Coulibaly, 2005). The GCM is a coarser
resolution and correctly model smoothly varyinddgesuch as surface pressure and temperature but
unlikely these models properly simulate non smawgHields such as precipitation (Mujumdar, 2008).
The scenario based on the GCM output is selectedhfs study since it has firm physical bases,
easily available and it is physically plausible.

3.2. General circulation model (GCM)

The Intergovernmental Panel on Climate Change (JPdEa distribution centre (DDC) have seven
general circulation modelling centres for gettirgjlyl climate variable for climate change studies .
Each model has a unique approach to modelling theswlex systems, differing in their levels of
resolution and degree of specificity. Very rece@\B are coupled models that include four principal
components: atmosphere, ocean, and land surfacesemdce. The GCM uses the future forcing
scenarios to produce the range of the climate ahahije selection of each model for a particular
climate change study depends on time of the modetldpment, the resolution of the model, the
validity of the model, the representativeness efrttodel output and the availability of the model.
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Table 3-1: Coupled atmospheric general circulatimuels for which climate change simulation held
by IPCC Data Distribution centre (Carter, 2007).

Modelling centre Country models

Common wealth scientific and industrial research Australia CSIRO-MK2
organisation(CSIRO)

Max Planck Institute for Meteorology Germany ECHAM4/OPYC and
EPHAM3/LSG

Hadley centre for climate prediction and research UK HadCM2&HadCM3

Canadian centre for climate modelling and Canada CGCM1&CGCM2

analysis (CCCMA)

Geophysical fluid dynamic laboratory(GFDL) USA GER15&GFDL- R30

National centre for atmospheric research(NCAR) USA NCAR DOE-PCM

Centre for climate research studies (CCSR) and  Japan CCSR-NIES

national institute for environmental studies (NIES)

HadCM3 is a coupled atmospheric-ocean GCM develogtethe Hadley Centre of the United
Kingdom National Meteorological Service that stisdidimate variability and change. The model
includes different land cover classification, dayers and detail evapotranspiration function (FRalm
et. al., 2004).

The atmospheric component of the model has 19dewéh a horizontal resolution of 2.fatitude
and 3.75 longitude. The ocean component of the model hds\&fs with horizontal resolution 1.25
latitude and 1.25ongitude.

3.3. Emission scenarios

Emission scenarios are based on prediction of plesgopulation growth, economic development and
the available energy utilization in the future vabrits major aim is to identify the future enviroent
related with the production of greenhouse gasese®an the IPCC Special Report on the Emission
Scenarios (SRES) Al, A2, B1 and B2 are the fouromajnissions to indicate the future increase of
green house gases and aerosol concentration.

In Al scenario the global population become 8.lidilin the mid-century and reduced to 7 billion by
2100. A1 emission scenarios are further classified A1F1, A1T and A1B based on the alternative
energy requirement. In A2 emission scenario theufadjpn by 2100 become 15 billions and
technology become slower than other scenario. IneBilssion scenario the population growth is
almost similar to the Al scenario but the technigl@lgchange is more on the social service and
information. The population growth in B2 emissiocesario less than A2 and the there is also

16



ASSESSMENT OF CLIMATE CHANGE IMPACT ON THE NET BASIN SUPPLY OF LAKE TANA WATER BALANCE

intermediate economic growth as compared to otlmeisston scenarios. In addition to this the
scenario focuses on the environmental protecti@mét, 2007).

The IPCC recommends the use of A2 (high emissiom) B2 (medium-low emission) for inter-
comparison studies because the computing cost tiieakscenarios in GCM is too expensive. These
two scenarios are the only one that was commolfi @GMs. The fact that the inter-model variability
higher than the inter-scenario variability also mos the choice of those two scenarios being
adequate (Menzel and Birger, 2002).

3.4. Downscaling methods and tools

GCM were not designed for climate change impadalistuand do not provide a direct estimation of
hydrological response to climate change. Thereforelimate change impact studies, hydrological
models are needed to simulate sub grid scale phamaniHowever, such hydrological model requires
input data (such as precipitation) at similar stid gcale, which has to be provided by converthmy t
GCM output into at least a reliable daily rainfadiries at the selected watershed scale. The method
used to convert GCM output in to local meteorolagicariables required for reliable hydrological
modelling are usually referred to as ‘downscaliteghniques (Dibike and Coulibaly, 2005).There are
two categories of climate downscaling namely dymamhbwnscaling and statistical downscaling.
They are described in the next sections.

3.4.1. Statistical downscaling

Statistical downscaling is used to relating theydascale atmospheric predictor variables to finer
resolution meteorological series which could beduas input to hydrological models (Dibike and
Coulibaly, 2005).

Statistical downscaling model requires the avdilgbdf long and homogeneous data series but the
computational resource needed are small. One obak& advantages of the model is that they are
computationally inexpensive and it can easily applydifferent GCM experiment (Wilby et al.,
2004). In SDSM the multiple linear relations deweld between the predictors and the actual
meteorological data (predictand) for the currenidition is applicable for future climate that esist
under different forcing conditions. The limitatiof the SDSM is it requires long time series climate
data which may not be readily available in remotecomplex topographic regions. The other
limitation of the model is that since it is empaicbased method then it does not consider any
systematic change in the regional forcing cond#tionfeedback processes.

A diverse range of statistical downscaling techagjhave been developed over the past few years
and each method lies in one of the three majorgoaies namely, regression method, stochastic
weather generator and weather typing scheme.
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I. Regression method

In regression downscaling methods the predicatiradte variables) and the predictand (actual data)
are correlated with multiple linear regression eiquea As compared to other downscaling models the
regression method is easy for application and tbdaiis freely available (Dibike and Coulibaly,
2005). In regression downscaling model there istdichcorrelation between the daily global climate
variables and the precipitation then the simulaticapability of the model for precipitation is low
(Menzel and Burger, 2002).

Il. Stochastic Weather generator

Weather generators are models that replicate #isststal attributes of local climate variablesdsu

as mean and variance) but not the observed sequahewents. These models are based on
representation of precipitation occurrence on tlekdv chain approach and spell length approach. In
Markov chain approach the random process is cartstuwvhich determine the day at station as rainy
or dry based on the previous day and followinggiven probability. When the day is wet the amount
is determined from the precipitation distributiohtloat particular month from the previous record or
the amount of precipitation on the previous daysspell length approach instead of simulating
rainfall occurrence day by day, the models operateditting probability distribution to observed
relative frequencies of wet and dry spell lengthb{ke and Coulibaly, 2005). In both cases the
statistical parameters (mean and variance) exttatten the observed data at a particular station
together with some random component are used tergena similar time series of any length. In
stochastic weather generator the secondary vasiableh as wet day amount, temperature and solar
radiation are often modelled conditional on preeifidn occurrence (Wilby et al., 2004).

I11. Weather typing scheme

Weather typing scheme involves grouping local, metiegical data in relation to prevailing pattern
of atmospheric circulation. Climate change scenar® constructed either by re-sampling from the
observed data distribution (conditional on the wmton pattern produced by a GCM) or by
generating synthetic sequence of weather pattednttean re-sampling from the observed data. The
most serious limitation of the approach is thatcgiéation changes produced by changes in the
frequency of the weather patterns are seldom demsisith the changes produced by the host GCM
(Dowson & Wilby, 2007).

3.4.2. Dynamic downscaling

As it is discussed in the previous section thdsdteal downscaling model uses the coarser resmluti
climate model (GCM) in order to get catchment scelienate variables, while the dynamic
downscaling uses a finer resolution of regionamalie model (RCM) which has a horizontal
resolution of 20-50km. The SDSM is ultimately ligtdt by the assumption of temporal stationary in
the empirical relations but dynamic downscaling slodoes not have such problems. Dynamic
downscaling simulations of local climate are moteygically based than SDSM and are more
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acceptably transferable from the current to theurfutclimate. However, dynamic downscaling
simulation of the current climate has not beenmsitely tested (Hay and Clarck, 2003).

The main advantage of RCMs is that they can reseivall scale atmospheric features such as
orographic precipitation better than the GCM. Ferthore, RCMs can be used to explore the relative
significance of different external forcing such @srestrial ecosystem or atmospheric chemistry
changes (Dowson & Wilby, 2007). Even though the RGBS the advantage over the GCM in
simulating finer resolution climate variables, thaiso have their own drawback. The basic drawback
of RCM is it requires considerable computing researand it is expensive to run as the GCM (Abdo
Kedir, 2008).

3.5. Water balance models

Water balance models are classified as physicaeth, conceptual and empirical depending on the
degree of complexity and physical completenessiénférmation of the structure. Models are further
classified as lumped, semi distributed and distetduwlepending on the degree of discretization when
describing the terrain in the basin. Today mostfedli runoff models, whether physically based or
conceptual are distributed to some degree andrlaagns are regularly split into subbasins in nhode
application (Bergstrom and Graham, 1998).

Distributed model structure accounts for detailatclement characteristics (e.g. soil and land use),
process calculation and highly resolved meteorckdgiariables (e.g. precipitation). The catchment i
divided in to a number of subcatchments and eabhatahment is further divided in to a number of
grid cells. In the semi distributed model structuseb division of subcatchment in to a number of
different homogeneous zones can be accomplisheddbaa various catchment characteristics
(topographic elevation, soil type and land use).evghs in fully lumped model, the meteorological
variables, precipitation, temperature and potergialporation were assigned to each subcatchment
(Das et al., 2008).

Empirical models are based on the mathematical teopsawhich do not take into account the
physical processes and therefore are not usefulifpiementation of the appropriate model
components. Physically based model on the otherd hacorporate physical laws based on
conservation of mass, momentum and energy. In paljgibased model there is a problem of over
parameterization because different combination afameters giving equally good performance.
Besides this over parameterization effect, phyksichhsed model generally incorporate too many
process and too complex formulation at a too dedaBcale on the context of climate change.
Conceptual model usually able to capture the dotimgdoydrological process at the appropriate scale
with accompanying formulations. Therefore concelptuadel is considered as a nice compromise
between the need for simplicity on one hand andhthe for firm physical bases on the other hand
for climate change study (Booij, 2005).
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Sacramento, MIKE-SHE, Topmodel and HBV model amesof the major rainfall runoff model used
for the continuous simulation of runoff. Sacramentodel approach is a lumped conceptual model
used for the continuous stream flow simulation. Wuoelel accounts for effective rainfall, evaporation
and interception, storage of water in various zaresdischarge from these zones and water transport
in the drainage system (Rientjes, 2007). Topmaslelassified as conceptual distributed and allows
for continuous stream flow simulation. The modebnain is fully distributed and the approach is
mass conservative but applies relatively simple emtom type equivalency to simulate the stream
flow. In Topmodel approach, topography of a catchime analysed by means of a digital elevation
model to represent the topography of the catchnverib a number of rectangular grid element.
MIKE-SHE is physical based distributed catchmentelling system that is developed from 1977
onwards by the Danish Hydraulic Institute (DHI)getinstitute of Hydrology in the U.K. and the
French consulting company SOGREAH (Rientjes, 200g model process includes rainfall, canopy
interception, evapotranspiration, snow melt, ovatlfiow, channel flow, unsaturated subsurface flow
and saturated subsurface flow.

HBV model is a semi distributed conceptual hydradah model for a continuous simulation of
runoff. In the model it is possible to forecast thaoff from the individual subcatchment and adel th
contribution to get the total inflow from the catebént. When the subcatchment has a considerable
elevation difference it is divided in to differeatevation zone and each elevation zones is further
divided in to forest and non forest (SMHI, 2006).

The dominating processes of the HBV model are pition, evapotranspiration, subsurface flow
and river flow. The different subcatchments andaien zones are used to obtain appropriate spatial
scale and the simulation can be done with diffetené steps. The process of infiltration, satumatio
excess overland flow and subsurface storm flonemesented by one component called the runoff
generation routine. The advantages of HBV model (ajeit covers most of the important runoff
generating process by quite simple and robusttsires and does not requires too extensive inpat dat
(b) it accounts for topographic conditions by definelevations zones within the basin or subbasins
and (c) the model was successfully tested in differconditions in more than 40 countries
(Krysanova et al., 1999).

The other advantage of HBV model compared to dtlgdrological model for climate change study is
because of its availability and firm physical basis simulating of runoff and its application cose
basins of different climataological and geographregions ranging in size from less than 1 to more
than 40,000kmarea (Booij, 2005).
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4. Methodology

4.1. Statistical analysis of observed data

To analyze the trends of observed maximum temperatminimum temperature and rainfall data of
Bahir Dar, Gonder and Debre Markos station, statistanalyses are considered. For this study
significance testing using confidence interval$eafst square is applied for analyzing the tempesatu

and rainfall change for the time period 1961-2007vhich daily observations are available. First a

O
simple linear regression model of,=a+bx, is selected and then it is tested whetleis
significantly different from zero. In the linear awl a is the constant value of temperature or rainfall

andb is the change per year (slopé).is a year to which the output is calculated by ritedel and

O
y, is the estimated rainfall or temperature by thedr model.

The variance is calculated by:

ZLyi—(a+ bx, )JZ

N-2

=

o [4-1]

Where g = variance in (mmj for rainfall and {C)? for temperature.
y; = the observed time series data (mm for rainfadl ‘@ for temperature)

a+bx; = the output of the linear model (mm for rainfall &&ifor temperature).

N = sum of observation years from 1961 to 2007.
X; = the observed years from 1967 to 2007

From the above equation it can be shown that thesssion coefficienb will have the student-t
distribution with variance.

0.2
b =~(—)_ -
val{ ] Z Y 2 [4-2]

Based on the variance bf the t distribution table is used to define thdtiplier t for the confidence
limits for the regression coefficient under the dypesis of no climate change.
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bzﬁit,/vaﬂbi [4-3]

For t test analysis the slogk is equal to some specified valy8, (often assumed as 0). This is
because it has to be tested that there is climmage(ﬂ Z O) and the hypothesis that there is no

climate chang(—:ﬂ = O). Therefore based on this it is possible to estntla¢ current climate change

with a specified confidence interval.

4.2, General circulation model

Among the different GCMs the HadCM3 model is sadddior this study since the model is widely
used for climate change impact assessment. Betidethe model is selected due to the availability
of the downscaling models called SDSM that is usedlownscale the result of HadCM3. For
HadCM3 the model result is available for A2 and é8flission scenario, where A2 is refereed to as
medium-high emission scenario and B2 is medium-mmission scenario. For both scenarios the
ensemble members a, b, and c are available whiehtea different initial point of climate solutio
along the reference period (Hanson et al, 2004).f&uthis study the data is available for the “a”
ensembles and hence only the A2a and B2a sceraida@®nsidered.

4.3. Statistical downscaling model (SDSM)

The selected regression based method is the SD3Medeloped by Dowson and Wilbey (2007) and
it is downloaded freely from http://www.sdsm.org.ltkis a decision support tool used to assess local
climate change impacts using a statistical dowisgalechnique. The tool facilitates the rapid
development of multiple, low cost, single site soéws of daily surface weather variables under
current and future climate forcing. The model ifibrated and applied at a daily time series even
though the output is at monthly basis.

The software manages additional tasks of datatguadntrol and transformation, predicator variable
screening, automatic model calibration, statistaralysis and graphing of climate data.

4.3.1. Downloading the predictors

General circulation model (GCM) predictors are liyagbtained from the Canadian Climate Impact
Scenario Group with web address lattp://www.cics.uvic.ca/scenarios/sdsm/select.cgi/.

The predictor variables of HadCM3 are availableaagrid box by grid box basis of size 2I&titude
and 3.78 longitude. The Lake Tana basin found betweeh436 59” E to 38 14’ 32"E (average
37.488 E) and 1056’45"N to 1245'22"N (average 11.85MN). Hence the nearest grid box which
represents the study area to download the HadCM8idal2.8N and 37.8 (see Figure 4-1). The
NCEP_1961-2001 data is downloaded from the specdigd box which represents the Lake Tana
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basins. This data is used for calibration of th&sBDwith the actual maximum temperature, minimum
temperature and precipitation.
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Figure 4-1: Downloading site of Climate variable

Table 4-1: Predictor variables of the climate scErs (Dawson & Wilby, 2007)

Predictor Predictor

No variables predictor description Novariables  predictor description

1 mslpaf mean sea level pressure 14  p5zhaf 500hpa divergence

2 p_faf surface air flow strength 15  p8_faf 850hpa air flow strength

3 p_uaf surface zonal velocity 16  p8_uaf 850 hpa zonal velocity

4  p_vaf Surface merdional velocity 17  p8_vaf 850 hpa meridional velocity

5 p_zaf surface vorticity 18 p8_zaf 850 hpa vorticity

6 P_thaf surface wind direction 19 p850af 850 hpa geopotential

7  p_zhaf surface divergent 20 p8thaf 850 hpa wind direction

8 pb5_faf 500hpa airflow strength 21  p8zhaf 850hpa divergence

9 p5_uaf 500hpa zonal velocity 22 pr500af  Relative humidity at 500hpa
10 p5_vaf 500hpa merdional velocity 23  pr850af  Relative humidity at 850hpa
11  p5_zaf 500hpa vorticity 24 rhumaf Near surface relative humidity
12 p500af 500hpa geopotential height 25  shumaf  Surface specific humidity
13 pb5thaf 500hpa wind direction 26 tempaf Mean temperature at 2 metre

4.3.2. Preparation of predictands

Maximum temperature, minimum temperature and rdimécords from 1961-1990 of Bahir Dar,
Gonder and Debre Markos have been prepared fotsripuhe statistical downscaling model. In the
time series data there are some outliers, missatg @nd gap data that should be corrected before it
can be used in the model. The outliers are theegalbat highly deviate from the mean value. The
missing data and gap data are less than 1% ofothe data available from the meteorological and
hydrological stations. In order to fill data ther@ation is done with the individual station whichs

the missing and gap data and the average of thbyhstations which do not have such problem. Then
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based on the regression equation the missing andap data of the individual station is filled with
respect of the available data of the other stations

4.3.3. Model parameters

In the SDSM before doing any analysis the firsps¢efixing the model parameters which are basic to
the temperature and precipitation simulation. Maximtemperature and minimum temperature are
continuous processes while rainfall occurs in evenherefore to treat less rain days as dry days an
event threshold of 0.1 mm/day is used for predigitawhile no event threshold is required for
temperature. A statistical method is more strammérd than dynamic downscaling but tends to
underestimate variance and poorly represent extexmets. Regression method under predict climate
variability to varying degrees, since only partshe regional and local climate variability is feld to
large scale climate variations . The range of vaniaof the downscaled and daily weather parameters
can be controlled by fixing the variance inflatiorhis parameter changes the variance by adding
/subtracting equal amount applied to regressionanedtimates of the local process. Then variance
inflation of 12 prior to any model transformatiomoduces normal variance inflation for daily
temperature values, while for daily precipitatibe variance inflation of 18 is added to agree With
observed climate variables.

The choice of statistical method is to some exdietérmined by the nature of the local predictand. A
local variable that is reasonably normally disttda) such as temperature will require nothing more
complicated than multiple regression, since thgdacale climate predictors are normally disteblut
and assuming linearity of the relationship. A localriable that is highly heterogeneous and
discontinuous in space and time, such as dailyigitaton, will require a more complicated non-
linear approach or transformation of raw data tedmesistent with the large scale predicator vaeabl
Therefore the fourth root transformation is appliedhe raw data of the precipitation prior to miode
calibration.

4.3.4. Screening downscaled predicator variables

Screening is identifying the downscaled predicatetéch have high correlation with the actual
climate variable. The method correlates each pradits (observed maximum and minimum
temperature and rainfall) of Bahir Dar, Gonder &wbre Markos with the 26 NCEP downloaded
predictors data. The strength of the individualdprors varies on a month by month basis. Therefore
most appropriate combination of predictors hasdalosen by looking at the analysis output of the
twelve months. The predicators which have significeorrelation with each predictands and low
correlation with the individual predictors shoulel elected for calibration.

4.3.5. Model calibration

The calibration of the statistical downscaling nlode based on the multiple linear regressions
between the screened predictors and the predictamelve multiple linear regression equations for
each months are produced automatically betweerptbdictand and the screened predictors. For
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model calibration the predictands of daily maximtemperature, minimum temperature and rainfall
of the Bahir Dar, Debre Markos and Gonder statemesused. The calibration is done based on the 30
year actual data from 1961-1990 since this pergothe baseline period for most climate change
impact assessment.

In calibration of the SDSM the process type thaniifies the presence of the intermediate proaess i
the predictor-predictand relationship must be defirln unconditional process there is the diradt i
between the predicator and the predictand (e.gximen and minimum temperature are directly
depends on mean temperature at 2 metre heightjoriditional process, there is an intermediate
process between the predicators and the predictard, precipitation amount depends on the
occurrence of wet day, which in turn depends oulipedors of relative humidity).

In unconditional process the predictand and predictire correlated with automatic calibration
method without any intermediate process. But ind@nal process like precipitation first the daily

probability of non-zero precipitation (a wet dagy fa given day is determined with autocorrelation
before calibrating the precipitation amount. If §wecipitation has occurred the daily precipitation
amount is calculated based on the selected scrgaeeittors. Therefore unconditional process is
used for maximum and minimum temperature whileciraditional process is used for precipitation.

After calibrating the model for each station wilte tactual data the next step is checking whetteer th
model is able to reproduce the actual data or Hiois is done with two methods the first is visual
inspection of the modelled value and the actualevfilom 1961-1990 and the other is by checking the
absolute model error and variance of the modelhebthe observed data.

4.3.6. Scenario generation

For scenario generation H3A2a-1961-2099 and H3B261-P099 are downloaded from the same
web site as the NCEP data (see section 4.3.1).prédictors are the same type as the NCEP
predictors, the difference is that the NCEP predgtised for model calibration while the H3A2a and
H3B2a are used for scenario generation. The regresgeights produced during the calibration

process were applied to the time series outputeeofSCM model. This is based on the assumption
that the predictor-predictand relationships under turrent condition remain valid under future

climate conditions too.

Twenty ensembles of synthetic daily time seriea dare produced for two of the SERS scenarios for
the above future time horizons in order to increaseperformance of the model. The final product of
the SDSM downscaling method was then found by awegathe twenty independent GCM
ensembles. The differences between the 20 enserdblesot reflect the full range of internal
variability because only the stochastic componéffierd in each run. The deterministic component
(i.e. controlled by the atmospheric circulation andisture variables) follows the same evolution in
each run because only one source of predictorgileer the NCEP or HadCM3 ) variables exists in
each case (Goodess et al., 2003).
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The scenario is generated for three future timézbos, from 2011-2039, 2040-2069 and 2070-2099
and for the baseline period 1961-1990 based on Ni&#Ra and HadCM3B2a.

Table 4-2: Scenario periods

Run Start date End date
1% run 1961 1990
2" run 2010 2039
3"%run 2040 2069
4" run 2070 2099

Once the scenario data is computed in the futureoghethe monthly change of temperature and
rainfall from the baseline period for Bahir Dar, ri@er and Debre Markos stations is calculated.
These changes in temperature and relative changesaipitation are superimposed up on 30 years
climate records and used as input for hydrologicadlel. The change observed in one month is added
to every day record of the same months in the 2@syelimate data. The 30 years climate data are the
actual data of maximum temperature, minimum temntpezaand rainfall of the above three station
used for statistical downscaling model.

4.4. Lake evaporation

Open water evaporation is important for computatidrthe net basin supply of Lake Tana water
balance from 2010-2099 in future time period aranfrl961-1990 in baseline period. Open water
evaporation can be calculated with modified Penmathod based on the observation of wind speed,
sunshine hours and relative humidity and tempegatBut only the 1997-2006 climate data are
available from the meteorological office required Penman evaporation estimation. Therefore to
estimate the lake evaporation in the future timeogs temperature index methods are required of
which the Hargreaves is best known method. The fdakgs method is as follows:

ET,=0.0024T . -T,. )T, . +178)R, [4-4]

max
Where all temperatures are &€ and ET is evaporation in mm/day. The mean tenwpexais
calculated as 0.5¢E+Tmin)- Ra is the extraterrestrial short wave radiation in afey/

In order to check the accuracy of the Hargreavdasadefor open water evaporation estimation other
methods are considered and the result is compathdhwe Hargreaves method with 1997-200 climate
data. The Penman combination equation of (Maidnf983) is one of the methods for estimation of
lake evaporation provided that sufficient climateta available. The Penman combination equation is
as follow:
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Aﬁ (R 4A )+ , 643*(1+053aJ,)*D
% A+y A

E =

P [4-5]

Where: E is potential evaporation from the lake surface (dayj, R, is the net radiation exchange

for the free water surface (mm/dayh,, is energy advected to the water body (mm/d&j)is the

wind speed measured at 2 m (if),sD is the average vapour pressure deficit (kPhis the latent
heat of vaporization (MJ Kg), y is psychometric constant (kP@") and Ais the slop of saturation

vapour pressure curve (kP&™).

The mean annual lake evaporation based on thisothéth?084.9 mm. It is over estimated compared
to the lake evaporation obtained from differenti&s at the same area (see Table 5-9). The reason i
that Maidment (1993) modify the original Penman aopn for small open water bodies and it over

estimate for large lake like Lake Tana.

The modified Penman combination of (Vallet-Coulomtbal., 2001) is also tested for Lake Tana
evaporation estimation. The equation is descriletdvin

B gt
A+y A+y

E=R [4-6]

Where E is the daily evaporation rate (mm dythe net radiationR, expressed as equivalent

evaporation rate (mm dd), Ais the slope of the saturated vapour pressure catvéhe air
temperaturey is the psychometric constant , aB@ is the drying power of the air given as a daily

rate (mm day) by:
Ea = 026(1- 054U, )(e,—€) [4-7]

WhereU ,is the wind speed measurement at two metre high'l][n(ew—e) is the saturation deficit,

difference between the saturates],{ and the actualq) vapour pressure (kPa).

Both methods are the same except that the weighiraf function for estimation of the evaporation
with (Maidman, 1993) is larger than the (Vallet-Goub et al., 2001). The mean annual lake
evaporation based on this method is 1729 mm. Thléadesstimates of the Lake Tana evaporation
compared to the above method. The mean yearlydakporation with Hargreaves method is 1708
mm. Then it is possible to conclude that the Harges method also gives good result for Lake Tana
evaporation. (Gieske et al., 2008) also indicaled the Hargreaves method which is based on the
temperature measurement of Gonder and Bahir Daorstg@rovide good approximate values for open
water evaporation of Lake Tana.

The lake energy balance method is one the bestochéth inferring lake evaporation (Vallet-Coulmb
et al, 2001). The method does not require winddple¢a. The general expression for energy balance
is:
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Rn=H +AE+AS [4-8]

Where Rnis the net radiationdE is the latent heat fluxA the latent heat of vaporization in J'g
and E the evaporation rate in kg'sn?), H the sensible heat flux, anfiSthe change of energy
storage in the lake (all terms expressed in W.rihe net radiation Rn) results from the balance
short wave and long wave radiation:

Rn=R (1-a)-R, [4-9]
Where Rsthe net short is wave radiatioR, is net long wave radiation (W fiand a is the surface

albedo. In the absence of direct radiation measemgnaaily short wave radiation can be calculated
with the Angstrom formula, which relates solar editin to the extraterrestrial radiation and rekativ
sunshine duration. The Angstrom formula is as feilo

R.= (as+bs ﬂjRa [4-10]
N

Where R, is the solar radiation at the top of the atmosplfefen?), nis the actual sunshine hours

(hours), N is the maximum possible sunshine hours (howasand b, are the regression constants.

Where no actual solar radiation data are availaht&no calibration has been carried out to improve
a,and b, parameters, the valueg = 0.25 andb_,= 0.50 are usually recommended.

Lake Tana is the shallow lake and there is weakos®d variation in temperature therefore change in
storage QAS) coulde be neglected. Therefore the equation d@r8be can be simplified by introducing
bown ratio (8) to the general energy balance equation.

- R -G _
E—A(IB+1) [4-11]
ﬂ :AH_E - y[TZ _Tl + r(ZZ B Z:L)] [4_12]

€ -¢

Where T, [K] and e, [mbar] are air temperature and vapour pressureighhz, [m] and T, [K] and

e,[mbar] are the temperature and vapour pressureightz,[m], y is the psychometric constant

[mbar K] and I is adiabatic lapse rate, generally taken as 0.0665K™ can be neglected if the
distance between the Bown ratio measurement heigliess than 2m. So the final equation for the
bown ration from field measurement is:

H_ [T,-T]
B=—=y—>—* [4-13]
AE e,—e

Since | do not have sufficient water surface terapge data of the Lake Tana it is difficult to
calculate the evaporation with the energy balanethad. But the annual Lake evaporation estimated
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by Alebachw (2009) by energy balance method consigedifferent albedo for each month is
1818.08mm/ year. This result also comparable tdake evaporation estimated by the Hargreaves
method earlier.

Therefore the evaporation from 2010-2039, 2040-201&9 2070-2099 is calculated using Hargreaves
by the downscaled maximum and minimum temperatord3ahir Dar and Gonder station while the
1961-1990 evaporation is calculated by the obsedatd. The weight of each station for lake
evaporation is computed by inverse distance weaightiethod. Bahir Dar has a weight of 0.60 and
Gonder has a weight of 0.4 for the estimation lak@poration. Then the lake evaporation is
calculated by multiplying the evaporation of eadhtisn with the weight calculated by inverse
distance interpolation method.
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Figure 4-2: Methodology of statistical downscalmgdel
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4.5, HBV model

4.5.1. HBV model structure

Among different hydrological models HBV-96 modekislected since it is applicable for climate
change impact assessment. The model is semi ditetdlzonceptual hydrological model which
simulates runoff based on daily precipitation, glallean temperature and a long term monthly
potential evapotranspiration.

EA/EP
A
1 Rainfall
Evapo
transpiration 3
S, Soil box
EA =[%)EP if SM<LP M
EA=EP if SMzLP
Qf_"?\ Weight on Q
Hi
ick "
.
huzsiq Mz > lime
- MAXBAS Upper
0, =K| Nz Capillary flux= CFLUX( ite ] Iespanse box
4 (_)ﬂ 7 T P Lower
FC Percolation = PER F—CJ response box
. KHQ la ruﬂoff
= HQ" Quz =K Ay, R’\Ve'
VARIABLES PARAMETERS
R Recharge FC Maximum soil moisture storage
P Rainfall LP Limit for potential evapotranspiration
SM  Soil moisture storage B Soil routine parameter
EP  Potential evapotranspiration KHQ Recession at HQ
EA  Actual evapotranspiration HQ Half of mean annual flood
hyz  Storage in upper response box oK, Recession parameters
h;,  Storage in lower response box hyz g by, level at HQ
Qyz  Runoff from upper response box PERC Percolation rate
Q7  Runoff from lower response box CFLUX Capillary flux rate
Q River runoff MAXBAS  Routing parameter

Figure 4-3: Schematic representation of HBV-96 nh¢8eibert, 2002)

The Lake Tana basin is divided into 10 major subizaand each subbasin is further divided in
different elevation zones in order to consider #ffect of elevation on temperature and rainfall
estimation. The HBV model have precipitation andvsnroutine, the soil moisture accounting
routine, the runoff generation routines and thedfarmation function.

Actual evapotranspiration (EA) was computed asretion of soil moisture condition and potential
evapotranspiration (EP). When the soil moistureeered the storage threshold (LP), water would
evaporate at the potential rate. At the lower suilsture value a linear relationship between thie ra
EP/EA and the soil moisture was used. The gen&sedge variable (S) was formed by soil moisture
storage (SM) and the storage in the upper and loesponse boxes respectively Aland hy).
Recharge to ground water was calculated througbndinear relationship between the ratio R/P and

30



ASSESSMENT OF CLIMATE CHANGE IMPACT ON THE NET BASIN SUPPLY OF LAKE TANA WATER BALANCE

the soil moisture. The runoff generation routinghs# catchment was described by the outflow from
the upper non linear reservoir (£) while the base flow (Q) was governed from the lower response
box which is filled by the percolation from the @ppesponse box. Runoff from the catchment (Q)
was given by the sum of the outflow from the twsp@nse boxes.

4.5.2. HBV model inputs

The inputs for HBV model consists of daily rainfaltemperature, estimates of potential
evapotranspiration and catchment characteristitiseoérea.

I. Areal rainfall

12 stations in and around the Lake Tana basinKgpee 2-3) are selected for the computation of the
areal rainfall for the each subbasins. The araafathis computed by multiplying rainfall in each
station by a weight which is computed by inversstatice weighting. This method was chosen
because it takes in to account the rainfall distidn of every rainfall station. The rainfall stats
nearer to the interpolated point have the greatEght than the stations farther apart. The inverse
distance weighting method is given byequation [#-14

$ 1o

p=12 nd‘ [4-14]
Zi
= d"
Where:

p = estimated areal average rainfall

P.= rainfall at the station

di= distance of the station from the region centre
m= distance weight

n= number of meteorological stations.

1. Catchment data

The HBV model is a semi distributed model. Therefar digital elevation map of the area was
prepared from SRTM with the resolution of 90 m fbe delineation of the lake catchment. The
catchment area and the drainage network of thehwetot are extracted with the DEM hydro
processing tool in the Integrated Land and Watdorination System (ILWIS) software. The
catchment area is divided in to 10 major subcatctisnand it is further divided in to different
elevation zones of 100 metre interval. Among thHecatchments Gilgel Abbay, Ribb, Gumra, Garno,
Gumero, Megech and Gelda are partly gauged while Kara, Derma and Tana West are unguaged
catchments. The unguaged catchments contribute dDthe total area of the catchment and the rest
is covered by gauged catchments. The Gilgel Abladgheent includes the main Gilgel Abbay and a
number of tributaries such as Koga and Kelti. Theg& confluences with the Gilgel Abbay
downstream of Merawi and the Kelti confluencesHartdownstream.
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Figure 4-4: Major subcatchments of Lake Tana basin

Table 4-3: Catchment area of Lake Tana basin

1420000

1350000

1280000

1210000

Sub catchment

Gauging location

Gauged Unguaged

Total area of the

area (kM)  area (km) catchment (k)
Gilgel Abbay Near Merawi 2562.7 1991 4553.7
Gumara Near Bahirdar 1280.6 517.3 1797.9
Ribb Near Addis Zemen 1301.8 711.5 2013.3
Megech Near Azezo 513.3 462.3 975.6
Garno Near Enfranze 97.4 256.5 353.9
Gemero Near Maksegnit 165.1 389.9 555
Gelda Near Ambesame 27 356.1 383.1
Tana West Unguaged 610.6 610.6
Gabi Kura Unguaged 382.5 382.5
Derma Unguaged 376 376
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[11. Evapotranspiration

The model uses monthly potential evapotranspiratieninput. Therefore the data of Bahir Dar,
Gonder, Debre Tabour and Dangila are selected stmation of evapotranspiration due to the
availability of sufficient climatic data. The FAGeRman-Monteith method is applied for estimation of
reference evapotranspiration since sufficient demdata are available from the above stations. The
weighted evapotranspiration in each basin is estichby multiplying the evapotranspiration with the

weight of the station computed by inverse distamegyhting.

0408A(R,-G)+y— 2 u,(e,-e,)
ET = T +273
(o]
A+ y(1+ 034u,)
Where;

ET , = reference evapotranspiration [mm dhy
R, = net radiation [MJ A day']
G = soil heat flux [MJ M day’]
T = mean air temperatuf€]

u,= wind speed at 2 metre height [fhs

e, = actual vapour pressure [kpa]
e, = saturation vapour pressure [kpa]
e,—e, = saturation vapour pressure deficit [kpa]

A = slope vapour pressure curve [Kpd]
y = psychometric constant [Ki@"]

Table 4-4: Monthly reference evapotranspiration (month)

Moths Bahir Dar Gonder Debre Tabour Dangila
January 101.3 114.0 106.7 103.5
February 113.0 123.2 114.2 1134
March 136.2 144.0 130.0 133.8
April 140.5 147.0 121.0 137.3
May 136.1 142.6 119.9 131.5
June 112.5 107.8 88.9 94.2
July 92.9 85.7 79.2 84.9
August 92.3 87.7 84.5 84.3
September 102.9 105.5 89.5 94.3
October 114.2 116.6 96.4 92.6
November 105.7 105.0 94.9 93.0
December 102.4 105.4 104.4 96.3

[4-15]
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1V. Land cover data

The land cover is further reclassified for eachvafi®n zone according to the type required by the
HBV model. The HBV model requires forest, non foregaciers and lake. But in this study only

forest and non forest are considered because #leeegland the water bodies are almost negligible in
the elevation zones of the subcatchments. Baseitheotand cover data and the Penman-Monteith
reference evaporation, the HBV model calculatespbintial evaporation of the catchment. The
actual evaporation is then calculated based ormptiential evapotranspiration, the parameter called
limit of potential evaporation and the moisture temn of the soil.

4.5.3. Objective function

The goodness of fit of the model to the observesthdirge is estimated by two methods, relative
volume error and Nash-Sutcliffe coefficient whicte aepresented by equation [4.10] and [4.11]
respectively.

The relative volume error of 0 indicates as ther@md change between the observed and simulated
discharge. But it is difficult to conclude the pmrhance of the model by estimating relative volume
error only because there may be a small valuelafive volume error with wrong distribution of the
observed and simulated discharge. Therefore anpréormance indicator is essential together with
the relative volume error in order to accuratelyedaine the model performance. The relative error
less than +5 % or -5% indicates that the modelopar$ well and a relative volume error between +5
% to +10 % and -5 % to -10 % indicates the modaeliikin reasonable performance.

Zn: ng_i Qobs

RVE = 12— x100 [4-16]

Z Qobs

Where: RVE = relative volume erroQ y,,=simulated flow andQ,, .= observed flow

obs

Nash-Sutcliffe coefficient is the other performaiugicator used to assess the predictive powenef t
hydrological model.

R2 = Z(Qobs_ @)2 _Z(Sizm_ QObS)Z [4-17]
Z(Qobs_ Qobs)

Where: B= Nash-Sutcliffe coefficientQ

= the observed discharg€) .= mean of observed

obs obs

discharge and,, is the simulated discharge.

The perfect model would result in arf Bqual to 1. However, normally’Rends up somewhere
between 0.8 and 0.95, this is only the case whed goality input data is available (SMHI, 2006).
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45.4. Validation

For this study the calibrated parameters of gawgéchment are taken from Abeyou (2008). But the
hydrological model should be validated against paselent data set which is not used during
calibration period to test the model simulation aapty. For validation of the model 12 rainfall
stations and 4 evaporation and temperature statlates are used. The model is validated with the
daily discharge data (2004-2007) of Gilgel abbayg&, Megech, Gumara and Rib.

Table 4-5: Calibrated model parameters of gaugéchment (Abeyou, 2008)

Parameters Ribb Gumara  Gilgel Abbay Koga Megech tiKel
Alfa 0.5 0.5 1 0.5 0.9 1
Beta 1.8 1 2 1 1 1

Fc 150 100 200 1000 800 1100
Hqg 2.64 6.76 7.33 5.96 4.57 4.55
K4 0.006 0.02 0.02 0.007 0.01 0.002
KHQ 0.62 1 0.95 0.42 0.38 0.24
LP 0.62 1 0.95 0.42 0.38 0.24
PERC 0.26 0.65 0.52 1 0.1 0.4

4.5.5. Parameterization of unguaged catchment

Several methods are available to determine the hqpatameters of unguaged catchments. These
include the application of the spatial proximityetarea ratio and the regional calibration metfite.
regional calibration method developed by Abeyo00@ for Lake Tana unguaged catchments is
adapted for this study since the method is mosiliel and widely used for estimation of unguaged
catchment model parameters. The method correldtescalibrated model parameters and the
catchment characteristic of the gauged catchmersisig those catchment characteristics which are
highly correlated with the model parameters of galgatchments, the multiple linear regression
models are established. Therefore the model paeasef the unguaged catchments are determined
using the established linear regression model basedatchment characteristics. The catchments
characteristics of unguaged catchments and thegsign models are available in the Appendix C and
D.
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Table 4-6: Model parameters of Unguaged catchn{aftesr Abeyou, 2008)

catchment Alfa Beta FC Hq K4 KHQ LP PERC
Unguaged Gilgel Abbay 1.29 260 432 8.21 0.013 ®.07 1.00 0.550
Unguaged Megech 1.00 1.27 1408 4.98 0.004 0.103 2 0.3 0.234
Unguaged Ribb 0.74 136 1101 3.80 0.025  0.093 0.270.086
Unguaged Gumara 1.00 1.28 1401 4.32 0.004 0.126 9 0.2 0.414
Gumero 0.83 1.18 1163 2.03 0.018 0.102 0.20 0.157
Garno 0.86 0.89 1143 2.98 0.07 0.100 0.16 0.06
Gelda 0.9 1.00 800 3.00 0.01 0.100 0.38 0.100
Derma 0.98 1.10 1381 2.20 0.02 0.103 0.13 0.120
Gabikura 111 126 1572 3.02 0.003 0.106 0.166 0.16
Tana West 0.63 1.14 977 3.49 0.037 0.114 0.317 40.34

4.6. Net basin supply of Lake Tana water balance

The net basin supply (N) is the major part of tlakd. Tana water balance and it is estimated by the
lake precipitation, lake evaporation and the inflovthe lake (see equation 4.12).

N=p-E+3n
A

(]

Where:

P = precipitation of the Lake Tana (mm/day)
E = evaporation of the Lake Tana (mm/day)

Q,, = the inflow to Lake Tana (ifs)

A, = surface area of the lake (Rm

[4-18]

No lake outflow data is used for the computationthaf net basin supply because it is estimated only
by the lake precipitation; lake evaporation anditifeow to the lake. The unit of inflow component
should be consistent with the precipitation and @liaporation. Therefore the inflow to the lake is

multiplied by the factor 86.4 to converfisito mm/day.

The net basin supply is calculated for the basediereod (1961-1990) and three future periods each
covering non overlapping 30 years. These periods2@10-2039, 2040-2069 and 2070-2099. The
calibrated and validated HBV model is used for ¢asting the inflow to the lake. The inputs of the
model are the downscaled maximum temperature, romintemperature and precipitation. The
evaporation used for the model is also calculatenh fthe downscaled temperature. The total inflow
to the lake is the sum of the inflows from eachcaibthment. The inflow from each subcatchment is
computed based on the Bahir Dar, Gonder and Debagkd# precipitation, temperature and
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evapotranspiration. The weight of each statiorhtodatchment is calculated by the inverse distance
weighting method. The lake evaporation and lakeipitation is calculated by the Bahir Dar and
Gonder climatic data as well.

It is very essential to estimate the lake surfaea #or computation of the net inflow to the lakKe.
estimate the lake area it is necessary to anahsehanges with respect to volume of the lake and
elevation of the lake. For this purpose the bathyimesurvey done by Kaba Ayana (2007) is
considered to get the relation of the lake surfaea and lake elevation with the volume of the lake
The Bathymetry done by Kaba Ayana (2007) is furttieveloped by Abeyou (2008) by increasing
additional data set in the lake not covered by KAgana (2007) to increase the accuracy of the
interpolation. The interpolation result of bathymesurvey is as follow:

Polynomial fitted bathymetry by Abeyou (2008)

E=121*10"°V 10210V %462* 10V +177463 [4-19]
A= 793*10™V-581*10°V 2+ 165* 107V +114751 [4-20]
3500 1765
Abeyou (2008) A-V Abeyou (2008) E-V
3000 + 1770
11775 Cg‘
NE 2500 - g
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< 2000 | EE
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1500 1 + 179
1000 1795
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Figure 4-5: Elevation-volume and area-volume retabf Lake Tana

Based on the Elevation-volume and area-volumeiogistiip the elevation-area relation of the Lake
Tana is derived which is very essential to knowrtlation of the lake area with change in depth.
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Figure 4-6: Elevation-area ratio of Lake Tana

The elevation-area relation indicates that theamérfarea of the lake in general is increased by 145
km? with 1 m increase in depth which is negligible pamed to the total area of the lake. Therefore it
is reasonable to take a constant area of 3060fdnhe computation of the net basin supply ofé.ak
Tana water balance. (Kebede et al., 2006) alsoidensonstant surface area of Lake Tana for the
computation of the net basin supply since the charidake surface area with change in depth is not
significant for the net basin supply computation.
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Figure 4-7: Station used for downscaling of thenelie variables
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Table 4-7:

weighting for net basin supply computation

Weight of precipitation, temperaturel &evaporation stations using inverse distance

Catchments Bahir DarGonder Debre Markos Catchments Bahir Dar Gonder
Gilgel Abbay 0.22 0.78 Unguaged Ribb 0.53 0.47
Koga 0.9 0.1 Unguaged Megech 0.03 0.97
Kelti 0.82 0.18 Gelda 0.96 0.04
Gumara 0.76 0.24 Garno 0.25 0.75
Ribb 0.59 0.41 Gemero 0.06 0.94
Megech 0.02 0.98 Tana West 0.53 0.47
Unguaged

Gilgel Abbay 0.93 0.07 Gabi Kura 0.15 0.85
Unguaged

Gumara 0.82 0.18 Derma 0.1 0.9
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Figure 4-8: Methodology on the net basin suppiypotation
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5. Result and discussion

5.1.  Statistical analysis of observed data

The observed maximum temperature, minimum temperand rainfall of Bahir Dar, Gonder and
Debre Markos stations are analysed with the sicpniite test analysis to know the trends. This trend
analysis is very essential to identify the impdatlomate change on the observed data and to campar
this result with the future climate variables. Boe trend analysis the observed daily climate em

of 47 years (1961-2007) of three stations are agplBesides the above climate variables the mean
temperature which is the average of maximum andmim temperature are also considered in this
significance test analysis. The analysis resuBaffiir Dar station is described below and the others
are presented in Appendix F.
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Figure 5-1: Bahir Dar yearly average of daily nmaxin temperature (1961-2007)

The highest yearly average daily maximum tempeeatir28.14°C is observed in 1973. This year
was a very dry year for Lake Tana area with ontjlelirainfall. The lowest yearly maximum
temperature of 25.6C is observed in 1967 and the average maximum temnpe is 26.73C.

Based on the significance test analysis of thelyeaerage maximum temperature from 1961-2007,
0%=0.39, var (b) = 4.45*1Dand t = 3.93, then from t-distribution table thenfidence interval for
increasing temperature is 99 %. Therefore the maximemperature of Bahir Dar station has
increased with 0.028C per year from 1961-2007 with 99 % confidencerirgk
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Figure 5-2: Bahir Dar yearly average of daily minimtemperature (1961-2007)

The highest yearly minimum temperature of 1381lis observed in 1997 while the lowest minimum
temperature of 7.8C is observed in 1978. The average minimum tempexdrom 1961-2007 is
11.74°C.

Based on the significance analysis of yearly minmtemperature®= 1.32, var (b) = 0.0002 and t =
5.66. Then from t-distribution table the confideteee! for increasing the minimum temperature is 99
%. Therefore the minimum temperature of Bahir Baintreasing with 0.07C every year from 1961-
2007.

22

Temprature (°C)
[y )
© o

[y
[e9)
I

17 -
y = 0.048x + 18.084
16 T T T T T T T T T
1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010

Year

Figure 5-3: Bahir Dar yearly averagelaily mean temperature (1961-2007)
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The highest yearly mean temperature of 20°81is observed in 2003 while the lowest mean
temperature of 17.0% is observed in 1978. The average mean temperfatumel961-2007 is 19.23

0,

C.

Based on the significance test analysis of yeadgmtemperature = 0.87, var (b) = 0.0001 and
t = 4.79.Then from t-distribution table the confide level for increasing mean temperature is 99 %.
Therefore the mean temperature of Bahir Dar is ials@asing with 0.08C per year.
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Figure 5-4: Bahir Dar annual rainfall (1961-2007)

The significant analysis indicates that the anrreatipitation does not show consistent increase or
decrease in the analysis period (1961-2007). Beretlis a decrease of rainfall is observed from the
mid 1970s to the mid 1980s and after that the dnraiafall shows an increasing trend up to the
1990. The lowest yearly rainfall of 901 mm is redext in1982 and the maximum yearly rainfall of
2036 mm is observed in 1973. (Kebede et al., 2@0&) indicate that in Lake Tana basin regional
consistent variation in hydrologic parameters isesbed between the years 1975 and 1986. This
period shows a decline in annual precipitatiorhim basin.

The evaporation of Bahir Dar from 1961-2007 is asalysed based on the maximum temperature
and minimum temperature the Bahir Dar station.tAs indicated in Figure 5-5 the maximum yearly
evaporation is 1864 mm in 1973 while the lowestrlyeavaporation is 1633mm in 1992. The mean
evaporation in the analysis period is 1708 mm/year.
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Figure 5-5: Bahir Dar yearly evaporation
Table 5-1: Yearly increase of temperature usiggiicance test from 1961-2007
Station name Maximum Temperature Minimum Temperature ~ Mean Temperature
(°C) °C) (°C)
Bahir Dar 0.07 0.026 0.05
Gonder 0.03 0.026 0.03
Debre Markos 0.05 0.016 0.04

The significance level of maximum, minimum and méamperature for all the station is greater than
90 %. Therefore it is confident that the maximund d@ime minimum temperature of the present are
higher than the past periods.

5.2.  Climate model output

5.2.1. Selected predictor variables

The selected predictor variables should be physgicahd conceptually sensible, strongly and
consistently correlated with the predictand andisteally modelled by GCMs. For precipitation
downscaling it is also recommended that the sale@redictors contain variables describing
atmospheric circulation, thickness and stabilityl anoisture content (Dawson and Wilbey, 2007).
Considering the above criteria daily data of swfaivergent (ncepp_zhaf), 500hpa geo potential
height (ncepp500af) and mean temperature at 2 rhetght (nceptemp) are selected for downscaling
of maximum and minimum temperature for all statissed in the SDSM. For precipitation the
Surface divergent (ncepp_zhaf) and relative humiait500hpa (ncepr_500af) are selected.
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Large scale convection over the warmer tropicakacgrovides an important portion of the driving
energy for the general circulation of the atmosphé&ihe analysis of regional associations between
ocean temperature, surface wind divergence andection produces two important phenomena. The
convergence zone is promoted by warm (*@Bequatorial sea surface temperature (SST) whde t
divergence zone is a result of subdued convectimsed by colder SST (< 2€). The intertropical
convergent zone (ITCZ), which forms the zonal lzeltew degrees to the north and south of the
equator, is best example of atmospheric convergemddch drive the Hadley circulation. The
position of these zones (convergent and divergenmijrates seasonally and they exhibit inter annual
variation, which have a major effect on local ppéeitions (Luis and Pandey, 2005).

The predictor variables selected for each dowisgaprocess conducted in this study are
summarized in Table 5-2, Table 5-3 and Table 5-4.

Table 5-2: List of predictor variables that giveodacorrelation with Bahir Dar climate data

Maximum temperature Minimum temperature Rainfall
Partial P Partial P Partial P
predictors r value predictors r value predictors r value
ncepp_zhaf -0.367 0.00 ncepp_zhaf 0.542 0.00 ncepp_zhaf 0.251 0.00
ncepp500af 0.305 0.00 ncepp_500af 0.243 0.00 ncepr_500af 0.122 0.00
nceptemp 0.56 0.00ncepp_temp 0.195 0.00

Table 5-3: List of predictor variables that gg@od correlation with Gonder climate data

Maximum temperature Minimum temperature Rainfall
P P P
predictors Partial r value predictors  Partial r value predictors Partial rvalue
ncepp_zhaf -0.566 0.00 ncepp_zhaf 0.249 0.00 ncepp_zhaf 0.278 0.00
ncepp500af -0.257 0.42 ncepp500af 0.131 0.00 ncepr_500af 0.101 0.00
nceptemp 0.545 0.00 ncepp_temp 0.381 0.00

Table 5-4: List of predictor variables that gg@od correlation with Debre Markos climate data

Maximum temperature Minimum temperature Rainfall
P P P
predictors Partial r value predictors Partial r value predictors Partial r value
ncepp_zhaf -0.548 0.00 ncepp_zhaf 0.334 0.00 ncepp_zhaf 0.261 0.00
ncepp500af -0.357 0.00 ncepp500af 0.204 0.00 ncepr_500af 0.157 0.00
nceptemp 0.576 0.00 ncepp_temp 0.322 0.00

Where: The partial r is the correlation of the pcatbrs with the predictand and P value is the
correlation of the predicators between each others.

45



ASSESSMENT OF CLIMATE CHANGE IMPACT ON THE NET BASIN SUPPLY OF LAKE TANA WATER BALANCE

5.2.2. Scenario developed for the baseline period

The IPCC recommends the 1961-1990 years as cliogitall baseline period in impact assessment.
Therefore the downscaling is done from 1961-1990 W2 and B2 scenario outputs and the result is
compared to observed data of maximum temperatureimum temperature and rainfall. The
monthly, the seasonal and the annual simulatioriferbaseline period is computed to compare the
result with the actual data. The wet season isfdone to September and the dry season is from
October to February. The downscaling result for @urstation is discussed below:

I. Maximum temperature
The actual and modelled result of maximum tempeeatudicates that the lowest monthly maximum
temperature is observed in July and August whigehtighest is observed in March and April. The wet
season has low maximum temperature than the dsoseaf the year because of rainfall and cloud
cover.
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Figure 5-6: Observed and simulated maximum tempegdor Gonder station (1961-1990).

As indicated in Figure 5-6 the downscaling restlimaximum temperature with HadCM3A2a and
HadCM3B2a scenario output do not show much diffeeeim the actual and modelled result. The
model error which is the difference of the obseraad the simulated maximum temperature indicates
that the maximum absolute error is 024 in the month of September with HadCM3B2a scenario
output and the minimum is 0.68 in the month of April. Seasonally high model eriobserved in
the wet season than dry seasons .The seasonal ewdelis general less than the monthly model
error. Generally no significant model error is alsein both scenario output for the whole months in
the analysis period then it is possible to concltidg the SDSM is able to simulate the maximum
temperature.
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Figure 5-8: Variance of downscaled and actual marintemperature (1961-1990)

Figure 5-8 also shows that the monthly and seaseard@dbility of maximum temperature for both
scenario output is almost similar to the observadability of maximum temperature except a little
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deviation from August to September and April. Tindicates the model result follows the trend of the
actual maximum temperature.

I1. Minimum temperature

Like maximum temperature the statistical downscaiitodel is able to reproduce the actual minimum
temperature except for a slight underestimatiothénmonth of February and March. The model error
indicated in Figure 5-10 shows that the error imimum temperature is less as compared to the
maximum temperature. Maximum error is observeddhrbary, May and September while the error
in October is almost negligible for both scenanidpuits.
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Figure 5-9: Observed and simulated minimum tempegdor Gonder station (1961-1990).
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Figure 5-11: Variance of downscaled and actual mim temperature

Like the maximum temperature the monthly and sealswariably of the actual and modelled
minimum temperature is similar. High variance innimium temperature exists in February and
March while in July and August the variance haslomeest value.

I11. Precipitation
As it is shown in Figure 5-12 the statistical dowaling model is able to simulate the actual
precipitation except for a slight over estimationSeptember, October and May and a slight under
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estimation on the month of July and June. But thrlation result of precipitation with the statestl
downscaling model is less accurate as comparetieaniaximum and minimum temperature. The
average monthly model error is 8.47 and 9.01 mmthadannual model error is 46 mm and 50 mm
for HadCM3A2a and HadCM3B2a scenario output respalgt High model error occurred in wet
season than the dry season of the year. Even themmke difference between the observed and the
simulated precipitation, the monthly and seasomnahbbility is in good agreement and SDSM able to
replicate the precipitation in acceptable limit.
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Figure 5-12: Observed and simulated precipitat@ronder station (1961-1990)

Seasonally as shown in the Figure 5-13 the pretipit amount in wet and dry seasons are slightly
over estimated compared to the actual. Therefaatmual precipitation with both HadCM3A2a and
HadCM3B2a scenario output is higher than the agitedipitation.
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Figure 5-13: Average seasonal precipitation of Gorstiation (1961-1990)
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Figure 5-15: Variance of downscaled and actuatipitation (1961-1990)

The simulation result of the maximum temperaturiimum temperature and precipitation of Bahir
Dar and Debre Markos stations for the baselineoderith HadCM3A2a and HadCM3B2a scenario
output is also well. Like the result obtained favr@er station the SDSM well simulate the maximum
temperature and minimum temperature than predipitdbr the other stations.

Generally maximum temperature and the minimum teaipee have better agreement with the
observed result than the precipitation. The sinmhabf precipitation though showed a relatively
lesser agreement as compared to the maximum arnichummtemperature, but the result is acceptable
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due to the fact that precipitation is the conditibprocess. As discussed before, conditional psces
like precipitation are dependant on other intermtxprocesses like on the occurrence of humidity,
cloud cover, and wet day occurrence. Unconditigmaicess like temperature; however, are not
regulated by other intermediate process. In additas indicated in the SDSM manual (Wilby &
Dawson 2007), local temperature are largely detegthiby regional forcing whereas precipitation
series display more “noise” arising from local factHence larger differences can be observed in
precipitation ensemble members than that of tentpera

5.2.3. Downscaling of GCM for future period

Once the downscaling model has been setup thestemtis to use the SDSM to downscale for the
future period based on the HadCM3A2a and HadCM3&&mario outputs. The Precipitation and
temperature downscaling is done for each of theetiperiods 2020s (2010-2039), 2040s (2040-2069)
and 2070s (2070-2099). The respective average iyorghasonal and annual change from the
baseline period for both A2 and B2 scenarios weatcutated for maximum and minimum
temperature. For precipitation the monthly, sealsand annual precipitation amount for the baseline
and future scenario period is calculated. The changemperature and the precipitation amount for
Gonder station is discussed below. The result pbthfor Bahir Dar and Debre Markos station are
presented in the Appendix F.

I. Maximum temperature

The downscaling of maximum temperature in the fifperiod as it is indicated in Figure 5-17 and
Figure 5-17 shows that the average increase ofdémtyre in 2020s is 0°€ and in 2040s it is further
increases to 0.7C and 0.8°C for A2 and B2 scenario respectively. In 2070sitlegease is 1.18C

and 1.47°C for A2 and B2 scenario. The 2070s increase ikdrighan for both 2020s and 2040s
increase. This shows the maximum temperature hascegase trend in the future period. The change
in maximum temperature from the baseline peridugé in wet season for both scenarios. Seasonally
high maximum temperature change occurred in the sgelson while the maximum temperature
change in dry season shows minor increment.
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Figure 5-16: Average monthly Maximum temperaithiange from the baseline period with
HadCM3B2a scenario output (Gonder station)
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Figure 5-18: Seasonal maximum temperature chamidpe current and future time for Gonder

station (HadCM3A2a)
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Figure 5-19: Seasonal maximum temperature chantfeicurrent and future time for Gonder station

(HadCM3B2a)

In Figure 5-19 and Figure 5-19 the scenario ye&02@020, 2050 and 2080 indicates 1991-2007,
2010-2039, 2040-2069 and 2070-2099 year respegtiféle 2000 (1991-2007) seasonally changes
for minimum temperature, maximum temperature anuffat is calculated with the observed data.
Based on monthly average maximum temperature ofiblowe scenario years the seasonal changes
with respect to the baseline period is computeke fEsult indicates that both scenario outputs have
high maximum temperature changes in the wet setlsonin the dry season. But the overall increase
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in maximum temperature is higher with HadCM3A2a nsgc® output than the output from
HadCM3B2a scenario.

[1. Minimum temperature

Like the average monthly maximum temperature therage monthly minimum temperature also
shows an increment in all months of the year. du21 and Figure 5-21 indicates that the increase
in minimum temperature in 2020s is 0.2D and 0.24C for B2 and A2 scenario respectively. This
change increases to 0°€land 0.50C in 2040s and it is further increases to 8&G&nd 0.84C in
2070s for B2 and A2 scenario respectively .Highimirm temperature change is observed in month
of February, March and December. Seasonally contoathe average maximum temperature change
high minimum temperature change occurred in drgseaf the year while the minimum temperature
change in the wet season shows small increment.
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Figure 5-20: Average minimum temperature changenfthe baseline period for HadCM3A2a
scenario output (Gonder station)
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Figure 5-21. Average minimum temperature changenfithe baseline period for HadCM3B2a
scenario output (Gonder station).
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Figure 5-22: Seasonal minimum temperature changeeicurrent and future time for Gonder station

(HadCM3B2a)
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Figure 5-23: Seasonal minimum temperature changeeicurrent and future time for Gonder station
(HadCM3A2a)

As it is observed in Figure 5-23 and Figure 5-3 hieimum temperature change in dry season is
higher than the wet season for all scenario y€egs. increase of minimum temperature with both

scenario output shows an increasing trend as cadgarthe baseline period for both dry season and
wet season.

[11. Evaporation
The evaporation of Gonder is computed with the maxn and minimum temperature for the analysis
period. Hargreaves method is applicable for thepesation estimation since no sufficient climate
data are available for the other methods. The @&s&@dn maximum and minimum temperature with
both scenario output results in an increase in@wedjon of the catchment. As it is observed in Fégu
5-24 the evaporation shows an increasing trend caspared to the baseline period. But the
evaporation with HadCM3A2a scenario output is higllean HadCM3B2a scenario output. The
annual mean evaporation is 1660 mm, 1681mm andmmilfbr the period of 2010-2039, 2040-2069
and 2070-2099 respectively with HadCM3B2a scenatitput. The mean annual evaporation with
HadCM3A2a scenario output is 1658 mm, 1691 mm &89 Inm for the period of 2010-2039, 2040-
2069 and 2070-2099 respectively. The baseline gaial the 1991-2007 annual mean evaporation
are calculated by the observed data with Hargremattod and it is estimated to be 1636mm and
1648mm respectively.
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Figure 5-24: Annual average evaporation for Gorstigtion

IV. Precipitation
The monthly average precipitation is increasingtt8/% and 7.4% in 2020s for A2 and B2 scenarios
with reference to the baseline period precipitatibhe average increase of monthly precipitation is
7.2 % and 7.8 % in 2040s and 9.4 % and 8.9 % if28 A2 and B2 scenario respectively.
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Figure 5-25: Monthly average precipitation downeddrom HadCM3B2a scenario output (Gonder

station)

A higher increase in precipitation is occurred ba month of August and September which are the
part of the wet season. As it is observed in Figu9 and Figure 5-28 for both HadCM3A2a and
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HadCM3B2a scenario outputs the wet season showscagasing trend for all future periods. The
wet season has 75% contribution for the annuafathim the Lake Tana basin therefore the annual
rainfall also shows an increasing trend in the raitperiod. But the increase in precipitation for
HadCM3A2a scenario output is slightly higher th&e precipitation obtained from HadCM3B2a
scenario.
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Figure 5-26: Monthly average precipitation downeddrom HadCM3A2a scenario output
(Gonderstation)
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Figure 5-27: Mean daily precipitation in Ethiopi&tighland under the present and future period
(deBoer, 2007)

The climate change and impact study in the Blue Kigion by deBoer (2007) indicates that there is a
shift of the rainy season towards the end of ther yd there is an increase of total precipitaiion
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the future as compared to the present time in thehern Ethiopian highland that also includes the
Lake Tana catchments. An ensemble of 17 modelsaitin different initial conditions of GCM is
used for the climate change impact study. The tesuldeBoer (2007) supports the forecast of
precipitation with HadCM3A2a and HadCM3B2a scenaridput of this study. Both studies indicate
that there is an increase of precipitation in tieife period compared to the present precipitation
the Lake Tana catchments.
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Figure 5-28: Simulated precipitation with HadCM3Bsz&nario out put
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Figure 5-29: Simulated precipitation with HadCM3Astenario output
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Figure 5-30: Annual average precipitation for Garstation

The annual mean precipitation for both scenaridgcates that there is an increase in precipitation

2090

future scenario period mainly due to an increasingrecipitation in the wet season. As it is observ

in Figure 5-30 the annual average precipitation2@b0 (2040-2069) and 2080 (2070-2099) for
HadCM3A2a scenario output is higher than the HadBR&Bscenario output while in 2020 (2010-
2039) the precipitation of HadCMEB2a scenario ighler than the HadCM3A2a scenario. As it is
observed in Figure 5-31 the observed annual arebeeahmean of precipitation in 2000 (1991-2007)
is less compared to mean of the baseline and fisteeario year precipitation. But the forecasted

precipitation in the future scenario period is lEgthan the observed precipitation.
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Figure 5-31: Wet Season precipitation for Gondatiah
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5.3. Validation of the water balance model

For this study the calibrated HBV model with 1998Q data for the Lake Tana catchments of
(Abeyou, 2008) is applied. The calibration is démeRibb, Gumara, Megech, Koga, Kelti and Gilgel
Abbay daily river discharge. But the model has ¢ovhlidated with independent data set in order to
check the performance of the calibrated model. dfoee validation is done with independent data of
2004-2007. For validation 12 rainfall stations @ntbmperature and evaporation stations are selected
because of the availably of the sufficient recor@itie areal rainfall, mean temperature and
evaporation which are required for the HBV modelsimulate the discharge are estimated by the
multiplying the station daily records with the weigcomputed by inverse distance interpolation. The
weight of rainfall and evaporation station for eaeltchment is indicated in Table 5-5 and Table 5-6.

Table 5-5: Weight of rainfall station by inversetdince

Gilgel
Stations Abbay Kelti Koga Megech Ribb Gumara Gumero Garno Gelda
Addis zemen 0.16 0.18 0.06 0.07
Dangial 0.2 0.19 0.15
Gonder 0.93 0.6 0.02
Bahirdar 0.17 0.09 0.76
Enfranze 0.07 0.1 0.4 0.92
Engibara 0.18
Gundil 0.3
Abbay sheleko 0.79
Adet 0.42 0.11
Kidamaja 0.02
Sekela 0.32 0.26
Debre tabour 0.84 0.63 0.06
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Table 5-6: Weight of evaporation station by invetg&tance weighting

catchment Bahir Dar Gonder Debre Tabour Dangila
Gilgel abbay 0.18 0.02 0.03 0.77
Kelti 0.02 0.00 0.01 0.97
Koga 0.49 0.04 0.06 0.41
Megech 0.01 0.97 0.01 0.01
Ribb 0.02 0.01 0.96 0.01
Gumara 0.12 0.04 0.82 0.02
Gemero 0.06 0.86 0.06 0.02
Garno 0.17 0.53 0.25 0.05
Gelda 0.86 0.03 0.07 0.04
Tana west 0.36 0.32 0.11 0.21
Gabikura 0.13 0.73 0.07 0.07
Derma 0.09 0.82 0.05 0.04
Unguaged ribb 0.29 0.27 0.38 0.06
Unguaged megech 0.02 0.95 0.02 0.01
Unguaged gilgelabby 0.66 0.05 0.24 0.05
Unguaged gumara 0.56 0.13 0.24 0.07
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Figure 5-32: Validation result of Gilgel Abbay disrge (2004-2006)

The validation result of Gilgel Abbay indicatesttF& = 0.83 and RVE = -3.58% .This shows the

validation is very good and there is no need foalibration of the model for this subcatchment.
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Figure 5-33: validation result of Koga discharge(q2-2007

The validation result of Koga subcatchment alsoxshB = 0.85 and RVE = -3.44%. This indicates
that the model performance is very well like Gilgdbbay subcatchment. The result of the other
gauged subcatchments also showsiove 70 % while RVE is less than -10% and 10%n tio need
for recalibration for all subcatchments.

5.4. Lake evaporation

The evaporation is computed with Hargreaves forl1B@90, 2010-2039, 2040-2069 and 2070-2099
periods. The Bahir Dar and Gonder meteorologicth dae used for estimation of lake evaporation
with this method. Due to increase in maximum andimim temperature in the future time as
compared to the baseline climate the lake evamoragiso shows an increasing trend. As it is
indicated in Figure 5-35 and Figure 5-35 the yeavlerage lake evaporation is 1674, 1685, 1706 and
1741 mm for the period of 1961-1990, 2010-2039,02P@69 and 2070-2099 respectively with
HadCM3A2a scenario output. This shows the meanalrake evaporation is increasing by 1%, 2%
and 4% in 2020s ,2040s and 2070s as compared torefleeence period evaporation. Like
HadCM3A2a scenario output the lake evaporation Wi#dCM3B2 scenario output also shows an
increasing trend. The average yearly evaporatidh this scenario output is 1682, 1715, 1716 mm in
2020s, 2040s and 2070s respectively.
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Figure 5-34: Lake Tana yearly evaporation with HskBB2a scenario output
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Figure 5-35: Lake Tana yearly evaporation with HskB8.2a scenario output

5.5. Lake precipitation

Lake Tana precipitation is one of the major compds®f the net basin supply and it is calculated
based on the Bahir Dar and Gonder stations. Batioas are relatively near to the lake and theyehav
sufficient data for downscaling of precipitationtive future scenario period then they are selefcted
estimation of the lake precipitation for the cutrand future time period.
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Figure 5-36: Annual Precipitation of Lake Tana withadCM3A2a scenario output

The annual lake precipitation is computed for Had2ila and HadCM3B2a scenario outputs for the
three future time horizons and the result is comgdo the baseline period in order to determine the
change. The result indicates that the mean anakalprecipitation is increasing by 8.54 %, 10.02 %
and 17.27 % for the 2020s, 2040s and 2070s as cethpa the baseline period with HadCM3A2a
scenario output. The mean annual lake precipitdtiothe baseline period is 1312 mm/year.
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Figure 5-37: Annual lake precipitation with HadCB®Ba scenario output

The lake precipitation also computed with HadCM3B2anario output and the result indicates that
the mean annual precipitation increases by 3.68 and 3.2 % respectively for 202s, 2040s and
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2070s periods as compared to the 1961-1990 pefltdsincrease in precipitation with HadCM3B2a
scenario output is less as compared to the HadCl3&2nario output. This is because the Bahir Dar
and Gonder precipitation in the future period withdCM3A2a scenario output is higher than that of
HadCM3B2a scenario output.

An increase in surface temperature in the futumogddeads to higher evaporation rates and enable
the atmosphere to transport higher amount of wadpour. Therefore the global hydrological cycle

will be accelerated (Menzel and Birger, 2002). Adow to the Intergovrernmental Panel on Climate

Change (IPCC, 2001) an increasing in preciptaigolikely to happen large contenintal area in the
tropics and at higher latitudes.

5.6. Net basin supply of Lake Tana water balance

After validation of the HBV model the next stepfasecasting of the inflow to the Lake Tana based
on the observed and downscaled precipitation, testyee and evaporation of the three stations. The
net basin supply is then calculated based on #eepeecipitation , lake evaporation and inflow he t
lake for baseline period and the other three &utime periods 2020s (2101-2039), 2040s (2040-
2069) and 2070s (2070-2099).
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Figure 5-38: Annual Lake Tana inflow with HadCM3A&eenario output

The increase of inflow to the lake is due to insee@n precipitation. As it is indicated in Figuse38
the minimum annual inflows are observed between941®88 while the maximum inflows are
observed between 1973-1976 and 1963-1965 with H&BK2d scenario output.
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Figure 5-39: Annual lake inflow with HadCM3B2a seeio output

The annual inflow to the lake with HadCM3B2a scémautput also shows an increasing trend but as
compared to the HadCM3A2a scenario output the aserds less. This less inflow is due to the
decrease of downscaled precipitation of Bahir Mawnder and Debre Markos with HadCM3B2a

scenario output than HadCM3A2a. The average arinflalvs are increasing by 3.1, 1.1 and 2.5%

for 2020s, 2040s and 2070s periods respectivetpagpared to the baseline period.
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Figure 5-40: Net basin supply of Lake Tana watdarze with HadCM3A2a scenario output

The net basin supply of Lake Tana shows an inorgasend from the baseline period of 1961-1990.
The average annual net basin supply is 1801, 1A831891mm/year for the period of 2010-2039,

68



ASSESSMENT OF CLIMATE CHANGE IMPACT ON THE NET BASIN SUPPLY OF LAKE TANA WATER BALANCE

2040-2069 and 2070-2099 respectively with HadCM38@enario output and the baseline period net
basin supply is 1459 mm/year. The analysis of Hpdipoand water resources in on the Upper Blue
Nile river basin under climate change by Kim andugaanchchi (2008) also indicates that there is
increasing of precipitation and runoff in Northekmhara (North Ethiopia) which covers the Lake

Tana catchment, in the future scenario periodsoagpared to the base line period. Therefore both
result shows increase of precipitation and inflowtle Lake Tana basin for the future scenario
periods.
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Figure 5-41: Monthly Net basin supply with HadCM3®&cenario output

The monthly net basin supply with HadCM3A2a scematitput indicates that the net basin supply is
high in the wet season from July to October whil¢hie dry seasons from January to May it shows the
lowest value. During dry months the net basin syfy@comes negative since lake evaporation is
higher than the sum of inflow to the lake and lpkecipitation.

As it is shown in Figure 5-42 the net basin suppith HadCM3B2a scenario also indicates an
increasing trend like the HadCM3A2a scenario outmrhpared to the baseline period. The mean
annual net basin supply is 1554, 1481, and 1530yeanfor the period of 2010-2039, 2040-2069 and
2070-2099 respectively. But the increase in meamual net basin supply is generally less as
compared to HadCM3A2a model because of decreabe @nnual lake precipitation and lake inflow.

In A2 scenario the future world becomes warmer ttitenB2 scenario because of increasing, CO
concentration and hydrological cycle is likely tecome more affected. Therefore the precipitation in
A2 scenario is higher than B2 scenario. This inege@m precipitation causes an increase in stream
flow in future time periods and consequently thé lesin supply become increase with A2 scenario
than B2 scenario.
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Figure 5-42: Annual net basin supply with HadCM3B2anario output

To analyse the effect of climate change on theébasin supply the mean monthly net basin supply for
both scenario out put is made beside the annuddasih supply. As it is indicated in Figure 5-43lan
Figure 5-44 the mean monthly net basin supply k6,2129.5, 123.5 and 127.6 mm/ month for 1961-
190, 2010-2039, 2040-2069 and 2070-2099 with HadBR4&3scenario output. Like the mean annual
net basin supply with this scenario the highestmmaanthly net basin supply is observed in 2020s.
The mean monthly net basin supply with HadCMEAZanscio output is 121.6, 150.1, 148.6 and 166
mm for the period of 1961-1990, 2010-2039, 2040@dd 2070-2099 respectively. For both
scenario output the mean monthly net basin suppbys an increasing trend as compared to the
baseline period.
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Figure 5-43: Mean monthly net basin supply with BM8B2a scenario output
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Figure 5-44: Mean monthly net basin supply with BMBA2a scenario output

5.7.  Analysis on lake water balance

The water balance of the Lake Tana from 1997-280éstimated based the inflow and the outflow
component of the Lake Tana. The inflow componerithés sum of the lake areal precipitation and
inflow from gauged and unguagde rivers. The outflommponent is the sum of the lake areal
evaporation and outflow from the lake. The lakeeldés simulated by the area-volume and elevation-
volume relation of (Abeyou, 2008).
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The lake evaporation is computed by Bahir Dar arahder meteorological data with Penman
combination equation of Vallet-Coulomb et al. (2p@nd the Lake areal precipitation is estimated by
the surrounding five stations (see Figure: 5-4%)e Tveight of each station for estimation of lake
precipitation and lake evaporation is computednygise distance weighting method.
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Figure 5-45: Rainfall stations for estimation dfdaarea precipitation

Table 5-7: Weight of rainfall station

Station Weight
Bahir Dar 0.05
Delgi 0.1
Zege 0.08
Gorgora 0.2

Dek estifanos 0.57
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Figure 5-46: Lake level and lake outflow of Laken@g1976-2006)

In Lake Tana the low height weir is constructed @96 at Chara-chara across the Abbay River at the
outlet of the lake. The weir operation begins i®2®@o supply the water to Tis-Abbay hydropower
plant. After this period the lake level decreasesydtically and reaching the historic minimum level
of 1784.46 mm in 6/30/2003 (Abeyou, 2008). The loutffrom the lake is maximum during the wet
season and minimum during the dry season of the lygaafter the operation of the weir the trend
shows an erratic pattern since the water is didettethe hydropower before reaching the outflow
gauging station.

In order to see the impact of climate change enldke level and the lake outflow it is necessary t
observe the trend before the construction of thie. Wae outflow and the lake level in dry season of
the years have almost the same trend. But asnitlisate in the Figure 5-46 the outflow of the lake
wet season become the lowest value in 10/5/84. Jidas was the drought year in Lake Tana basin
due to the decrease in precipitation. This decrempescipitation and outflow is the result of clite
change.
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The general water balance equation for simulatidh®lake level is as follow:

S
E = (P +3 +3 unguaged )_ (E0+So) [5'1]

guaged

Where:
A ) L
—S = change in storage with time
AT

P = precipitation

S = sum of gauged inflow

guaged

S = sum of unguagde inflow

unguaged
E, = lake evaporation

S, = lake outflow

The FORTRAN code (obtained from personal commuitoatf Janaka) is used in order to calculate
the lake level using lake volume based on thgnmhial interpolation of (Abeyou, 2008). Based on
these water balance components the change in straglculated by using an initial value of starag
for the programme. After that the change in storiageonverted to the lake level and the lake area.
The lake area is used for computation of the volofrlake precipitation and lake evaporation for the
next time step using the daily observed data. &l siway the lake level is computed with iteration f

a series of time steps.

V Lakeli ™V LakeliatAS() [5-2]

Where:
V Lae(j) = Lake total volume at day V )= Lake total volume at day-1 and AS(i)z change in

storage at daly.

Table 5-8: Water balance component of Lake Tan@{2306)

Water balance components mm/year MCM/year
Lake preciptation +1381 +4227
Guaged river inflow +1313 +4018
Unguaged river inflow +648 +1983
Lake evaporation -1729 -6380
Lake outflow -1447 -4430

Closure term -166 -508
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Figure 5-47: Simulation of Lake Tana water leve&lq1-2006)

The closure term indicates the water balance &6 and the relative volume error of 1 %. The
Nash-Sutcliffe coefficient is 0.70.

Table 5-9: Water balance components of (Abeyou8pQGieske et.al , 2008) and (SMEC, 2007)

Wale (2008) Gieske et.al (2008) SMEC (2007)
Water balance terms mm MCM mm MCM mm MCM
Lake areal rainfall 1220 3784 1255 3891 1260 3906
Guaged river inflow 1280 3970 1297 4021 1622 5028
Unguaged river inflow 880 2729 473 1466 nd nd
Lake evaporation -1690 -5242 -1671 -5180 -1650 5511
Outflow -1520 -4714 -1348 -4179 -1231 -3813
Closure term -170 -527 6 19 1 3

5.8. Uncertainty and sensitivity analysis

The HadCM3A2a and HadCM3B2a scenarios are the mvagdly used GCM in climate change
impact studies. The temporal resolution of both el®ds monthly but hydrological models for
forecasting of the future inflow to the lake re@sirdaily precipitation and temperature. Therefore
computation of the difference between the curremt the future climate data and addition of this
change to the 30 years daily data is the most widstd method. This technique is one of the sources

of uncertainty because it assumes that the sammadies persist every year, which might smooth
inter annual variability of climate variables.
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The other source of uncertainty in climate changpaict assessment is the emission scenarios. For
this study two emission scenarios (A2 and B2) aexdduThe C@concentration for both scenarios in
1990 is 354 parts per million (ppm) but in 2050s tloncentration increases to 536 ppm and 478 ppm
with A2 and B2 emission scenarios respectively.t Bmperature increase as a result of increase in
CO, concentratioffor both scenarios is 1€ compared to the 1990 temperature. There areotiisw
emission scenarios with the same emission of cadimtide concentration produces different climate
change scenarios.

In addition to the climate change scenarios syittseenarios is used for this study to determire th
sensitivity of the climate variables for the nesinasupply of Lake Tana water balance. This scenari
is based on the increasing of the baseline temyperand the precipitation by an arbitrary but
reasonable amount to check the sensitivity of #tebasin supply for the climate variables.

Table 5-10: Change of Annual average net basinlgwygth incremental scenario
Scenarionumber S-1 S-2 S-3 S4 S5 S-6 S-7 S-89 SS-10 S-11

Change in

Precipitation (%) 0 0 0 -10 10 -20 20 -10 10 -20 20
Change in

Temperature1C) 1 2 3 1 1 1 1 2 2 2 2
Change in

Evaporation (%) 2.7 54 82 27 27 27 27 54 5.4 5.4 5.4
Change of net

basin supply (%) -7.4 -15 -21 -39 446 -69 59 -45 17 -75 33

The sensitivity analysis result indicates that acréase in °C in temperature reduces the annual
average net basin supply by 7.4 % but the incread8C and a reduction of precipitation by 10 %
reduces the average net basin supply by 38.7%.hén same way the percentage change in
precipitation in the whole scenario shows significehanges to the average annual net basin supply
as compared to the change in temperature. Thisates that net basin supply for Lake Tana is more
sensitive to precipitation than temperature.
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Figure 5-48: Annual average change of net basiplgwnd evaporation for change of temperature
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Figure 5-49: Annual average change of net basiplgdpr change of precipitation.

As it is indicated in Figure 5-48 and Figure 5-#@ tdecrease of precipitation by 10 % and 20 %
reduces the annual mean net basin supply by 32d®2r% respectively and the same percentage
increase in precipitation results increases ofniiebasin supply by 32 % and 62 %. The increase in
temperature by 1, 2 and ® decreases the mean annual net basin supply B% and 21 %
respectively. This shows the change in precipitaisomore sensitive than change in temperature for
annual average net basin supply. The change ineeye also causes the change in evaporation.
Therefore the sensitivity analysis is made for itean annual evaporation of Bahir Dar and Gonder
station due to increase in temperature from thelbees period. The sensitivity result indicates an
increase of «C, 2°C, 3°C and 4°C for the both maximum and minimum temperature lteshe
increases of the evaporation by 2.7%, 5.4%, 8.2861&0 % respectively.

7



ASSESSMENT OF CLIMATE CHANGE IMPACT ON THE NET BASIN SUPPLY OF LAKE TANA WATER BALANCE

78



ASSESSMENT OF CLIMATE CHANGE IMPACT ON THE NET BASIN SUPPLY OF LAKE TANA WATER BALANCE

6. Conclusions and Recommendations

6.1. Conclusions

The objective of this study is the assessmentiofate change impact on the net basin supply of Lake
Tana water balance. Therefore downscaling of lagge climate variables from GCM outputs to
local scale or regional scale is very essentiarier to investigate the hydrological impact ofufiat
climate change scenarios. For this study regreskased statistical downscaling methods which
correlate the predictors (regional climate variaplend the predictand (local scale climate varjable
with multiple linear regression equation is applidthe precipitation and temperature data of Bahir
Dar, Gonder and Debre Markos is used for downsgalin

The study confirmed that the statistical downsgphmodel is able to simulate all climatic variables.
The model simulates the maximum temperature andnmaim temperature more accurately than
precipitation. However all simulated climatic vdies follow the same trend with the observed one.
The lower performance of the precipitation simwaatis based on its nature of being a conditional
process.

The result of the downscaling models indicates that mean monthly maximum temperature is
increasing by 0.5, 1 and 1°6 in 2020s, 2040s and 2070s respectively for HadB243scenario out
put. For HadCM3A2a scenario output the maximum &mure also increases by 0.52, 1.2 anf2.1
in 2020s, 2040s and 2070s respectively compardtketbase line period (1961-1990). The increase in
mean monthly minimum temperature 0.66, 1.13 an& iC7for the HadCM3B2a scenario and for
HadCM3A2a scenario the increase is 0.65, 1.4 aBf@.in 2020s, 2040s and 2070s respectively. As
a result of increase in maximum and minimum terpeeathe lake evaporation also increases as
compared to the baseline period. The lake evapordiased on the HadCM3A2a scenario output
indicates that the mean annual evaporation is 1683 and 1741 mm in the period of 2020s, 2040s
and 2070s respectively. The lake evaporation basdte baseline climate variable is 1674 mm/year.

The downscaled result of precipitation indicatest tfne mean monthly precipitation is increases by
15.5, 17.8 and 17.4 % for HadCM3B2a scenario outp@020s, 2040s and 2070s respectively. For
HadCM3A2a scenario output the increase in predipitais 13.6, 18.5 and 24.8 % in 2002s, 2040s
and 2070s respectively. This increase in precipitatn the future causes for increasing in lake
precipitation and inflow to Lake Tana. The analysiade on the mean annual lake precipitation
indicates that the lake precipitation is 1425mm44l4nm and 1540 mm/year for the HadCM3B2a
scenario output in 2020s, 2040s and 2070s andhitrisase in precipitation for HadCM3A2a scenario
output is 1360 mm, 1361 mm and 1386 mm in the spen@ds. The lake precipitation in the base
line period is 1312 mm/year.

The ultimate objective of the study is the assessmwieclimate change impact on the net basin supply
of the Lake Tana water balance. Then a hydrologrzadel is required in order to forecast the inflow
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to the lake based on the downscaled climate vasalftor this the HBV-96 is selected because the
model is tested by many countries for climate cleamgpact studies, it is applicable for different
geographical and climatological regions and itasiky available.

The hydrological analysis indicates that the maamual inflow to the lake is 1878mm, 1848mm and
1866 mm for the HadCM3B2a scenario and 2062 mm5b 28 and 2192 mm with HadCM3A2a

scenario in 2020s, 2040s and 2070s respectively.méan annual inflow for the baseline period is
1821mm/year. The inflow estimated by HadCM3B2a adenoutput is less compared to the
HadCM3A2a scenario outputs. This is because thendoaled precipitation by HadCM3B2a scenario
for all the station is less than the precipitatitmvnscaled by the HadCM3A2a scenario.

The net basin supply in the future time is compubaded on the lake evaporation, the lake
precipitation and the inflow to the lake. Even tgbuwall component of the net basin supply shows an
increasing trend, the lake evaporation is obschyethe increase in inflow and lake precipitatioheT
mean annual net basin supply of Lake Tana basdtieoiladCM3A2a scenario output is 1801mm,
1783 mm and 1991 mm in 2020s ,2040s and 2070satbsglg while the net basin supply within
these successive periods for HadCM3B2a scenatpubus 1554, 1481 and 1530. For the baseline
period the mean annual net basin supply is 1459 mm.

The water balance estimation of the Lake (1997-p0@@licates that the mean annual lake
precipitation is 1381 mm, gauged inflow is 1313 numguaged inflow is 648 mm, lake evaporation is
1729mm and outflow is 1447 mm. The contributiontted unguaged inflow is 37 % of the total
inflow discharge to the lake. In Lake Tana the apien of the weir to deliver water to the
hydropower project is begin in 2002. Then it isfidiflt to observe the impact of climate change on
the outflow and lake level after this period beeatlse water balance components are influenced by
supply to the hydropower plant. But the outflowlLalke Tana was the lowest record in 1984 before
the weir construction. At that time the precipivatiof the Lake Tana catchment is decline due the
climate change impact.

The sensitivity analysis made with the incremestainario method indicates that the net basin supply
of Lake Tana is sensitive to climate change imp&be increase in temperature b§Cland 2C
reduce the net basin supply by 7.4 % and 15 % flwmrbaseline period net basin supply while the
decrease in precipitation by 10 % and 20 % redtlemsiet basin supply by 32 % and 62 % from the
baseline net basin supply. The sensitivity analggsle for evaporation indicates that the incredse o
temperature by iC , 2°C, 3°C, and 4C increase the evaporation by 2.7%, 5.4%, 8.2%lar® %
respectively. Generally the sensitivity result gates that the net basin supply is more sensitive t
precipitation change than change in temperature.
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6.2. Recommendations

The GCM outputs, the emission scenarios and thenslcaling methods used for this study have
certain level of uncertainty. Therefore furtherdsés should reduce the uncertainty by the use of
different GCM outputs, downscaling methods and siois scenarios. The use of several general
circulation models for climate change studies aloleget the better result. Further downscaling
methods especially improves the simulation of thecipitation result is very essential. In this stud
only two emission scenarios are applied but inatteal case all SRES emission scenarios have equal
probability of occurrence, then the future studpudtd also consider the entire range of possible
emission scenarios.

For downscaling of climate variables with statigtidownscaling model only maximum temperature,
minimum temperature and rainfall data of Bahir D@onder and Debre Markos stations are applied.
But these stations are not sufficient for downseabf the entire Lake Tana basin. Therefore further
studies should consider other stations data. Bestlis study can be extended by considering change
in land used, soil type and other climate variablesddition to the change in precipitation and
temperature.
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Annexes:

Appendix A : Catchment extraction procedures
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Appendix B: Hydrological and meteorological station and their location

Hydrological stations and their locations

River Guaging station Latitude (utm) Longitude (utm outlet elevation
(m amsl)
Gilgel Abbay  Near Merawi 285380.315 1257135.310 a188
Koga At Merawi 287199.781 1257123.048 1898
Kelti Nera Delgi 276374.243 1270104.996 1876
Ribb Near Addis 360283.969 1326759.723 1796
Zemen

Gumara Near Bahir Dar 351119.160 1308370.538 1794
Megech Near Azezo 331552.842 1380369.401 1865
Gemero Near Maksegnit 342362.313 1369247.425 1879
Garno Near Enfranze 349525.939 1352618.885 1856
Gelda Near Ambesame  351605.015 1404223.536 2036

Meteorological stations and their location

Staions Longitude (utm) Latitude (utm) Elevationgdmsl)
Addis zemen 1376576.884 376576.884 2117
Debre Tabour 1309918.026 401873.898 2714
Gondar 1387682.311 327881.649 2074
Bahir Dar 1282605.753 325456.442 1828
Dangila 1245380.969 265187.251 2126
Sekella 1216350.924 305057.004 2584
Enjibara 1212886.813 270418.731 2580
Gundil 1210918.62 288991.214 2546
Adet 1245695.593 332531.137 2230
Kidamaja 1216653.109 259512.914 2456
Abbay Sheleko 1259013.797 267107.339 2000
Enfranze 1346966.733 356659.457 1889
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Appendix C: Catchment characteristics of unguaged catchment

Sub catchment Area HypsometricAverage % % % Average
Integral Slope % Level  Hilly Steepy Elevation
(m amsl)
Gelda 356.1 0.48 17.91 69.64  29.23 1.13 2116
Unguaged Gumara 517.3 0.39 17.29 79.04 20.28 0.69 010 2
Unguaged Ribb 7115 0.46 35.19 64.29 27.15 8.56 1242
UnguagedMegechh 462.3 0.43 18.03 76.72 22.30 0.98 237 2
Unguaged 1991 0.45 19.93 89.83 9.21 1.93 2186
Gilgelabbay
Garno 256.5 0.46 37.65 28.89 41.03  30.08 2337
Gumero 389.9 0.5 34.04 52.56 31.13 16.3 2313
Derma 376 0.48 16.6 72.78 26.46 0.76 2144
Gabikura 3825 0.49 14.53 84.18 15.45 0.37 2002
Tana west 610.6 0.49 20.91 59.87 38.11 2.02 2038
Sub % of % of % of % of % of Elongation Length of longest
catchment Leptosols Nitisols Luvisols Vertisols Fluvisols Ratio flow path
Gelda 0.74 0.00 96.74 2.52 0.00 1.88 42.42
Unguaged 0.30 0.00 50.32 26.82 22.56 0.60 14.83
Gumara
Unguaged 28.56 0.56 9.08 14.46 47.35 0.58 17.53
Ribb
Unguaged 22.5 4.5 54.38 13.27 4.9 2.04 76.96
G.Abbay
Ungauged 17.48 0.00 12.40 50.09 20.0 1.42 34.93
Megech
Garno 59.51 6.64 2.95 21.53 9.37 1.73 37.03
Gumero 42.33 2.04 13.68 41.12 0.83 1.67 44.12
Derma 23.39 0.00 5.11 69.39 2.11 2.07 45.38
Gabi Kura 1.32 0.00 11.87 69.04 17.78 1.44 31.54

Tanawest 0.10 0.00 39.21 2.79 57.89 0.72 20.34
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Appendix D: Correlation coefficient between model parameters and catchment

characteristics.

Alfa= 1.65-0.26 *Percentage of bare land -0.02*Batage of hilly
Beta =1.17+0.000808*Catchment area-0.014*Percerghgily
FC=2142.81-0.803*Catchment area -17.33*Percentabélp

K4=0.049-0.057*Hypsometric integral-0.001*Percemtad nitsols
-0.001*Percentage of Fluvisols

Perc=-0.23 +0.36*log (Percentage of Luvisols)
-0.114*log (Percentage of Bare Land)

KHQ=0.113-0.000036*Catchment area +0.000602*Peagnbf luvisols
LP=0.06+0.0006*Catchment area -0.12*Percentageud kand
Hq=4.64+0.0019*Catchment area -2.34 *Percentadmdd land

NB.The unit of the catchment area is in Km

[1]
[2]
(3]

[4]

(5]

[6]
[7]
(8]
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Appendix E: Double mass curve for some of gauged catchments and Rainfall

Stations.

Double mass curve is the hydrological method usednalyse the consistence of precipitation and
discharge. To check the consistency of the diseéhalgfa the cumulative daily rainfall with the
cumulative daily discharge of Megech, Ribb, Gilgebay, and Gumara are made in the excel. Beside
this the cumulative daily rainfall of 10 statione anade with the cumulative rainfall of Bahir Dar
station. Bahir Dar station is taken as the basgostaince it has long time series data and it is
reliable.

In double mass analysis the cumulative rainfalfirectly related the cumulative discharge. During
the dry season the cumulative rainfall is almoststant since the daily rainfall is almost negligibl
As a result the cumulative discharge could not shavincreasing trend. If an increment of discharge
with out rainfall distribution there may be a preivl in the discharge record at that period. In same
way there must be an increasing trend in the mainseason due to increasing rainfall. Generally by
observing the trend of the cumulative rainfall anohulative discharge it is possible to identify the
problem in the discharge record.

The double mass curve between the base stationir(Bah) and other rainfall stations is used to
identify the homoginty of the records between eaitter. Even tough the spatial distribution of the
rainfall is different; the cumulative rainfall bed@n the stations could not show an abrupt change.
During the dry seasons both the base station andttter station records less amount of rainfalhthe
the slope of the plot become almost zero. Butimyraeasons there is considerable amount of rainfal
in both stations then the slope the plot becometipesWith visual interpretation of the plot it is
possible to identify where the error in rainfaltoed.

Gilgel Abbay Gumara
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Appendix F: Downscaled maximum temperature, minimum temperature and

rainfall

Maximum temperature change with HadCM3A2a scerutput of Debre Markos station

Monthly average

maximum temperaturéq)

Temperature change

compared to the 1961-199C)

Months 1961- 1991- 2010- 2040- 2070- 1991- 2010- 2040- 2070-

1990 2006 2039 2069 2099 2006 2039 2069 2099
Januarty o441 2404 2488 2540 2615 937 047 099 174
February 5166 2318 2498 2547 2509 1% 032 o081 133
March 2505 2574 2554 2601 2707 909 o049 096 202
April 2506 2442 2538 2560 2622 064 03 063 116
May 2335 2445 2430 2518 2662 1 o095 183 327
June 2134 2030 2281 2414 2630 104 147 280 496
July 1914 1888 1956 1099 2064 926 04> o085 150
August 4910 1894 1938 1975 2032 010 028 065 122
September 1973 1987 2001 2027 2058 014 028 054 o085
October 5133 2182 2101 2250 2323 049 os8 117 1.00
November 5,04 2211 2250 2304 2379 908 (46 1.00 1.75
December y60 2345 2302 2362 2427 98 o0a2 102 167

Maximum temperature change with HadCM3B2a scermriput of Debre Markos

Monthly average

Temperature change

Maximum temperature°C)

compared to 1961-1990C)

Months 1961- 1991- 2010- 2040- 2070- 1991- 2010- 2040- 2070-
1990 2006 2039 2069 2099 2006 2039 2069 2099
January 2441 2404 2488 2540 26.15 -0.37 0.48 0.99 1.74
February 24.66 2318 2498 2547 25.99 -1.48 0.32 0.80 1.33
March 25.05 25.74 2554 26.01 27.07 0.69 0.49 0.96 2.02
April 25.06 2442 2538 25.69 26.22 -0.64 0.32 0.63 1.16
May 23.35 2445 2430 2518 26.62 1.10 0.94 1.83 3.27
June 21.34 2030 2281 24.14 26.30 -1.04 1.47 2.80 4.96
July 19.14 1888 19.56  19.99 20.64 -0.26 0.42 0.85 1.50
August 19.10 1894 19.38 19.75 20.32 -0.16 0.28 0.64 121
September 19.73 19.87 20.01  20.27 20.58 0.14 0.28 0.54 0.85
October 21.33 2182 2191 2250 23.23 0.49 0.57 1.17 1.90
November 22,04 2211 2250 23.04 23.79 0.08 0.47 1.01 1.75
December 22.60 23.45 23.02 23.62 24.27 0.85 0.42 1.01 1.67
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Minimum temperature change with HadCM3B2a scenauiput of Debre Markos station

Monthly average

Temperature change

Minimum temperature {C)

compared to 1961-199C0°C)

Months 1961- 1991- 2010- 2040- 2070- 1991- 2010- 2040- 2070-
1990 2006 2039 2069 2099 2006 2039 2069 2099
January 7.30 9.15 8.09 8.56 9.35 1.85 0.79 1.27 2.05
February 8.85 9.38 9.44 9.87 10.50 0.54 0.59 1.02 1.66
March 10.21 11.36 10.98 11.55 12.39 1.15 0.77 1.34 2.18
April 10.89 11.78 11.96 12.80 14.06 0.89 1.06 191 3.17
May 10.62 11.90 11.25 11.71 12.35 1.28 0.63 1.09 1.73
June 9.81 10.53 10.27 10.59 10.99 0.72 0.46 0.78 1.18
July 10.05 11.03 10.34 10.54 10.79 0.97 0.28 0.49 0.73
August 9.77 10.99 10.07 10.29 10.63 1.22 0.30 0.52 0.86
September 9.36 9.91 10.18 10.70 11.52 0.56 0.82 1.34 2.16
October 8.89 9.91 9.50 9.84 10.33 1.02 0.61 0.94 1.44
November 7.49 8.70 8.38 8.90 9.62 1.21 0.89 141 2.13
December 6.83 8.67 7.66 8.38 9.27 1.84 0.83 155 2.44

Minimum temperature change with HadCM3A2a scenauioput of Debre Markos station.

Monthly average
Minimum temperature {C)

Temperature change

compared to 1961-1996Q)

Months 1961- 1991- 2010- 2040- 2070- 1991- 2010- 2040- 2070-
1990 2006 2039 2069 2099 2006 2039 2069 2099
January 7.30 9.15 8.06 9.01 10.07 1.85 0.77 1.71 2.77
February 8.85 9.38 9.49 10.28 11.18 0.54 0.65 1.44 2.34
March 10.21 11.36 10.94 11.88 13.26 1.15 0.73 1.67 3.05
April 10.89 11.78 12.13  13.32 15.19 0.89 1.24 2.43 4.30
May 10.62 1190 11.29 11.96 12.97 1.28 0.67 1.34 2.35
June 9.81 10.53 10.28  10.75 11.38 0.72 0.47 0.94 1.57
July 10.05 11.03 10.32 10.62 11.06 0.97 0.27 0.57 1.01
August 9.77 10.99 10.08  10.42 10.89 1.22 0.30 0.65 1.12
September  9.36 9.91 10.14  11.07 12.35 0.56 0.78 1.72 2.99
October 8.89 9.91 9.47 10.08 10.93 1.02 0.57 1.18 2.03
November 7.49 8.70 8.34 9.22 10.52 121 0.85 1.73 3.03
December 6.83 8.67 7.70 8.79 10.15 1.84 0.87 1.96 3.33
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Precipitation change with HadCM3A2a scenario outgudebre Markos station

Monthly average precipitation

Precipitation change

(mm/day) Compared to 1961-1990 (%)
Months 1961- 1991- 2010- 2040- 2070- 1991- 2010- 2040- 2070-
1990 2006 2039 2069 2099 2006 2039 2069 2099
January 0.45 0.49 0.46 0.43 0.51 0.04 0.03 -0.03 0.13
February 0.76 0.34 0.63 0.75 0.74 -041 -0.17 -0.01 -0.03
March 1.49 1.49 1.42 1.61 1.47 0.00 -0.05 0.08 -0.02
April 1.90 2.61 1.75 1.93 1.90 0.71 -0.08 0.02 0.00
May 3.04 3.03 3.95 4.09 4.04 -0.01 0.30 0.35 0.33
June 5.20 5.54 5.33 5.21 4.93 0.34 0.03 0.00 -0.05
July 9.54 8.71 8.68 8.75 8.69 -0.83 -0.09 -0.08 -0.09
August 9.53 9.88 9.09 9.05 9.08 0.35 -0.05 -0.05 -0.05
September  6.92 7.05 6.56 6.43 6.35 0.13 -0.05 -0.07 -0.08
October 2.25 3.10 2.87 3.11 3.30 0.85 0.28 0.38 0.46
November 0.89 0.83 1.14 1.18 1.44 -0.06 0.28 0.34 0.63
December 0.49 0.73 0.61 0.57 0.63 0.24 0.25 0.16 0.27

Precipitation change with HadCM3B2a scenario outjfidebre Markos station

Monthly average precipitation

Precipitation change

(mm/day) Compared to 1961-1990 (%)

Months 1961- 1991- 2010- 2040- 2070- 1991- 2010- 2040- 2070-
1990 2006 2039 2069 2099 2006 2039 2069 2099

January 0.45 0.49 0.38 0.43 0.39 0.04 -0.16 -0.05 -0.12
February 0.76 0.34 0.65 0.70 0.80 -0.41 -0.14  -0.08 0.06
March 1.49 1.49 1.32 1.45 1.42 0.00 -0.12 -0.03 -0.04
April 1.90 2.61 1.92 1.88 1.92 0.71 0.01 -0.01 0.01
May 3.04 3.03 4.01 4.05 4.11 -0.01 0.32 0.33 0.35
June 5.20 5.54 5.23 5.14 5.19 0.34 0.01 -0.01 0.00
July 9.54 8.71 8.88 8.78 8.78 -0.83 -0.07 -0.08 -0.08
August 9.53 9.88 9.08 9.15 9.15 0.35 -0.05 -0.04 -0.04
September  6.92 7.05 6.44 6.51 6.42 0.13 -0.07 -0.06 -0.07
October 2.25 3.10 2.98 3.04 2.80 0.85 0.32 0.35 0.24
November  0.89 0.83 1.21 1.20 1.21 -0.06 0.36 0.35 0.37
December  0.49 0.73 0.60 0.64 0.56 0.24 0.21 0.30 0.13
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Maximum temperature change with HadCM3A2a scermutput of Bahir Dar station

Monthly average

Temperature change

maximum temperaturéQ)

compared to 1961-199C0C)

Months 1961- 1991- 2010- 2040- 2070- 1991- 2010- 2040- 2070-

1990 2007 2039 2069 2099 2007 2039 2069 2099
January 26.16 26.75 26.78 27.62 28.48 0.58 0.61 1.46 231
February 2781 2877 2827 29.03 29.82 0.95 0.46 1.22 2.01
March 2951 29.68 29.82 30.24 31.10 0.17 0.31 0.73 1.59
April 29.57 30.09 30.23 30.74 31.62 0.52 0.66 1.17 2.05
May 28.35 29.32 28,77 29.16 29.84 0.97 0.42 0.81 1.49
June 26.42 26.88 27.20 28.02 29.51 0.46 0.79 1.60 3.10
July 23.77 2429 2416 2495 26.25 0.52 0.39 1.18 2.47
August 23.44 2430 2398 2482 26.21 0.85 0.54 1.38 2.77
September 2470 2559 2496 2552 26.12 0.89 0.27 0.82 1.42
October 26.19 26.55 26.85 27.65 28.76 0.35 0.66 1.46 2.57
November 2598 26.70 26.56 27.32 28.24 0.71 0.57 1.34 2.25
December 2576 26.70 26.38 27.17 28.20 0.94 0.62 1.41 2.45

Maximum temperature change with HadCM3B2a scerariput of Bahir Dar station

Monthly average

Temperature change

maximum temperaturéQ)

Compared to 1961-1996Q)

Months 1961- 1991- 2010- 2040- 2070- 1991- 2010- 2040- 2070-

1990 2007 2039 2069 2099 2007 2039 2069 2099
January 26.16 26.75 26.84 27.24 27.88 0.58 0.67 1.04 1.71
February 27.81 28.77 2820 28.69 29.14 0.95 0.39 0.94 1.33
March 2951 29.68 29.80 30.14 30.57 0.17 0.29 0.77 1.06
April 29.57 30.09 30.02 30.51 31.05 0.52 0.45 1.04 1.49
May 28.35 29.32 2865 29.11 29.46 0.97 0.30 0.81 1.12
June 26.42 26.88 27.29 2785 28.84 0.46 0.87 1.56 2.43
July 23.77 2429 2424 2477 2571 0.52 0.47 1.47 1.94
August 23.44 2430 2393 2462 2535 0.85 0.49 1.42 1.90
September 2470 2559 2506 2523 25.72 0.89 0.36 0.66 1.02
October 26.19 26.55 26.96 27.44 28.12 0.35 0.77 1.16 1.93
November 2598 26.70 26.64 27.03 27.61 0.71 0.66 0.97 1.63
December 2576 26.70 26.34 26.84 27.54 0.94 0.58 1.20 1.78
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Minimum temperature change with HadCM3A2a scenauiput of Bahir Dar station

Monthly average Temperature change
Minimum temperature’C) compared to 1961-1996Q)
Months 1961- 1991- 2010- 2040- 2070- 1991- 2010- 2040- 2070-

1990 2007 2039 2069 2099 2007 2039 2069 2099

January 6.52 8.87 7.12 8.12 8.92 2.35 0.60 1.60 2.40
February 8.27 10.88 9.07 10.07 11.67 2.60 0.80 1.80 3.40

March 11.30 13.09 1270 13.90 15.70 1.79 1.40 2.60 4.40
April 1251 1518 1431 1591 1831 2.67 1.80 3.40 5.80
May 13.47 1550 14.67 1587 17.27 2.03 1.20 2.40 3.80
June 13.36 1470 1476 1596 17.56 1.34 1.40 2.60 4.20
July 13.24 1435 13.64 1444 15.04 1.12 0.40 1.20 1.80
August 13.14 1416 13.74 1454 1524 1.01 0.60 1.40 2.10

September 1237 1353 1357 1517 16.97 1.16 1.20 2.80 4.60
October 1191 13.87 1271 13.71 1511 1.96 0.80 1.80 3.20
November 9.81 11.79 10.81 1221 1341 1.98 1.00 2.40 3.60
December  6.94 9.56 8.34 10.14 12.34 2.62 1.40 3.20 5.40

Minimum temperature change with HadCM3B2a scenauiput of Bahir Dar station

Monthly average Temperature change
Minimum temperature’C) compared to 1961-1996Q)

Months 1961- 1991- 2010- 2040- 2070- 1991- 2010- 2040- 2070-

1990 2007 2039 2069 2099 2007 2039 2069 2099
January 6.52 8.87 7.09 7.89 8.29 2.35 0.57 1.37 1.77
February 8.27 10.88 9.05 9.85 10.65 2.60 0.78 1.58 2.38
March 11.30 13.09 1264 13.64 14.64 1.79 1.34 2.34 3.34
April 1251 15.18 14.00 1520 16.80 2.67 1.49 2.69 4.29
May 13.47 1550 14.67 15.27 16.27 2.03 1.20 1.80 2.80
June 13.36 14.70 14.76 1556 16.56 1.34 1.39 2.19 3.19
July 13.24 1435 13.86 14.06 14.66 1.12 0.62 0.82 1.42
August 13.14 1416 1396 14.36 14.96 1.01 0.82 1.22 1.82

September 1237 1353 13.70 14.10 15.70 1.16 1.33 1.73 3.33
October 1191 13.87 12,67 13.47 14.07 1.96 0.76 1.56 2.16
November 9.81 11.79 10.95 11,55 1255 1.98 1.14 1.74 2.74
December  6.94 9.56 8.28 9.68 11.08 2.62 1.34 2.74 4.14
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Precipitation change with HadCM3A2a scenario outgBahir Dar station

Monthly average Precipitation change compared to
Precipitation (mm/day) 1961-1990 (%)

Months 1961- 1991- 2010- 2040- 2070- 1991- 2010- 2040- 2070-
1990 2007 2039 2069 2099 2007 2039 2069 2099

January 0.10 0.05 0.11 0.13 0.15 -0.05 0.08 0.32 0.51
February 0.08 0.08 0.09 0.09 0.10 0.00 0.19 0.16 0.28
March 0.22 0.44 0.22 0.24 0.23 0.22 -0.04 0.08 0.03
April 0.73 0.95 0.75 0.84 0.97 0.23 0.03 0.16 0.33
May 2.67 242 3.57 3.75 3.85 -0.25 0.34 0.41 0.44
June 5.97 7.28 5.43 5.32 5.26 1.31 -0.09 -0.11 -0.12
July 1438 13.60 1390 1423 1393 -0.78 -0.03 -0.01 -0.03
August 1265 1193 1231 1191 1183 -0.72 -0.03 -0.06 -0.06
September 6.75 6.89 9.10 8.75 9.07 0.14 0.35 0.30 0.34
October 2.89 3.22 5.22 5.78 6.29 0.33 0.80 1.00 1.17

November 0.75 0.43 1.42 1.51 1.63 -0.31 0.90 1.03 1.19
December 0.12 0.09 0.27 0.24 0.29 -0.02 131 1.07 1.49

Precipitation change with HadCM3B2a scenario outffiBahir Dar station

Monthly average Precipitation change
Precipitation (mm/day) Compared to 1961-1990 (%)
Months 1961- 1991- 2010- 2040- 2070- 1991- 2010- 2040- 2070-
1990 2007 2039 2069 2099 2007 2039 2069 2099
January 0.10 0.05 0.09 0.11 0.09 -0.05 -0.08 0.11 -0.11
February 0.08 0.08 0.08 0.09 0.10 0.00 0.05 0.13 0.22
March 0.22 0.44 0.20 0.23 0.23 0.22 -0.10 0.04 0.01
April 0.73 0.95 0.83 0.85 0.80 0.23 0.14 0.17 0.10
May 2.67 2.42 3.38 3.26 3.43 -0.25 0.27 0.22 0.29
June 5.97 7.28 4.79 4.93 4.53 1.31 -0.20 -0.17 -0.24
July 1438 13.60 13.36 13.72 1342 -0.78 -0.07 -0.05 -0.07
August 1265 1193 11.25 11.17 10.83 -0.72 -0.11 -0.12 -0.14
September 6.75 6.89 8.20 8.10 8.15 0.14 0.21 0.20 0.21
October 2.89 3.22 5.22 4.81 4.47 0.33 0.80 0.66 0.55

November  0.75 0.43 1.37 1.43 1.38 -0.31 0.84 0.91 0.85
December 0.12 0.09 0.25 0.24 0.24 -0.02 112 1.05 1.00
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