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CLIMATE CHANGE IMPACTS on HYDROLOGICAL PROCESSES an d
WATER DEMAND SCENARIO in the WEYIB RIVER BASIN,
SOUTHEASTERN ETHIOPIA

ABSTRACT

Future water availability and water demand scenafriany river basin is expected to change
under the impact of climate change. The Weyib Riwveater from which is utilized for
diverse water resources schemes, is one of theriamjorivers of Ethiopia. However,
increase in temperature and change in both magnand its spatiotemporal distribution of
rainfall under changing climate are adversely diifgcthe water resources scenario. Prior
understanding of such change is crucial for wagsources planning and management.

The main objective of this study was to investigtte spatial and temporal variation of
current and projected hydrological processes, wdénand and water availability under
climate change scenarios in Weyib River basin, Bat®untainous area of Southeastern
Ethiopia. The impact of climate change on the temjpees and precipitation characteristics
of the Weyib River basin has been investigated gusB+DL-ESM2M, CanESMZ2, and
GFDL-ESM2G models output for the RCP2.6, RCP4.5, B&P8.5 scenarios from coupled
model inter-comparison project 5 (CMIP5). The statal downscaling model calibrated and
validated using the observed daily data of twelvetaorological stations was used to
generate the future scenarios. The ArcSWAT hydiolagodel calibrated and validated
using the observed daily streamflow data for his&itime period was employed to simulate
current and projected future hydrological processes hence to evaluate water availability.
Current and projected population of the basin issmtered to estimate the annual water
demand thereby status of water resources neededbakin was estimated based on water
stress index analysis. The analysis of both climateables and hydrological processes were
then carried out in an annual, seasonal, and mohtdis in the 2020s, 2050s, and 2080s
time slices in the upcoming periods.

Results revealed that the mean annual maximum amdom temperature, and precipitation
have shown statistically significant (at 5% sigraint level) increasing trend in all the nine
ESM-RCP scenarios in the 2020s 2050s and 2080sslioes. GFDL-ESM2M, projects the
highest mean annual value for both temperaturegpesapitation in all the RCP scenarios in
future time slices; GFDL-ESM2G, projects the lowestrease in value of these parameters
and CanESM2, projects an intermediate (median)eas®. The variability of both
temperatures and precipitation is higher in all ES&M RCP8.5 than RCP4.5 and RCP2.6.
The mean annual actual evapotranspiration, grouaténcontribution to the streamflow
(baseflow), percolation, soil water content andewratvailability in the stream have been
found to increase for all the nine ESMs-RCP scesan the entire basin and in all the sub-
basins. However, surface runoff and potential etrapspiration have shown a decreasing
trend.
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The future (mean of 3 ESMs) total annual water labdity in the basin is observed to
increase ranging from 15.04 to 21.61%, 20.08 t84%. and 16.21 to 39.53% by the 2020s,
2050s and 2080s time slice respectively from thelabvle water resources (2333.39 Rjrof
the base period. Sub-basin level analysis has shbatnthe annual, seasonal and monthly
variations of hydrological processes in all the gib-basins are similar in terms of direction
but different in magnitude as compared to thathef éntire basin analysis. In addition, it is
observed that there is a larger monthly and se&s@mebility in climatic variables and
hydrological processes as compared to the variatioannual scale. Analysis has also
revealed that the future total annual water denwdritie basin will increase by 83.47% after
15 years, 200.67% after 45 years and 328.78% @&%eyears, i.e., by the 2020, 2050 and
2080 respectively from the base period water denudr289 Mn¥. This is primarily due to
high pace of population increase (40.81%, 130.80%b 229.12% by the 2020, 2050 and
2080 respectively) in the basin and also due toglan climatic parameters.

The current water availability per capita per yefithe basin is about 3112.23 mand tends

to decline ranging from 11.78 to 17.49%, 46.027318% and 57.18 to 64.34% by the 2020s,
2050s and 2080s respectively from base period geitac per year water availability. This

indicated that there is a possibility that the basay face water stress condition in the long
term. The increase of rainfall is comparatively highertie dry season which might have
positive impact on lowland region of the study asgal it might affect the highland areas
negatively since this season is specifically maopdarvesting period. Net water availability
tends to decrease in all months on the dry sedssnntight cause water shortage in the
lowland region, and greater increase of water abdity in intermediate and rainy seasons
this might cause flooding to some flood prone ragib the basin. Since the variation of net
water availability among the six sub-basins in upow period is high, there is a scope of
meeting agriculture water demand through watersfeanfrom sub-basin having more

available water in small area to the sub-basin Htavess available water in a larger
agricultural area.

Keywords CMIP5-ESMs-RCPs Scenario - SDSM - Climate Changen&8®s - ArcSWAT
Hydrologic Model - Hydrological Processes - EntRaver Basin and Sub-basin Scale - Water
Demand-Water Availability Scenario - Water ResosirE¢atus -Weyib River basin - Southeastern
Ethiopia
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Chapter 1: Introduction

1.1 Introduction

In recent days the word climate change is gainimgortance in different fields because of its
expected impacts on various sectors of economys $hction highlights on causes and
projection of climate change effect with particuemnphasis on the impact of climate change
on the water resources availability as well as oment and future estimates of total annual
water demand in the study area of Weyib River basiming a background of the research
need, objectives of the study is presented inchapter. The research work is divided into
different parts and presented in different chaptéustline of the thesis organization is also

presented towards end of this chapter.

1.2 Background of the Study

It is hard to talk about the ZZentury water issue without mentioning climate rae
Climate change already knocked every corner obsgah Ethiopia, mainly water resources,
and agriculture. Almost 90% of the study area iscaffural land and extensively cultivated
for cereal crops like barley and wheat. Therefoeejing information about future variability
of climatic variables, particularly precipitatios €ssential to sustain agriculture in the basin.
The present unpredictable climate is striking @ens threat to Ethiopia. The recent flooding
incidences, as well as the very frequent drougtithiopia, could remain placed as visible
indications for these influences (Ethiopian NatioMeteorological Agency, 2007). The
Weyib River, water from which is utilized for di\s&r water resources schemes, is one of the
important rivers of Ethiopia. However, increaseéamperature and change in both magnitude
and its spatiotemporal distribution of rainfall @machanging climate are adversely affecting
the water resources scenario. Climate change isaegting the standing pressure on water
resources resulting from growing populations andnemic development. The increased
variability in rainfall and streamflow caused bynthte change may lead to water scarcity

and flooding over the longer term.

Considering ensembles of multiple Global Circulatidodels/ Earth System Models (GCMs/
ESMSs) output for climate change impact studiesfipavamount importance (Brekke et al.,
2008; Maurer et al., 2007; Pierce et al., 2009;cRer and Kim, 2008) to minimize

uncertainty arise due to GCM/ESM. Therefore, irs tetudy, three bias-corrected ESMs
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(GFDL-ESM2M, CanESM2, and GFDL-ESM2G) for the Rejmmtative Concentration
Pathway of Radiative Forcing Levels 8.5, 4.5 ar&l\®/nT (watts per meter square) by the
year 2100 (i.e., RCP8.5, RCP4.5 and RCP2.6, raspBgtscenarios from coupled model
inter-comparison project 5 (CMIP5) have been udediwig et al. (2009) noted that the
temporal and spatial distribution and availabibfywater resources, as well as the frequency
of extreme events, will be affected by changingnelie. Changing rainfall patterns, river
hydrology, drought, reduced crop yields caused bgught are affecting food security
(Africa), increasing frequency and intensity ofrats is resulting in more severe flooding
(Caribbean and Southeast Asia) and a decline ticalriecosystems are certain to have an
adverse impact on the poor. Changes in rainfaltepsg and amounts and rising of
temperatures have reduced the reliability, andityuad water resources and these effects are
predicted to become worse in future.

The projected mean annual temperature in Ethigpfaund to be in the ranges 0.9-1.1, 1.7-
2.1 and 2.7-3.4°C by 2030, 2050 and 2080 time sli@spectively (Ethiopian National
Meteorological Agency, 2007). The projected meamuah maximum and minimum
temperature shows rising trend in Southeastern qfaEthiopia (Shawul et al., 2016). In
general, global mean temperatures revealed anasiag trend (IPCC, 2013; Kruger and
Shongwe, 2004; New et al., 2006; Unganai, 1996 ckvipioints towards glacier to melt, sea
level to rise and alteration in circulation pattewhich influence precipitation, water

availability, and extremes of floods and droughist to name a few.

The climate drives the hydrological cycle (Crosbieal., 2010) and projected changes in
spatial and temporal patterns of the climate véglwvill effect on local water resources, in
particular, changes in precipitation has amplifesdan impact on hydrological components.
Rainfall is the largest factor in the water balawfecatchment hydrology (Mpelasoka and
Chiew, 2009). It is observed that there is a suitislavariability in precipitation (rise about
20% and also declined by about 20%) in the globatd® et al., 2008). Larger spatial
variation of precipitation (from a drop of about-26% to rise to 25-50%) has been reported
in East Africa (Faramarzi et al., 2013). Increaseainfall has been observed (Shongwe et al.,
2009) in the tropics. Rainfall variability is mome the African continent and resulted in
variation in water availability. For instance, aclilee in water availability (streamflow) by
2050s is reported (Beck and Bernauer, 2011). Neelds, a rise of water availability
(Graham et al., 2011) has also been stated. Asisegifferent literatures, it is difficult to
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draw a general conclusion on the extent of dedimgse of water availability over the globe.
The impact of climate change on water variabilitgswstudied (Setegn, 2010) in Lake Tana
basin, Ethiopiausing Soil and Water Assessment Tool (SWAT) modainf coupled model
inter-comparison project 3 (CMIP3) GCMs model fdre tfuture world of very rapid
economic growth and global population with balanasttoss energy sources (AlB),
convergent world with very rapid global populatibnt with rapid changes in economic
structures (B1l), and very heterogeneous world wdtintinuously increasing global
population (A2) scenarios and he found that sigaift changes in stream flow and other

hydrological parameters in the period between 2240.

Farjad et al. (2016) investigated the average drem seasonal variations of hydrological
processes in the west and east sub-catchments $gitegm Hydrologique EuropedMIKE-
SHE) Model in Elbow River basin, Canada for theegnisles of CMIP3-GCMs up to the year
2070. They have reported that the mean annualcsurfanoff found to decrease. However,
groundwater contribution to the streamflow (basgjland actual evapotranspiration tends to
increase for the future world of very rapid econorgrowth and global population with
alternative developments of energy technologiess{fantensive) (A1F1) and world which
emphasis on local solutions to economic, sociaj anvironmental sustainability (B2)
scenarios and which leading to a 50% net increadetal water yield. Aich et al. (2014)
compared impacts of climate change on stream floviour African River basins (Niger,
Upper Blue Nile, Oubangui, and Limpopo) using Switl Water Integrated Model (SWIM)
from ensembles of CMIP5-ESMs for the RCP 8.5 andPRE€ scenarios. They found that a
tendency for increased stream flows in three of fiwe basins (not for the Oubangui).
Faramarzi et al. (2013) modeled the whole Africamtment using SWAT model from
ensembles of coupled model inter-comparison prejig€MIP4) GCMs and they found that
the same amount of mean annual water availabilityement (about 10-20%) and decrement
(about 10-20%), but with significant spatial varligp. Faruqui et al. (2001) explained that
one of the challenges in water resources managesant increasing water demand mainly
due to a rapid increase of population, settlemesitems, wealth, industrial activity,

technology, increasing demand for irrigation anchate change.

Therefore, in this study, statistical downscalieghnique using multiple linear regression
(MLR) based statistical downscaling model (SDSM} heeen used to downscale daily

temperatures (maximum and minimum) and precipitatiata for 12 meteorological stations
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found inside study area of Weyib River basin usemgembles of CMIP5-ESMs for the
RCP8.5, RCP4.5, and RCP2.6 scenarios. These futavenscaled temperatures, and
precipitation data has been used as an input foh BWydrological model to simulate future,
various surface and subsurface hydrological presesBinally, total annual current and
projected water demand were estimated and compdtbcavailable water in the stream so
as to know water resources status of the basin.anhhgysis of climatic variables (maximum
and minimum temperature and precipitation), hydymal processes and water resources
status of Weyib River basin is carried out on anuah seasonal and monthly basis in the
2020s (represents 2011-2040 time series data),s20&presents 2041-2070 time series data)
and 2080s (represents 2071-2100 time series data)dices in upcoming periods so that
people and society can foresee and respond thatitentfuture challenges either by
mitigating the worst condition that is likely to gy@en in future or at least be well prepared
and resilient to face the possible challenges. @13&syear data (climatologically normal) is
considered to be long enough to define local clearmcause it likely to have dry, wet, cool

and warm period as suggested by many scientistiaggrdecommended by IPCC.

1.3 Statement of the Problem

Climate change is exacerbating the existing pressur water resources resulting from
growing populations and economic development. Tieeeased variability in rainfall and
river flows caused by climate change may well iaseewater scarcity and flooding over the
longer-term. Climate change that reduces eitheoteeall quantity of water or the timing of
water availability for use will have significantfefts on agriculture, industrial and urban

development.

The Weyib River, one of a tributary of Genale-DaReer basin, water from which is

utilized for diverse water resources schemes, eairthe important rivers of Ethiopia. The
schemes include many existing and proposed iragatystems (for instance, Bale Gadula,
4500 ha, Tegona; 2500 ha and Tebel; 1000 ha) stouaind fish farming at the different parts
of the river. Farm Africa Sahel Ethiopia (2007) chésed that among the prior ecological
services of the Bale Mountain National Park (BMNBUNd in the study basin, the afro-
alpine ecosystem is one of its hydrologic systdins. sources of over 40 streams on which

more than 12 million people depend on it.
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The importance of the hydrological services that dnea provides to Southeastern Ethiopia
and parts of Somalia and Kenya have gradually r@zed over the subsequent years, and
their conservation is now a primary purpose ofghek. The rapid urbanization encroaching
into cultivated lands, expansions of cultivatedaarento shrublands are the main causes that
make the hydrologic system of the area in undetigoous transformation. Though, there is
a consensus on the need for proper planning ofviiter resources development as well as
their utilization; there is still an urgent need donsider other factors like the impact of
climate change on their sustainability. Many hydreteorological variables (for instance,
stream flow, soil moisture and actual evapotra@asioin) have inadequately measured in the
study area. The recording period of hydro-metegjiokd data is very short and available for
only a few stations, which impedes complete analg$ichanges in water availability and

water demand.

As reported in the Africa Climate Change Environime®ecurity (ACCES) report
(Ndaruzaniye, 2011), climate change is increash® ftequency and intensity of climate-
related hazards, and hence, the level and patéwften interrelated risks, particularly water
and food security, exacerbate levels of vulnergbilmainly for rural communities in
Ethiopia. Current climate variability is now impnogi a significant challenge to Ethiopian
communities by affecting water and food securityd &nergy supply. Over exploitation of
land including deforestation associated with chaggiveather pattern have increased soil
degradation and has inflicted water stress and faiyre. In Sub-Saharan Africa, i.e., the
Eastern African region, particularly the Horn ofrigh, is stated as highly geographically
exposed to climate change and its impact on wasaurces is therefore expected to be high.
Out of 160 million people living in the Horn of Ada, 70 million has located in areas prone
to 'extreme drought leading to water insecurity éomtl shortages'. It is interesting to note
that in this region both floods and droughts caouogn the same area within a very short
period and these events can worsen water availabienario both in terms of quality and
guantity. Such temporal variability can adversefiec agricultural activities and power

sector.

1.4 Significance of the Study

The effect of spatial data availability on climateange projection for any study area
(watershed or basin) has not been studied yet. Menvpractical knowledge about impact of

spatial data availability on future climate changejection in a specific study area is so
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essential. Hence, this study tried to provide gooderstanding how spatial data availability
affects the future climate change projection foe gtudy area of Weyib River basin in

Ethiopia.

The study aims to examine the variation of hydrmalgprocesses (in terms of mean annual,
seasonal and monthly) under changing climate withenWeyib River basin at both basin
and sub-basin level. Such analysis, therefore,dcbelp us to have sufficient knowledge
about the hydrological processes and their resgaiaselimate change in each sub-basin can
guide water resources management in providing aenmmgorous assessment and more

efficient decision-making.

Most research aims to address the problems relatatie water availability side while
neglecting the water demand side. But, the latéer diso significant policy implications in
terms of water demand management. Hence, this studg to examine both water
availability and water demand scenarios of therbgreby status of water resources need of

the basin was estimated.

Most of the climate change impact studies assessydrological processes on an annual
basis in different regions. Analysis at higher temab resolution (seasonal or monthly) scale
is desirable, as seasonal or monthly variation yafrélogical processes may not become
visible in an annual basis analysis and thus maypnavide the required information for
managing water for agricultural and other needshimstudy, therefore, annual, seasonal and
monthly temporal resolution have been considerechdlp a better planning for water

resources management in the basin.

There is no study has been done in the Weyib Riasm regarding future characteristics of
climatic variables (mainly precipitation and tengteres) and their impact on various
hydrological processes (at both basin and sub-tbagat) under ensembles of CMIP5-ESMs-
RCPs scenario to the year 2100 and water demaiygsendut this study tried.

This study noticeably culminates that differenttfeas between sub-basins in a basin such as
land use land cover (LULC), soil non-homogeneitpagraphic, surface-subsurface water
interactions, drainage area, shape, and networksesailt in different hydrological responses
to climate change in each sub-basins, and constygube changes in mean annual and
seasonal climate variables may not always bringualioe same change in hydrological
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processes in the Weyib River basin. Therefore,utaing the water balance components
(mainly water availability) in each sub-basin, gjomith the entire basin provides a better
understanding of the hydrological processes inaesp to climate change. This study would
not only provide the comprehensive analysis ofdimaatic change, hydrological processes,
and water demand estimate but also would be hefpfuthe better management of water

resources in the Weyib River basin.

1.5 Research Questions

This study primarily focused on downscaling largate atmospheric climatic variables to

project the future climatic condition in the Weyiker basin and then investigated resulting
changes in different surface and subsurface hydiedb processes in future as compared to
present condition. Finally, spatial distribution total annual water demand at Wereda (the
third-level administration division of Ethiopia)vel in the basin was estimated. Therefore,

the study was directed by the following researcbstjons:

1. What are the most appropriate predictor varialbdset considered for the downscaling of
daily precipitation and temperatures based on eleionship between large-scale global
atmospheric variables and local scale observedmitaoon and temperatures?

2. How well do CMIP5-ESMs simulate present climateiafsles using SDSM in Weyib
River Basin?

3. How alarming the future temperatures and precipitathange of the study area can be?
(Is there a warming trend in the Weyib River Bayin?

4. How ArcSWAT hydrologic model perform to simulatestarical hydrological processes in
Weyib River basin?

5. How will the changes in climatic variables affelsethydrological processes in the study
area?

6. How water demand and availability resemble in thsity?

7. What is the present and future water resourcesisstait Weyib River basin (Is water
abundance or water stress basin?)?

8. What are the adaptation options to be taken upl¢viate the adverse impacts of climate

change on water availability?
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1.6 Research Objectives

To address the questions mentioned above, the ajemied specific objectives have been

drawn as stated below:

1.6.1.Broad objective

Against these backgrounds, the broad aim of thidyswas, therefore, to investigate climate
change impacts on the hydrological processes andrwigmand estimates until the year
2100 in Weyib River Basin, Southeastern Ethiopia.

1.6.2. Specific objectives

To meet the broad objective of the study, the foihg specific objectives were set to:

1. Downscale daily temperatures (maximum and minimanyg precipitation from CMIP5-
ESMs-RCPs scenario.

2. Develop temporal (in the 2020s, 2050s and 2080< tshces) temperatures and
precipitation scenarios using CMIP5-ESMs-RCPs arpatt in the Weyib River basin

3. Evaluate the performance of ArcSWAT model in sirtin catchment hydrology in
Weyib River Basin.

4. Investigate the response of surface and subsunfa®logical processes under ensembles
of CMIP5-ESMs-RCPs scenario in the entire basinsan@basin scale.

5. Analyze the annual, seasonal and monthly net veataitability (in the 2020s, 2050s, and
2080s time slices) in the entire basin and subabasale under ensembles of CMIP5-
ESMs-RCPs scenario.

6. Assess current and projected (in the 2020s, 20&@d,2080s time slices) total annual
water demand of the Weyib River basin under inengggopulation.

7. Estimate current and projected water resourcessstat the basin under CMIP5-ESMs-
RCPs scenatrio.

8. Suggest possible adaptation options to alleviateattverse impacts of climate change on

water availability.

1.7 Organization of the Thesis

The thesis has been organized to have seven chdptduding the introductory section.

General overviews of each chapter have discusstdli@ass.
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Chapter 1 comprises the background of the study, statenietiteoproblem, significance of

the study, research questions and research olgedtjeneral and specific).

Chapter 2 is the literature review and discusses about ¢én@hange impacts on the
hydrology and water resources (climate change itspac the hydrologic cycle and water
resources management), climate change impact iicafEthiopia and Weyib River basin,
GCMs and ESMs, future emission scenarios (updatgcenario development from SRES to
RCPs), the new representative concentration patiseayarios (RCPs) and benefits of using
RCPs), downscaling approaches (dynamical (RCM) ataistical (transfer functions,
weather typing and weather generators)), hydrobgy water resources modelling and water
demand assessment for selected and Weyib River.basi

Chapter 3 discusses about statistical downscaling of dailyperatures and precipitation
data from CMIP5-ESMS-RCPs experiment: in Weyib Rikeasin, Southeastern Ethiopia.
The chapter also provides detail description oflgtarea, types of ESMs and RCP scenarios
used, types of data used, downscaling methods, SB&Mits approach and performance
evaluation, statistical bias correction, climatamie scenario statistics, Mann-Kendall trend
test, selected common potential predictor varigbéadibration and validation results of
SDSM for both temperatures and precipitation anénados developed for future

temperatures and precipitation (2006-2100) foredéht averaged spatial weather stations.

Chapter 4 gives the detail explanation about ArcSWAT hydgito model description,
approaches, and hydrological components, input @matial and weather) used and model
set-up. Hydrological simulation of the Weyib Riveatchment carried out using SWAT
model is presented along with analysis done fomtiieng SWAT’'s most sensitive
streamflow Parameters, final calibrated fitted ealwbtained through variation methods.
Statistical and hydrograph technique used to etalube performance of ArcSWAT
hydrologic model is detailed here. Four statistroaldel performance evaluation criteria were
used during the calibration and validation periodmely: coefficient of determination {R
Nash and Sutcliffe simulation efficiency (NSE), REF8bservations standard deviation ratio
(RSR) and Percent bias (Pbias). Hydrograph analyais also made to provide a visual
comparison of simulated and measured constituaat taidentify differences in timing and
magnitude of peak flows, to visualize the shapédnyafrograph and to identify model bias

throughout model calibration and validation peréodi presented in this chapter.
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Chapter 5 investigated the entire basin (EB) and sub-baSB) scale current and projected
future changes in surface and subsurface wateological processes under climate change
scenarios in Weyib River basi8putheastern Ethiopién this chapter, therefore, EB and SB
scale major hydrological processes such as suriaoeff contribution to the streamflow
(QSURF), groundwater contribution to the streamfl{@WQ), actual and potential
evapotranspiration (ET and PET), water that peteslpast the root zone (PERC), soil water
content (SW), and net water yield of the basin (VDylhave been studied using distributed
deterministic ArcSWAT hydrologic model for both cemt and future (under Ensembles of
GFDL-ESM2M, CanESM2 and GFDL-ESM2G for the RCP8ECP4.5 and RCP2.6

scenarios from CMIP5) have been detailed.

Chapter 6 examines spatial and temporal variation of cureemd projected water demand
and water availability under climate change scesar the study area. In this chapter, spatial
distribution of current (2005) and projected (in2@8, 2050s and 2080s time slice)
population, water demand and water availabilitytted Weyib River basin is discussed in
detail. Irrigation, domestic (which includes dringi sanitation, bathing and food
preparation), commercial and public institutionsilfiic schools, clinics, hospitals, offices,
shops, bars, restaurants and hotels), industinedstbck uses, water losses through water
supply system have been considered. Current anoefwater availability resulted from
mean of three downscaled ESMs climatic variableteuthe RCP8.5, RCP4.5 and RCP2.6
scenarios for three future time slices are alsastigated in this chapter. Finally, water
resources status of the basin based on ‘WatersSinelex Analysis’ (total water available
divided by total number of population residing e tbasin) has been outlined.

Following these chapters, a summary, conclusiod,raoommendation from results obtained
and challenges faced during this study is preseme@hapter 7. Some contributions
(publications) from this Ph.D. thesis work have rb@eovided in ‘Publications and Award
Based on the Present Thesis Work’ section afteareates. Pertinent detail tables, figures
and photos/pictures are presented in appendicte diack of the thesis after ‘Publications
and Award Based on the Present Thesis Work’ section
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Chapter 2: Literature Review

2.1. Introduction

To carry out a systematic study of all possiblevaht past work, available in the literature,
review has been carried out by dividing it intofeliént sub-headings. Review of climate
change impacts on the hydrologic cycle and watspuees management in general is first
done. Then, climate change impact in Africa, Etlaggnd Weyib River Basin is carried out.
Following this, literatures, reviewed to understadelelopment and application of ESMs,
future emission scenarios (update on scenario dpwetnt from SRES to RCPs), benefits of
using RCPs, downscaling approaches (dynamic (ROM) sdatistical), are presented. To
know state of the art in hydrological modellingtetatures containing works related to
hydrology and water resources modeling are reviewrdrature available on water demand
assessment for selected river basin as well asMRiyer basin have also been reviewed and

presented in this chapter.

2.2. Climate Change Impacts on the Hydrology and War Resources
2.2.1.Climate change impacts on the hydrologic cycle

Precipitation, evapotranspiration, runoff, grountBvaand soil moisture are the key
components of hydrology cycle, and they have linkeih changes in atmospheric
temperature and radiation balance. The climateedrithhe hydrological cycle (Crosbie et al.
2010), and projected changes in spatial and terhpatéerns of the climate variables will
impact on regional hydrological processes, in paldr, changes in rainfall will be amplified
as an impact on hydrological components (Chiew,620Jang et al., 2011). Precipitation
pattern over a Zicentury has shown substantial spatial variabdityg the risks of extreme
events due to increase of the intensity and vditiatof the rainfall also projected to rise
(IPCC, 2008). For instance, results from 15 AOGQMsr for the future warmer climate
show that the extreme drought increased from 1#beaturrent day land area to 30% in 2100
for the A2 emission scenario (IPCC, 2008). In addito this, precipitation has shown increased
by 2% and 7-12% for the area found between 0 t&543d 30 to 85°N respectively (IPCC,
2001). Summer precipitation characteristics havenlsone using 15 GCMs outputs for the
A1B scenario in the sub-tropical and South Asiamsoon and noted that rainfall decreases
over several sub-tropical areas and an incremeritojpical oceans and some monsoon

regimes such as South Asian monsoon has observed.
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The impact of climate change on the precipitatibaracteristics of Dhansiri River has been
studied (Vinnarasir and Sarma, 2011). A future atienprojection from three GCMs under
the one IPCC emission scenarios which have beemstmaled by regression analysis and
Artificial Neural Network was used to study futypeecipitation characteristics in the basin
and they found that about 20% increase in averagea precipitation by the year 2100. It is
observed that there is a substantial variabilityainfall (rise about 20% and also declined by
about 20%) in the glob (Bates et al., 2008).

The impact of climate change on freshwater avditghin Africa at the subbasin level for the
period of 2020-2040 has been studied (Faramarai.e®013). Future climate projections
from five GCMs under the four IPCC emission scaymmvere fed into an existing SWAT
hydrological model to project the impact on differeomponents of water resources across
the African continent. The results show that fostEAfrica, the larger spatial variation of
precipitation (from a drop of about 25-50% to rtee25-50%). Projected changes in mean
precipitation in Africa under Global Warming wavéstigated (Shongwe et al., 2009) from
CMIP4 GCM models using Bayesian approach to dowaspaecipitation. The results
revealed that the mean annual precipitation idylike increase. Rainfall is the largest factor

in the water balance of catchment hydrology (Mpatasand Chiew, 2008).

Projecting impacts of future climate change ontdrblogical systems can be undertaken in
different ways and a variety of effects can be eiguk Although simulation results from
GCMs are typically used to project future climatdferent outcomes from these projections
may be obtained depending on the GCMs themselveshaw they are applied, including
different ways of downscaling from global to regascales. Projections of climate change
from different downscaling methods, different GCNMsd different future emissions
scenarios were used as input to simulations indadhygical model to assess climate change
impacts on hydrology. Rainfall variability is mone the African continent and resulted in
variation in water availability. For instance, alilge in water availability (streamflow) (Beck
and Bernauer, 2011) by 2050s has been reportecertiieless, the rise of water availability
(Graham et al., 2011) has also been stated. Fr@mabove literatures it is clear that
spatiotemporal changes in respect of water avéthalue to climate change impact vary
over the globe and it is difficult to suggest ag@ahtrend.
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Future projected characteristics of various climagables, especially global mean surface
temperature, have been investigated (IPCC, 2018h) Ensembles of multi-model CMIP5
GCM models under the four RCP scenarios. The eseMealed that the increment of global
mean surface temperature observed to be range det@6-4.8°C (RCP8.5), 1.1-2.6°C
(RCP4.5) and 0.3-1.7°C (RCP2.6). This resultedlseal has to be projected to continue
rising ranges between 0.45-0.82 m (RCP8.5), 0.83-th (RCP6.0), 0.32-0.63 m (RCP4.5)
and 0.26-0.55 m (RCP2.6) and this sea level sutisiignwill rise due to collapse of some
sections of the Antarctic ice sheet by the endhef 2F' century. In general, temperatures
revealed an increasing trend (Kruger and Shong@@4;2New et al., 2006; Unganai, 1996)
which tends to glacier to melt, sea level to rigd alteration in circulation pattern which
influence precipitation, water availability, andtesmes of floods and droughts; just to name
a few. Higher temperatures increase evapotrangpirathich may further lead to a reduction

in surface and subsurface water resources (ChieMMaMahon, 2002; Crosbie et al., 2010).

Based on Indian Network for Climate Change AsseasiReport (INCCA, 2010), which was

used PRECIS (providing climate investigation stajlieased on HadRM (Hadley Regional

climate Model) under the A1B SRES to generate dinthange scenario for 2030s, climate
change will affect four major regions (Himalayamrith Eastern (NE), Western Ghats, and
Coastal Region) by 2030s. Temperature will incrdes@a 1.7 to 2.0°C with greater seasonal
variability, small increase in annual precipitatiith fewer rainy days, increased frequency
of extreme rainfall, fewer and more intense cycyrstorm surge (coastal) will increase from
5 to 20%, sea-level rise, on average, slight ireeg&0-80 mm), variable water availability

(generally wetter will increase, and dryer will desse), sediment yields will increase up to
25% in most areas, floods level will increase fréthto 30% compared to 1970s in most
regions, extreme drought in southern portion NEsiN&oast; most severe in the Himalayas,
crop water demand will increase from 5-20% in Hiayals and NE; variable Coastal Zone;
increased land sliding, salinization coastal areasrall declines in total yield for all regions

and most crops (rice, sorghum, maize, mustard, iwhpple) and increased land degradation

and soil erosion from the area.

Global runoffunder A1B scenario apparently reduced in CentraéAecan, part of Asia, part
of Mexico, and Europe; however, it has increasetigh-latitude Rivers. It has been noted

that annual evaporation increases over most ocgamiace temperature increase). At the

13
TH-1920_136104030



global scale, mean evaporation changes balancalgbobcipitation but it is different at the

local level due to variations in the atmosphe@angport of water vapor (IPCC, 2001).

Farjad et al. (2016) investigated the average dremh seasonal variations of surface and
subsurface hydrological processes in the west astiseib-catchments along with the entire
watershed under five plausible GCM-scenarios up2@@0 using the physically-based,
distributed MIKE-SHE Model in Elbow River Basin, Qa&da. Future climate projections
from seven CMIP4 GCM models under the six IPCC siors scenarios which have been
downscaled by delta-change method were fed inteexasting MIKE-SHE hydrological
model to project the impact on different hydrol@diprocesses in the basin. They have been
reported that the mean annual surface runoff faientde decreased by 10.50 and 10.60%
(A1F1), and 4.60 and 9.90% (B2) in 2020s and 2@B0s slices respectively, and increases
by 3.70 and 17.90% (A1B), 6.00 and 6.68% (A2) ar@D(and 3.85% (B2) in 2020s and
2050s time slice respectively. The mean annualrgteater contribution to the streamflow
(baseflow) has been rise by 2.50 and 12.70% (A&BJ, 2.10 and 2.30% (A2) in the 2020s
and 2050s, respectively. The actual evapotrangpiréias also been rise by 1.60 and 9.60%
(A1B), and 2.40 and 4.80% (A2) in the 2020s and080%espectively for the entire basin.
They explained in their study also that with the?@increase in precipitation, SWAT
produced a 51% decline in surface runoff, and a 4i8%in recharge, leading to a 50% net

increase in total water yield.

2.2.2.Climate change impacts on the water resources managent

Vano et al. (2010) studied the effects of climatange impacts on water management and
irrigation in the Yakima River Basin, WashingtonSA using the Variable Infiltration
Capacity (VIC) macro-scale hydrology model from #resembles of different CMIP4 GCM
models under the two IPCC SRES scenarios. Theydfdhat earlier snowmelt results in
increased water delivery curtailments. Historicatlye basin experienced substantial water
shortages in 14% of years. Without adaptations AfbB emission scenarios, water scarcity
increases by 27, 33 and 68% in the 2020s, 204@s2@80s respectively. For B1 emissions
scenarios, shortage tends to rise by 24, 31 and #B8%e 2020s, 2050s, and 2080s
respectively. In India, Pakistan, Nepal and Banggéid water scarcity has attributed to issues
due to rapid urbanization and industrializationpylation growth and inefficient water use,
which are all aggravated by climate impacted chamgguced on demand, supply, and water

quality. The decreased precipitation and increasexgberature have been reported to increase
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water shortages, particularly in parts of Asia vehemter resources are already under stress

from growing water demands and inefficient watex (Manton et al., 2001).

The climate impact assessment has been performédetigr et al. (2013) for three river
basins on three continents (Rhine in Europe, Upjiger in Africa and Upper Yellow in
Asia) using three hydrological models (HBV, SWIMdaNIC) from five CMIP5 GCMs
outputs (HadGEMZ2-ES, IPSL-CM5ALR, MIROC-ESM-CHEM, FBL-ESM2M and
NorESM1-M) which have been downscaled by trendgmasg bias-correction method with
the WATCH reanalysis data and have been re-sangiea 0.5°x0.5° grid (Hempel et al.,
2013) for the RCP 8.5 were provided for this stublyey found that the uncertainty resulting
from climate models is larger compared to that led hydrological models for all three
basins. The impact of climate change on streamfias been investigated (Liu et al., 2011)
using SWAT model from HadCM3 GCM model under the égission scenario which has
been downscaled by SDSM in the headwater catchwfetite Yellow River basin. The
results revealed that an overall decreasing tren@nnual streamflow in the headwater
catchment of the Yellow River watershed in the 2)22050s, and 2080s time slices was

observed.

The impact of climate change on the water resountawelve river basins in Indian River
systems has been studied (Gosain et al., 2006y S3WAT from HadRM2 model under the
GHG scenarios. The results revealed that sevefitgraughts and intensity of floods in
various parts of the country might get worsenedreédwer, a general drop of the available
runoff has predicted under the future climate sden&lydrological changes and its impact
on water resources of Bagmati watershed in Nepal been investigated (Sharma and
Shakya, 2006). Due to climate change effect in Betgiwatershed, precipitation during
monsoon decreased, and pre and post-monsoon cagaged, but mean yearly flow in river
decreased, magnitude of flood decline but frequeangl duration of flood increased.
Hydropower generation reduction and concentratibpadlution increased because of less
water availability. Due to the increasing demand dropped supply, water conflicts between
India and Nepal are likely to increase in fututehds suggested that a proper modality of

water sharing should design in advance.

Implications of climate change for sustainable wadsources management in India has been
reviewed (Mujumdar, 2008). The main findings oktheéview indicated that the severe water

scarcity in one region and flood hazards in otmeas has observed, and these affects mainly
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water quality and agriculture, so he suggested thatresearch studies integrating the
atmospheric and hydrological models to understdred dimatic influence on hydrologic

extremes are needed in the country.

The impact of climate and land use changes onltlvel fhazard of the middle Brahmaputra
reach, India was studied (Ghosh and Dutta, 201R)gua physically based macro-scale
distributed hydrological model (DHM), which worksn othe concept of hydrological
similarity classes (HSCs), has been calibrated \aldiated and then used to assess the
possible future changes in the flood charactesstand flood vulnerability of the
Brahmaputra basin, India, due to climate and lase ghanges. The bias corrected
climatological data from a regional climate modeCM) simulation (PRECIS) was used to
obtain future changes in flood generation and iwspagation through the basin in the
projected climatological scenario. After model fieation, “best guess” land use change
scenarios were used to assess potential chandle®ancharacteristics. Results show that at
the middle reaches of the Brahmaputra, peak digehigcreases by a maximum of 9% for
land use change scenarios and peak dischargeneitase by an average of 21% in the

future projected climate change scenario.

According to Arnell (2008); Kundzewicz et al. (2QPRutashobya (2008) review, the impact
of climate change on water availability will knoel the biotic and abiotic surrounding in
general. This has assured in some field of areas.ekample, agriculture reported by
Vermeulen et al. (2012), healthy by Gage et alO80ecology by Eriksen and Watson
(2009). De Jong et al. (2000); Freibauer et alogd0Jandl et al. (2007); Lasco et al. (2002)
(as cited in Sarma et al.,, 2013) have been conduetsearch on removal of green cover
becoming a matter of global concern, as it can lace the adverse impacts of climate
change. People coming in search of work generallyde in the hills, as they cannot afford
the high cost of land in plains. This has led téodestation of the hilly area and has resulted
in increased surface erosion from the upper catotsn@hough sediment and water yield
from these degraded watersheds could have beemiméd by implementing ecologically
sustainable management practices (EMPSs), suchaas @nd, forest land and detention pond,
poor economic conditions of the people stands énvilay of field implementation. On the
other hand, major industries, which can be heldarsible for emission of greenhouse gases,
can be asked to finance greenery development in hity watersheds through
implementation of selected EMPs to earn carbonitcf@dthem. And, finally, they suggested
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that the climate change impacts on the water ressurcould have alleviated by

implementing EMPs.
2.3. Climate Change Impact in Ethiopia and Africa

As reported in the Africa Climate Change Environime®ecurity (ACCES) report
(Ndaruzaniye, 2011), climate change is increashw ftequency and intensity of climate-
related hazards, and hence, the level and patéwften interrelated risks, particularly water
and food security, exacerbate levels of vulnerghilmainly for rural communities in
Ethiopia. Current climate variability is now impnogi a significant challenge to Ethiopian
communities by affecting water and food securityd &nergy supply. Over exploitation of
land including deforestation associated with chaggiveather pattern have been increased
soil degradation and has inflicted water stress @og failure. In Sub-Saharan Africa, i.e.,
the Eastern African region, particularly the HofmAdrica, is stated as highly geographically
exposed to climate change and its impact on watarurces is therefore expected to be high.
Out of 160 million people living in the Horn of Aéa, 70 million has located in areas prone
to extreme drought leading to water insecurity foodl shortages. It is interesting to note that
in this region both floods and droughts can ocouhe same area within a very short period
and these events can worsen water availabilityascboth in terms of quality and quantity.

Such temporal variability can adversely affect agitural activities and power sector.

The present unpredictable climate is striking mens threat to Ethiopia by mainly
disturbing water resources and agricultural seci®exent flooding incidences, as well as the
widespread drought in Ethiopia, could remain pla@d visible indications for these
influences (Ethiopian National Meteorological Aggn2007). The impact of future climate
projections on temperature and precipitation chiaretics of Ethiopia has been investigated
(Ethiopian National Meteorological Agency, 2007Qrfr CMIP3 GCM model under the A1B
scenario which has generated by using the 'ModetHe Assessment of Greenhouse-gas
Induced Climate Change (MAGICC)' software. The lsstevealed that the mean annual
temperature would increase in the ranges 0.9-17:21 and 2.7-3.4°C by 2030, 2050 and
2080 time slices respectively with a small riseaimual precipitation has expected over the

country Ethiopia.

Legesse et al. (2013) studied a downscaling ofydainperature and rainfall data from

CMIP3 GCM model under the A2 and B2 emission sa@esawhich has been downscaled by
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SDSM in north central Ethiopia, and they found tiregan annual maximum and minimum
temperatures showed an increasing trend with theuatrof 6.17°C and 5.65°C respectively
by 2080s. However, mean annual precipitation tdnddecline range about 14.2-43.3% by
the year the 2080s. Climate change impact on thigolpgy of bale mountainous area in
Ethiopia has been investigated (Shawul et al., pQ%tg ArcSWAT hydrologic model from
CMIP3 GCM model under the A2a and B2a emission a&wes which has been downscaled
by SDSM. The results revealed that the projectedmannual maximum and minimum
temperature shows rising trend in the 2020s, 2@50s2080s time slices.

The impact of climate change on water variabilitgsvstudied (Setegn, 2010, 2011) in Lake
Tana basin, Ethiopiasing SWAT model from CMIP3 GCMs model under theBAB1 and
A2 emission scenarios which have downscaled bygukistorical-modification procedure
and he found that significant changes in streamv #ad other hydrological parameters in the
period between 2045-2100. An attempt was made \‘estigate the sensitivity of water
resources to climate change in the Awash Rivembaskthiopia (Hailemariam, 1999) using
integrated water balance model (WatBal) from CM@®&3Ms under the doubling of G@nd
transient scenarios and they found that the meamakrrunoff tends to decline ranges

between 10 to 34%, with doubling of @@nd transient scenarios of €i@crease.

The impact of climate change on soil water avadliligband crop production in Anjeni
Watershed, Blue Nile Basin, Ethiopia was invesg@dat(Yakob, 2009) using SWAT
hydrological model from CMIP3 GCM output under th2 and B2 emission scenarios which
have been downscaled by SDSM. The results indicdtet the annual potential
evapotranspiration observed to increase for fupemeods while soil water content tends to
decline and resulted over all variant in crop paon in the watershed. The impact of
climate change on the hydrology of Gilgel Abbaycbatent in Lake Tana basin in Ethiopia
has been investigated (Abdo et al., 2009) using Hig%rological model from CMIP3 GCM
model under the A2 and B2 emission scenarios whashbeen downscaled by SDSM. The
results revealed that the volume of runoff showdéoline by 11.6% and 10.1% for A2 and
B2 scenarios respectively in the 2080s and thetkalgo be high seasonal and monthly

deviation of runoff compared to variation in annseéle.

According to review report by Boko et al. (2008)nér (2006), reported that the temperature
projection in the upcoming period will be in thenge 2-4.1°C in Africa. In recent study,

Faramarzi et al. (2013) modeled the whole Africantment using SWAT model from five
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CMIP4 GCM models (HadCM3, PCM, CGCM2, CSIRO2, ardHAM4) under the four
IPCC emission scenarios. They found that the sanwuat of increment (about 10-20%) and
decrement (about 10-20%) of streamflow, but witngicant spatial variability. The impacts
of climate change on stream flow in four Africawven basins (Niger, Upper Blue Nile,
Oubangui and Limpopo) has been done (Aich et all4? using Soil and Water Integrated
eco-hydrological Model (SWIM) for all four basinsdependently from CMIP5 ESM model
under the RCP8.5 and RCP2.6 scenarios which hage @éewnscaled by means of trend
preserving bias correction method (Hempel et &81,3). Results revealed that is a tendency

of increasing stream flows in three of the fouribsignot for the Oubangui).

2.4. General Circulation Model (GCMs) and Earth Sytem Models (ESMs)

GCM is a complex mathematical model which represepliysical processes in the
atmosphere, cryosphere, ocean and land surface AN@@09; IPCC, 2013d). GCMs were
developed for the first time in 1956 (Xu, 1999a) namic mean synoptic-scale and
atmospheric circulation patterns but later modifiedpo and Kininmonth, 2013) to use for
weather forecasting, understanding the climate aradlicting future change in climatic
variables. There are two major GCMs, namely atmesphGCMs and Oceanic GCMs
(NOAA, 2015). The combined form of these two GCMss lthen called as Atmosphere-
Ocean coupled general circulation model (AOGCM)e T&eophysical Fluid Dynamics
Laboratory of NOAA developed coupled atmospherid aoceanic GCM for the first time in
the 1960s.

According to IPCC (2007), the coarser resolutionM3Chave been divided into three-
dimensional grids of cells to reveal climates homial resolution ranges between 250-600
km, 10 to 20 vertical layers in the atmosphere @mdb 30 layers in the oceans and these has
not properly modeled. Till a few years back, GCMdyancluded atmosphere, land surface
components, and sometime oceanic component. Howinese are not the only components
to define the climate; there are biological andneital processes as well which impacts on
climate. Considering these GCMs recently startedrporating sophisticated models of sea
ice, carbon cycle, ice-sheet and even atmosphémmistry and all these processes are
included in a new climate model called ESM (Heawersl., 2013).

In the development of CMIP5, newly developed ESksiacorporated (Taylor et al., 2012)

and which provide additional components that descthe atmosphere's linkage with land
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use and vegetation, atmospheric chemistry, aer@salsthe carbon cycle. The ESMs were
assembled regarding newly defined atmospheric ceitipo forcings for the present climate

(historical forcing) and the future scenarios (Rsentative Concentration Pathways; RCPSs)
(Moss et al., 2010). The details of the three ESEd in this study have given in Chapter 3

in ‘Earth System Models and RCP Scenarios' section.

2.5. Future Emission Scenarios
2.5.1. Update on scenario development: from SRES to RCPs

In the AR5 (IPCC % assessment report) a series of new RCPs are emdplagd that replace
the 'Special Report on Emission Scenarios' (SRESQy create a range of reactions from
roughly stabilize forcing to a strict mitigationes@ario (RCP2.6") that stabilizes and then
slowly reduces the radiative forcing (RF) after #ii' century. Unlike to the AR3 and AR4,
the climate change from the RCP scenarios in th®& ARenclosed as a combination of
adaptation and mitigation. Mitigation activitiesading now in the several RCP scenarios do
not create noticeably different climate change onmes for the next '30 years' or so, whereas

long-term climate change after mid-century is saiisally diverse across the RCPs.
2.5.2. The newly developed representative concentration plaway scenarios (RCPs)

These RCPs represent a larger set of mitigationastes and were selected to have different
targets regarding radiative forcing at 2100 (ab®i 4.5, 6.0 and 8.5W/x and these
scenarios should be considered reasonable andralive, and do not have probabilities
attached to them (IPCC, 2014b). There are four ypk Representative Concentration
Pathways namely RCP8.5, RCP6.0, RCP4.5, and RGP2ak and Decline scenario). The
numbers refer to radiative forcings (‘global endrgipalances’), measured in watts per square
meter, by the year 2100. The RCPs which typicalbjude economic, demographic, energy
and climate components have developed throughretiegd) Assessment Models (IAMs). The
emission scenarios they create are then run thrawgimple model to produce time series of
GHG concentrations that can be a ride in AOGCMe détail information about each of the

RCPs has given below and Table 2.1.

RCP2.6 (‘peak and decline scenario’)lt describesvery low greenhouse gas concentration
levels. Its radiative forcing level first reachesaue around 3.1 W/m(peak) mid-centuries
and declining to 2.6 W/fnby 2100. The final RCP is based on the publicafiéan Vuuren
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et al., 2007). It has developed by the Integratemtl®ll to Assess the Global Environment
(IMAGE) modeling team of the Netherlands EnvirontaéAssessment Agency.

RCP4.5 (stabilization scenarid: Stabilizes its radiative forcing target at 4.9 in the
year 2100 without ever exceeding this level by wpgl of a range of technologies and
strategies for reducing GHG emissions. The scendrmeers and technical options are
detailed in (Thomson et al., 2011; Wise et al.,90® is developed by the Mini-Climate
Assessment Model (MiniCAM) modeling team at the iflacNorthwest National
Laboratory's Joint Global Change Research Inst{ti@CRI).

RCP6.0 (stabilization scenario):Stabilizes its radiative forcing target at 6.0 VZ/in the
year 2100 without ever exceeding this Level by wppl of a range of technologies and
strategies for reducing GHG emissions. The detdithe 'scenario’ are described in Fujihara
et al. (2006) and Hijioka et al. (2008). It is dieyed by the Asian Pacific Integrated Model
(AIM) modeling team at the National Institute fonEronmental Studies (NIES), Japan.

RCP8.5 (very high emission scenario)lt has categorized by increasing 'greenhouse gas
emissions over time representative for scenanmo#ie literature leading to high greenhouse
gas concentration levels. The basic scenario drigad ensuing development path are based
on the A2r scenario detailed in Riahi et al. (200f)has developed by the Integrated
Assessment Framework at the International InstitoteApplied Systems Analysis (IIASA)

modeling team, Austria.

Table 2.1Types of representative concentration pathwayS{P2013b)

Name Radiative Forcifg Concentratioh Pathway shape
RCP8.5 >8.5 W/rin 2100 >~1370 C@eq in 2100 Rising
RCP6.0 ~6.0 W/fin 2100 ~850 CQeq (at Stabilization without

Stabilization after 2100) overshooting
RCP4.5 ~4.5 W/fat stabilization after ~650 CQ-eq (at Stabilization without
2100 stabilization before 2100) overshooting
RCP3-PB the peak at ~3W/frbefore 2100 the peak at ~490 G&q
and then decline before 2100 and then decline Peak and decline

Notes:' approximate radiative forcing level has defined:3% of the stated level in W/mRadiative
forcing values include the net effect of all anfiugenic GHGs and other forcing agents,
Approximate CQ equivalent (C@eq) concentrations. 'The G@qg concentrations were calculated
with the simple formula Conc = 278 * exp(forcin@85)'. '‘Note that the best estimate of CO2-eq
concentration in 2005 for long-lived GHGs only isoat 455 ppm', while the corresponding value
including the net effect of all anthropogenic foigiagents (consistent with the table)' would be 375
ppm CO2-eq.2PD = peak and decline.
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How do they differ from the SpecialReport on Emissions Scenarios (SRES)?

The RCPs distance a wider range of opportunitias the SRES marker scenarios used in
the modeling for the AR3 and AR4. RCPs instigatthwatmospheric concentrations of GHG
rather than socioeconomic processes. This is pamnimportant since every modeling step
as of a socioeconomic scenario to climate changacaits enhances ambiguity. By instigating
with concentrations, there are lesser steps todtsmnd therefore less aggregate ambiguity
in impact assessments. This way ambiguity is shaneiformly among the numerous
components. RCPs are internally stable sets okgtions of the components of radiative
forcing that have used in subsequent phases oatdimodeling. In contrary to SRES, some
of the RCPs also include mitigation and adaptapiolicies.

2.5.3.Benefits of using RCPs

The RCPs are a significant advance in climate rekeand provide a base for emissions
mitigation and impact analysis and can link witFedient expertise (physical, biological and
social scientists). Scholars working on the impi@ass, adaptation, and vulnerability, will
obtain model outputs sooner and supplemented witbnsions (Extended Concentration
Pathways, ECPs), which allow climate modeling ekpents through to the year 2300.
Development of the RCPs also brings together arsiiveange of research communities that
will help create fully combined ESMs that contaimegpresentation of the global economy
and society, impacts, and vulnerabilities. In 8tisdy, therefore, three of four future emission
scenarios namely RCP2.6, RCP4.5, and RCP8.5 ta tedow, median and high ends of
possible future climatic projections from CMIP5 kaween applied. As it has mentioned, the
changes described above are at global scale. Awdnlelwide basis, several studies about
changes in precipitation, runoff, and soil moistusing different emission scenarios have

carried in the many basins.

2.6. Review of Downscaling Approaches

Most of the GCMs do not provide information on ssasmaller than few hundred kilometers
(Wilby et al., 2004). Due to this coarse resolut@drGCM output, it is necessary to convert
GCM output at least at the scale of watershed giorebefore using for impacts studies
(Chen et al., 2011). This process of convertingdascale GCM output into a small scale that
can be used to examine impacts at a local levetéidesd as downscaling (Abdo et al., 2009).

It is simply a procedure to use information knowiegger scales to make predictions at local
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scales (Hoar and Nychka, 2008). The primary objeatif downscaling is to bridge the scale
mismatch of GCMs that climate change studies requifWilby et al., 2004). The

hydrological model can be driven by the output fré&@&CMs (Watson et al., 1996) to
investigate the impact of climate change on futweder resources. However, the spatial
resolution of GCMs (about 250 km) might be too seafor hydrological modeling at the
basin scale. This scale gap can be accomplishedghrdownscaling. There are two prime
methodologies accessible for the downscaling afdascale resolution GCMs output to the
finer (local) scale resolution (Wilby and Dawsor®02Z) namely dynamical and statistical

downscaling methodologies.

2.6.1. Dynamical downscaling (DD)

The dynamical downscaling methodology involves ghhbr resolution regional climate
model (numerical meteorological model) is enforteduise GCMs/ESMs output (Murphy,
1999) instead of using mathematical equations. ghédr resolution regional climate model
(RCM), driven by boundary conditions from a GCM,used to derive finer spatial scale
climatic variables (Schmidli et al., 2007). The mhef using RCM is that they can provide
smaller-scale atmospheric features better tharmdsé GCMs/ESMs whereas the demerit is
that they demand significant computing resources are expensive (Abdo et al., 2009;
Wilby and Dawson, 2007). The Regional Spectral MoffeSM) and South Atlantic
Convergence ZongSACZ) in the family of dynamical downscaling teajure to downscale
sea surface temperature have been investigatedalisal., 2003) in the in Amazon River
basin. The results revealed that the RSM had beendf to be better than SACZ to

downscale sea surface temperature.

2.6.2. Statistical downscaling (SD)

The SD forms empirical relationships between lasgale atmospheric GCMs/ESMs

variables, the predictors and local (finer or cateht) scale climate variables, the predictands
(Giorgi et al., 2001). The SD comprises two stegcpsses (Hoar and Nychka, 2008), the first
is to form a statistical relationship between thedpctand and predictor variables, and next is

to apply the formed relationship to the output @MFESM to simulate future climatic data.

To date, many statistical models have been devdlapd are available. SDSM is being used
widely throughout the world (Huang et al., 2011)dmwvnscale the most important climate

variables such as temperature, precipitation, araghagation, etc. for assessing hydrologic
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responses in climate change scenarios. This SDSMeimea developed through a
combination of multiple linear regressions and stechastic weather generator. The SDSM
was originally conceived as a regional climate ¢gfgascenario generator to support climate
risk assessment and adaptation planning. A metigsaanaf the first decade of published
work using SDSM showed that over half the 200+ issudo date refer to water and flood
impacts, often with regards to the production aihate scenarios, benchmarking with other
scenario tools, or refinement of downscaling teghes. So far, the downscaling algorithm of
SDSM has been applied to a host of meteorologibgtirological and environmental
assessments, as well as a range of geographictxt®nncluding Africa, Europe, North

America and Asia.

The SDSM version 4.2.9- a decision support tool tfer assessment of regional climate
change impacts, which was supported by the EnviemirAgency of England and Wales as
part of the Thames Estuary 2100 project (Wilby &alvson, 2007) has been, therefore,
used for this study. It facilitates the rapid depshent of multiple, low-cost, single-site
scenarios of daily surface weather variables ummtesent and future climate forcing.
Additionally, the software performs ancillary tasisdata quality control and transformation,
predictor variable pre-screening, automatic modalibration, basic diagnostic testing,
statistical analyses and graphing of climate dei@. detail description and setup of SDSM is

presented in chapter 3.

The SD is highly dependent on the outputs of GCME (large scale atmospheric
predictor variables) which are used as input dattné downscaling model (Sachindra et al.,
2014). The key demerits of statistical downscalowgtain the assumption that observed
relations between large-scale predictors and Ipeadlictands will continue in a changing
climate (assuming that predictor/predictand refegiops will be unchanged in the future),
require long/reliable observed data series, anectdtl by biases in the underlying GCM.
Similarly some merits of statistical downscalingitaons: it is easy to apply, have possibility
to downscale from numerous ESMs and different domnisscenarios, based on standard and
accepted statistical procedures, may flexibly ladted for specific purposes, able to directly
incorporate the observational record of the regidownscale comparatively fast and
inexpensive (Wilby et al., 2004). According to Gjoet al. (2001), SD classified into three
classes namely transfer functions, weather gemsratad weather typing. The details have

been given below.
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A. Transfer Function (TF)

The TF downscaling methods are reliant on the eagbirelationships between local scale
predictand and large-scale predictors (Wilby andv&mn, 2007). The TF has generated from
multiple linear regressions (MLR), artificial neunaetwork (ANN), canonical correlation
analysis (CCA), and principal component analysiSAP It is very convenient to apply, but
the models often describe only a fraction of obsérclimate variability especially for
precipitation and also the downscaling is reliamtize choice of the predictor variables.

B. Weather Generators (WGN)

The WGNSs are statistical models that derive a reamdamber which can be used as a daily
weather data at a particular station to extenceiigting climate record where measured data
are not existing (Dibike and Coulibaly, 2005; Scheo al., 2005). They reproduce the
statistical features of a local climate variablé bot observed sequences of events (Wilby et
al., 2004). Based on the modeling approach forydarecipitation, two major types of
weather generators have identified; the first anéviarkov chain approach’ and next is the
‘spell length approach.’ The parameters of the WWHaMe trained on large-scale atmospheric
predictors, weather states or rainfall propertigse efficacy and suitability of the models,

however, depend on the climatic features of thdysauea.

C.Weather Typing (WT)

The WT approaches classify local meteorologicah dietm specified period into definite WT

or states according to the synoptic similarity, @hmain patterns of atmospheric circulation
(Wilby and Dawson, 2007; Wilby et al., 2004). Tha \Wssumes that the weather of specific
period allotted to a particular type is more orslé®mogenous and the changes among the
types are clearly visible (Ladd and Driscoll, 198@)lby and Dawson (2007) notes, climate
change scenarios are created either by re-samipbng observed data or creating synthetic
sequences of weather patterns and then re-sanfpimgobserved data. The downscaling has

then conducted by linking weather at the locales@adth climate on a large scale.

Comparative studies on five different SDMs (B.cftcgirc, WGEN, SPELL, and ANN) have
done (Wilby et al., 1998) and they obtained thatBhcirc and C.circ are giving better results
than the others. Tisseuil et al. (2010) compared {&LM, GAM, ANN, ABT) SDMs to
predict streamflow in 51 hydrological gauging sias from CMIP3 GCMs output under the
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A2 and A1B scenarios in southwest France. The tesalealed that among these models
ABT gives a better result (decreasing trend ofestrbow has observed). Comparative studies
on two SDMs (Autism spectrum disorder (ASD) and $0)%ave been investigated (Omani
et al., 2007) in 10 meteorological stations to degate precipitation antemperature from
HadCM3 and CGCM1 model outputs. The results redethlat the ASD is better than SDSM
for temperature (but not precipitation; neitheitttdm gives a good result). An evaluation of
linear regression methods as downscaling toolenmperature projections over the Pichola
Lake Basin in India has been researched (Goyal @y, 2011)using various linear
regression approaches, namely direct, forward, wack and stepwise regression, for
obtaining projections of mean monthly maximum andimum temperatures to lake-basin
scale in an arid region in India from CMIP3-GCM puit under the A1B, A2, B1 and
COMMIT emission scenarios.

An evaluation of statistical and dynamical techessjfor downscaling local climate variables
have been studied (Kidson and Thompson, 1998; Muri®99). The dynamical and
statistical methods are compared in terms of theelaiion between the estimated and
observed time series of monthly anomalies. Theltesevealed that, overall; the dynamical
and statistical methods show similar levels oflskilthough the statistical method is better
for summertime estimates of temperature while theachical methods give slightly better
estimates of wintertime precipitation. In genethkrefore, the skill with which present day
surface climate anomalies can be derived from gbmersc observations is not improved by
using the sophisticated calculations of sub-gralesprocesses made in climate models rather
than simple empirical relationships. It does notessarily follow that statistical and
dynamical downscaling estimates of changes in ser&imate will also possess equal skill.
However, it is observed that there is a considerdifferences between the two downscaling
methods (statistical and dynamical) (Hay and Cla@3; Wilby and Wigley, 2000; Wood et
al., 2004).

2.7. Hydrology and Water Resources Modeling

Once the GCMs data have downscaled, hydrology ast@érwesources models have been
used to assess the climate change impacts atdatdiment scale. Hydrological models
which simulate the main components of the hydraalgcycle, considering the physical and
geomorphological characteristics of the study dr@ze been developed using mathematical

equations (Kharchaf et al., 2013). Application gttological models started before 1850
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when Mulvany, an Irish engineer, developed theorati method (Xu, 2002) since then
numerous models have established (Todini, 2007)thed have been used enormously in
scientific studies while assessing the potentigdaats of climate change on water resources
(Xu, 1999b; Zhao et al., 2014).

For instance, the Hydrologic Modeling System (HE®S) developed by the Hydrologic

Engineering Centre from US Army Corps of Engined@isis model is designed to simulate
the 'precipitation-runoff processes' in the bagisteams. MIKE SHE, a spatially distributed
and physically based model has a capable of simgl#éhe full suite processes occurring in
the land phase of the hydrological cycle. On theeohand, Water Evaluation and Planning
System (WEAP) (Foster and Lane, 1987) is an intedravater resources model that
simulates an entire water resources system (‘vdgierands, groundwater, hydrology, water
supply, water quality, and evaluate water managémpaicies’). SWAT (Arnold et al., 1998)

is physically based distributed watershed modelctvtsimulates hydrology, sediment and
water quality for the complex river basin systera some of widely applied hydrology and

water resources models.

Chemicals, Runoff, and Erosion from Agricultural mégement Systems (CREAMS)
(Knisel, 1980), Areal Nonpoint Source Watershed itmmental Response Simulation
(ANSWERS) (Beasley et al, 1982), European Soil iBrod/1odel (EUROSEM) (Morgan et
al., 1998) and Agricultural Nonpoint Source PobutiModel (AGNPS') (Young et al, 1987)
are also some of the physically based hydrologit water resources models (as cited in
Chekol et al., 2007). There are no hydrologic medelbe best one among the others (Todini,
2007) since modeler have a tendency to emphaseie dpproaches. Hydrological model
selection for a particular study mainly dependshgdrological data availability and goal of
the survey (Xu, 1999b). In this study, thereford/AT hydrological model has been used for
investigating the climate change impacts on suréamesubsurface hydrological processes of
Weyib River basin. The theoretical description amglirological component of SWAT
hydrologic model have been described in Chaptdrtdi® study.

2.8. Water Demand Assessment for Selected and Weyiver Basin

Faruqui et al. (2001) explained in their study tbae of the threats in water resources
management is an increasing of water demand mdudgyto the rapid increase of population,
settlement patterns, wealth, industrial activigghnology, increasing demand for irrigation
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and climate change. Research on cooperative waeseurces allocation among competing
users has been studied (Wang, 2005) using Cooperatater Allocation Model (CWAM)

and he came to conclusion that conflicts often mdaghen various water users of the river
compete for limited water availability. Vaughn (Z0Q@lso strengthen this idea by forwarding
that due to limited and unpredictable rainfall, ustainable use of water, pollution, and rapid

population growth are responsible for numerous latsf

Estimates of future water demand for selected wsderice areas in the Upper Duck River
Basin, Central Tennessee has been estimated (HatsbrSchwarz, 1996) using a single-
coefficient requirement model with assumption afteady growth pattern of population and
they found that the mean annual water demand lcasased ranges between 121 to 150% by
the year 2050. The annual total water demand obddrvbe increased (Roy et al., 2010) by
32.8 and 54.8% in the 2030 and 2050 respectivelgoaspared to baseline. The average
annual water demand has also been assessed (SHHtusing WEAP model for the Juba
and Shabelle Rivers in Somalia. The results redethlat the irrigation water demands for the
year 2035 are 3% and 63% of the current annual flolume at the Juba and Shabelle
Rivers, respectively. Considering population growdite of 2.7% and increasing trend of

urbanization, the total domestic water demand wbelthcreased by 149% in the year 2035.

The Genale-Dawa River basin covers an area of abj880 km? which is 15% of the total
land area of the country. Altitude-wise, it randgesm 180 to 4377 meters above sea level.
The basin contains highlands in its upper part Ewdands in its lower part. It has an
estimated population (mid-2004) of about 4.6 milliavhich is about 6.5% of the total
population of Ethiopia. 89.6% and 10.4% of the bagopulation are rural and urban
respectively. The population density of the basiabout 23 persons per km2. The three most
important rivers that form the basin are GenaleyM/épresent study basin) and Dawa. All
the three rivers join near Dolo area and creatdtiba River in Somalia which flows into the

Indian Ocean.

The Genale-Dawa basin covers three regional St@esmia, Somali and the Southern
Region. The Oromia Regional State has three zdda&g, Guji, and Borena; the Southern
Regional State two zone; Sidama and Gedeo; an8dheali Regional State have two zones;
Afder and Liben in the basin (GDRB-IRDMPSFR, VOL3IL, 2007). The estimates of the
annual total water demand (i.e., water demand fomeaktic, commercial and public

institutions, industrial, livestock, and system evalosses) for current (2005) and projected
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(in the 2020s, 2050s and 2080s time slices) insthdy area of Weyib River basin were
calculated as the product of the gross per capatenuse derived from the Genal-Dawa
River basin master plan development (GDMPD) stueport for the year 2000-2007 and a
population estimation for each of Wereda (distjitwsind inside the study basin.

According to Gleick (1996) and accepted by WorlchBawater demand for basic human
needs (drinking water for survival, water for huntaygiene, water for sanitation services,
and modest household needs for preparing food) kéalt least in the ranges 30-50 liter per
capita per day (Ipcd) in the 2LCentury, this standard is also applied during GeBawa
Master Plan Development Study in which our studsaaiWeyib River basin) is part of it.
The irrigation water demand of the study basin Hatermined for each three irrigation
schemes (Bale Gadula (4500 ha), Tegona (2500 la] @mel (1000 ha)) during master plan
development period (2005-2007). In case of annotal twwater availability estimation, the
ArcSWAT hydrologic model was used to simulate stefaand subsurface hydrological
processes of Weyib River basin both for current pragjected time periods. The standard
procedure of ArcGIS interface ArcSWAT hydrologic deb was applied to simulate surface

and subsurface water resources components of tlygd\Rever basin.
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Chapter 3: Statistical Downscaling of Daily Temperg&ures and
Precipitation Data from CMIP5-ESMs-RCPs Experiment: in Weyib River
Basin, Southeastern Ethiopia

3.1. Introduction

It is observed that there is a substantial gap éetvwhat the large-scale spatial resolutions
of ESMs supply and what the hydrological modelsunegl for simulating local catchment
hydrological processes. This scale discrepancycesuo a sizeable trouble for the valuation
of climate change effect through hydrological medélence, significant awareness should
be drawn to the development of downscaling metlalets so as to obtain local scale
climate variables (mainly precipitation and temparas) from coarse resolution ESMs.
There are two prime methodologies accessible ferdibwnscaling of large scale resolution
ESMs output to the finer (local) scale resolutiwvilpy and Dawson, 2007) namely dynamic
(a higher resolution regional climate model is ecéd to use ESMs output) and statistical
(develop empirical relationships between largeescatmospheric ESMs variables, the
predictors and local (finer or catchment) scalemale variables, the predictands)
downscaling methodologies.

Practical knowledge about spatial weather datalahiaty in a particular study basin is so
essential in the area of future climate changeeptmn. Some researcher may use a single
weather station; some experts may use three avrsign, twenty and so on spatial weather
stations to represent their study area. Therefsigdying impacts of spatial weather data
availability on climate change projections (for eyde, impacts on both maximum and
minimum temperature, precipitation) is paramourpamant. To characterize the station wise
impacts of spatial weather data availability oncjpiation and temperatures (maximum and
minimum) projections, it is important to obtain tgta wise future projection on both
temperatures and precipitation. Therefore, in #tigly, the statistical spatial downscaling
under CMIP5-ESMs (GFDL-ESM2M, CanESM2, and GFDL-EBBJ models for the
RCP8.5, RCP4.5 and RCP2.6 scenarios were usech&rage future daily precipitation and
both temperatures series for twelve spatial anyitséations in the basifTo investigate the
effect of spatial data availability on climate chanprojection, averaging less number of
stations was done by considering 6, 3 and singlgost The analysis of future maximum and
minimum temperature and precipitation were cargation an annual, seasonal and monthly
basis in the 2020s, 2050s and 2080s time slices.

30
TH-1920_136104030



Therefore, specific objectives of this chapter werto;

- Downscale daily temperatures (maximum and minimang precipitation from CMIP5-
ESMs-RCPs scenario

- Develop temporal (in the 2020s, 2050s and 2080< tsfices) temperatures and
precipitation scenarios from the CMIP5-ESMs-RCRseexnent in the Weyib River basin

- Characterize how future temperature and precipitaprojection under CMIP5-ESMs-

RCP model output varies against four different aged arbitrary spatial weather stations

3.2. Materials and Methods
3.2.1. Description of study area (Weyib River basin

Weyib River basin (Fig 3.1) had an area of 421%88 and situated between 6.50-7.50°N
latitude and 39.50-41.00°E longitude. The altitwdeiation ranges around 4389 m (a.m.s.)
at the highest point to 898 m at the confluencentpdihe study area has 22.30°C average
annual maximum temperature and 7.55°C minimum teatpes. The mean rainfall of the
entire study basin ranges from 749.34 to 1368.90 (mean of 1037.40 mm) per annum.
Study area experiences bimodal rainfall shapesooblé peaking in the month of April and
August. The Eutric Vertisol and Dystric Cambisa éine two most important soil types, and
agriculture is a leading land use type (about 9R@ughly, 70.54% of the basin area has
covered with 0-15% land slope (Serur and Sarma6&01

Mean annual net water availability in the entirsibgfor the simulation period 1984-2004)
has to be 553.46 mm of this contribution of surfageoff, subsurface soil flow (water
flowing laterally within the soil profile that ames the main channel) and groundwater flow
(base flow) to the net water availability is 24, &bd 21% respectively. The lateral flow
contribution becomes a greater portion (about 56%the water availability in the basin.
About 46.40% of the mean annual precipitation reenbvanished through evapotranspiration
from the entire basin. Several tributaries drato Weyib, and some of them are identified as
main tributaries, including the Shaya, Tegona, @abel. The Shaya River is a tributary of
the Weyib that originates from the Sanete Moungdiave Goba town. It is known to have a

perennial flow.

31
TH-1920_136104030



From its source in the mountains, it crosses thdig\dbaba-Goba road and down through

the Sheneka plains to finally join the Weyib arouhd plains. The Tegona River is another

tributary of Weyib that originates from the highnfall areas of the Bale Mountains just

above the town of Goba. It flows across the plahSinnana Wereda (Bale zone) in a very

shallow river course until it joins the Weyib. Thebel River, otherwise known as Dinik, is a

small tributary of the Weyib originating from thdl$ around Ginnir. It flows from 2,000 m

to around 1,000 m at its confluence with the Weyib.
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3.2.2. Types of Earth System Models (ESMs) and RCP scenas used

In this study, three bias-corrected ESMs (GFDL-ESEZanESM2 and GFDL-ESM2G) for
the RCP8.5 (very high emission scenario) RCP4.terfimediate emission scenario) and
RCP2.6 (very low emission scenario or peak andimkeccenario) scenarios from CMIP5
have been used. These ESM models are adopted doratwonales. Firstly, the models are
widely applied in various climate change impactdsts, and second they offer large scale
daily predictor variables which can be directly diseto SDSM. The historical and future
predictor variables are available for differentiomg of the world by providing latitude and
longitude values that include the study area of MW&jver basin. These historical and future
predictor variables have been downloaded througliciaf website (http://ccds-
dscc.ec.gc.ca/?page=pred-canesm?2) of CanadianedeniClimate Modelling and Analysis
(CCCMA) for the CaESM2 ESM model. However, the jecem variables for GFDL-
ESM2M and GFDL-ESM2G have been downloaded from NGARDL CMIP5 official data

portal (https://pcmdi.linl.gov/search/cmip5/). Thewnloaded predictor variables are then

arranged as per the SDSM data file format to doaledocal climate variables.

As explained by Grotch and MacCracken (1991), GE88/s are coarse in resolution and
are unable to resolve significant sub-grid scaéduiees such as topography, clouds, and land
use. For instance, CanESM2 developed by the CCCh#Ardsolved at a spatial resolution of
2.81° longitude by 2.79° latitude; the NOAA Geophgs Fluid Dynamics Laboratory USA
GFDL-ESM2M and GFDL-ESM2G have resolved at a spatisolution of 2.50° longitude
by 2.00° latitude. GFDL-ESM2M and GFDL-ESM2G modeldgfer exclusively in the
physical ocean component; ESM2M uses Modular Od¢adel version 4pl with vertical
pressure layers while ESM2G uses Generalized Ocager Dynamics with a bulk mixed
layer and interior isopycnal layers. Differences tiee ocean mean state include the
thermocline depth being relatively deep in ESM2M amlatively shallow in ESM2G
compared to observations. Table 3.1 below shows thnee different ESM models,
institutions, and their spatial resolutions.

Table 3.1The CMIP5 Earth System Models used in this study

Model Institution Spatial Resolution
(Lon x Lat, degree)
CanESM2 Canadian Centre for Climate 2.81x2.79
Modelling and Analysis,
Canada
GFDL-ESM2M NOAA Geophysical Fluid 2.5%2.0
GFDL-ESM2G Dynamics Laboratory, USA 2.5x2.0
33
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3.2.3. Types of data used

Daily weather data and ESMs data have utilizedH@r chapter study. The daily weather data
(daily precipitation, maximum and minimum temperaiumean wind speed, relative
humidity and sunshine hours) for twelve weathetiata (detailed in Table 3.2) that are
established inside the basin and in nearby vicioitthe basin boundary of the Weyib River
basin were collected from National Meteorologicahice Agency of Ethiopia (NMSA). The
source of ESMs data is the official website of CC&ARhd NOAA-GFDL CMIP5 data portal
as mentioned above in ‘Earth System Model (ESM) RGP Scenarios' section. The period
of Fifth Assessment for future emission scenariggeament is from 2006 to 2100. The
spatial and temporal distribution of the 12 metéagizal stations temperatures and rainfall

characteristics of Weyib River basin have showRigq 3.2.

Table 3.2Details of the 12 meteorological stations andrttiata records

S.No. Station Data Latitude Longitude Altitud Total annual Mean Mean
name recording (°N) (°E) e (m) mean annual annual
periods precipitation max. temp min. temp
(mm) (°C) (°C)
1 Robe 1984-2011  7.133 40.000 2464 804.14 21.79 8.00
2 Goba 1998-2007 7.017 40.000 2613 980.03 20.13 6.52
3 Dinsho 1981-2007  7.100 39.783 3072 1368.90 17.43 43 3.
4 Agarfa 1988-1997  7.267 39.817 2465 762.36 22.38 38.1
5 Sinnana 1982-2008  7.067 40.217 2364 894.35 21.39 8.02
6 Adaba 1980-2010 7.000 39.383 2415 823.65 23.87 5.10
7 Homa 1988-2010  7.133 39.933 2505 846.58 21.75 7.33
8 Al 1988-2005  7.017 40.350 2460 1264.17 20.47 6.68
9 Gassera 1980-2010  7.367 40.183 2337 1181.12 20.67 6.95
10 Goro 1981-2005 7.000 40.467 1806 887.14 26.77 7.89
11 Ginnir 1980-2012  7.133 40.700 1929 1030.04 23.82 2A3
12 Hunte 1980-2011  7.100 39.417 2413 749.34 23.71 6.73

3.2.4. Downscaling methods

There are two prime methodologies accessible ferdbwnscaling of large-scale spatial
ESMs output to the local scale spatial resolutiillfy and Dawson, 2007) and described in
review literature chapter in ‘review of downscaliagproaches’ section. The statistical
downscaling method establishes empirical relatipssihetween large-scale ESM outputs,

the predictors, and local scale climatic variablger instance, Tmax, Tmin, and
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precipitation), the predictands with the help ofmsotransfer function as shown in the

following relation.

Y = f(X) (3.1)

Where Y is dependent variables (predictands), the.,variables we are going to downscale
(for instance, local Tmax, Tmin, and precipitatioK)is independent variables (predictors),

i.e., a set of large-scale potential predictoralalgs (for instance, mean sea level pressure,
geopotential heights and specific humidity at theface and 850 hpa) and f represents a

stochastic function that relates the two (predidsaand predictors).

The ‘f" function is determined empirically from kigical observations by training and
validating the model. Thus, the achievement ofdfa¢istical downscaling method has based
on the relationship used and choice of potentidliotor variables, whose performance could
have verified through estimation of various statitindices (for instance,’RRMSE, and
NSE). Regression analysis based statistical downgca very powerful for forecasting
(Ghosh and Mujumdar, 2008) and it has divided into categories namely simple regression
(SLR) and multiple regressions (MLR). Therefore this study, the independent variables
are more than one, so MLR using SDSM has beentosgownscale daily temperatures and

precipitation data from Ensembles of CMIP5-ESMsthar future RCP scenarios.

3.2.5. Statistical downscaling model (SDSM)

The SDSM describes a combination of the stochastether generator and regression based
on the family of the transfer function (Liu et @&011). It performs the spatial downscaling
through daily predictor-predictand relationshipsngsMLR and creates predictands that
represent the local weather condition. Regressaseth in the family of transfer function
method is the well-known technique of downscali@ipgsh and Mujumdar, 2008) and that
depends on the direct, measurable link betweerigiaadl and predictors through some form
of regression (Eqg.3.1). SDSM (version 4.2.9) a sleni support tool (Wilby and Dawson,
2007) has been used for this study to downscalg tgure Tmax, Tmin, and PCP. This
model has downloaded from the website http://coipiiboro.ac.uk/cocwd/SDSM/. There

are seven major steps to be followed in develofhegest performing MLR equation for the
downscaling processes in this version of SDSM. ietaliscussions of the steps are given in
(Wilby and Dawson, 2007; Wilby et al., 2002) andHiighted as well here below.

35
TH-1920_136104030



3.2.6. Statistical downscaling model setup (Model Approach

A. Predictors’ Files

The large-scale predictors, which used for SDSM ehatput, have been downloaded from
the official website (http://ccds-dscc.ec.gc.cafftpared-canesm2) of CCCMA for the
CaESM2 climate model whereas NOAA-GFDL CMIP5 ofiici data portal
(https://pcmdi.linl.gov/search/cmip5/) for t@FDL-ESM2M and GFDL-ESM2G climate
models. Based on the availability of continuousetiseries data, the period from 1981-2005

is used for downscaling. Thus, the correspondingezss observed daily predictors’ dataset
and 95 years (2006-2100) future large-scale prediainder Ensembles of three ESMs from
CMIP5 for the study area have been extracted. Dhentbaded predictor variables are then
arranged as per the SDSM data file format to doalestocal climate variables. Before
constructing the relationship between given statieather data called predictand and large
scale atmospheric variables called predictors, smmpertant model parameters have to be
setup to achieve the best statistical agreememeeet observed and simulated climate
data. The model setup has been described belowthased have based on the SDSM 4.2
manual (Wilby and Dawson, 2007).

Year length: The Gregorian calendar which consists of 365 dags been used while
dealing with predictand and historical ESMs datd ahile working on scenario generation

as the ESMs have a model year of 365 days.

Standard start and end date The start date 01-01-1981 and the end date 3100%-has

been used in the model considering availabilityaftinuously observed time series data.

Allow negative values The negative values were allowed for simulationrhaximum and

minimum temperature whereas it was not allowedgfecipitation.

Event threshold: The event threshold was set to zero for maximumd aninimum
temperature and 0.1 for precipitation (it means tha days with less than or equal to 0.1 mm

per day of precipitation has treated as dry days).

Missing data identifier: The missing data have been giv&@® for all the input data set.
The model skipped this value whenever it finds tratue in the input data during model

calibration and calculating the summary statistics.
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B. Data Quality Control

Quality control has been done for all the twelveteneological stations (Table 3.2) before
model calibration step. Few meteorological statioage 100% complete and/or fully correct
data sets. Managing of missing and unsatisfact@a ds necessary for most practical
situations. Simple quality control checks in SDSKhlgle the identification of gross data
errors, the specification of missing data codes aumtiers before model calibration. After
performing the quality control, the daily precipiten and temperatures (Tmax and Tmin)
have been considered as predictand variableseyestt Table 3.2 shows the selected stations
to downscale precipitation and both temperaturdghA selected stations lie within the basin

except the three stations, which have found ineclosinity of the basin.

C. Screening the Downscaling Predictor Variables

The choice of appropriate downscaling potentiatimter variables have been done with the
help of the screen variables option of the SDSMaisorrelation analysis, partial correlation
analysis and scatter plot. Screening the poteptedictors have been done through choosing
seven or eight predictors at a time and analyze thlained variance, then choice those
predictors which have greater explained varianak diop the rest. Then partial correlation
analysis has been done for nominated predictoiseéothe level of association with each
other; these statistics identify the extent of descriptive power of the predictor to describe
the predictand. The selected predictor variablesewken used to derive transfer function
(parameter file “.PAR”). The parameter file hasrthesed for generating ensembles of new

synthetic daily weather data.

Let's take an example of minimum temperature fob&deteorological station. Among the
available 26 predictor variables from the CanESNMenical project, the five potential
predictor variables namely; ceshp8thgl, ceshs85ghp8 zgl, ceshshumgl and ceshtempgl|
which have high explained variance were selectéaés@& were then put forward for partial
correlation analysis to identify the correlationarg each other and found thasshp8_zgl

has significantly associated with other predictariables (Table 3.3). Hence, this variable
has been rejected from the selection. The rest poedictor variables were then checked
individually in a scatterplot and showed that all tbem have a good association with
predictand and thus all four of them were sele@sdhe final set of potential predictor

variables. The same procedure has been followedllfthe ESMs, predictands, and stations
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to choose the most potential predictor variablés Iist of all the selected potential predictor

variables for all the ESMs, predictands and statame given in Appendix Table 1-36.

Table 3.3Example, correlation matrix obtained from SDSM ifi@nimum temperature

Predictor Full Name Notations Parti.cor. (r-value)-value
850 hPa wind direction ceshp8thgl.dat 0.078 0.000
Specific humidity at 850 hPa ceshs850gl.dat -0.116 0.000
850 hPa vorticity ceshp8_zgl.dat -0.001 0.563
Surface specific humidity ceshshumgl.dat 0.146 ®.00
Mean temperature at 2m ceshtempgl.dat 0.323 0.000

Therefore, the predictors used for downscaling khba reliably generated by ESMs, freely
accessible from ESM outputs archive and stronglkeld with the local climate variables of

concern (Tmax, Tmin, and precipitation in this gase

D. Calibration

After the routine screening procedure as mentioraxbve, the model calibration

constructed a transfer function callel@AR” (parameter) file based on the MLR equations
with the help of predictand and predictor variabl€sere are two options in SDSM for

optimizing the model namely dual simplex and ordmnkeast squares. The former one has
been used for entire climatic variables and statiarthis study. The model type determines
whether the individual downscaling will be calilwdtfor each of the calendar months,
seasonal or for the entire year. During this dowhisg process, it was set to monthly for
both temperatures and precipitation which means thalve regression equations have
developed for twelve months. Also, the model catheei specify to unconditional or

conditional process. The unconditional model precassumes that there is a direct link
between predictor variables and predictand whereaditional model assumes the existence
of intermediate process between regional forcing) lanal weather. In this study, the model
process has been set to unconditional for minimumd aaximum temperature and

conditional for precipitation. The significance édwas set to default value 0.05. There was

no transformation applied for all predictands cdesng the normal distribution.

E. Weather Generator

It helps to validate the calibrated model. Thisrafien generates the ensembles of synthetic
current daily weather data for the specified perm@sed on inputs of the observed time

series data and the MLR parameters produced dtinmgalibration step. Each time series
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data of the observed climate variable is linketheoregression model weights to generate the
synthetic time series data into a series of ensesnfruns). The period of record to be
synthesized and desired number of ensembles caviel thanged according to requirement.
Twenty ensembles of synthetic daily weather dateesavere generated for the period of

1981 to 2005 for all the variables and stationsaimpare with the observed station data.

F. Scenario Generation

Similar to the weather generator function, the acengenerator operation also generates the
ensembles of synthetic daily weather data serie$obihe future period. After validation of
the model, the same parameter file or regressioighivehat has used during weather
generation operation was used to downscale theefutata. But this time, instead of using
historical potential predictor variables for enséslof ESMs, future ESMs (GFDL-ESM2M,
CanESM2, and GFDL-ESM2G) output for the RCP8.5, RGPand RCP2.6) scenarios
were used as large-scale atmospheric potentialgboed/ariables. The twenty ensembles of
synthetic daily time series data were generatedlfferperiod of 2006 to 2100 for all the
variables and stations, and the mean of these ywamtembles has used as final daily
weather data for the specified period. AccordingNigatu (2013), the average of 20
individual ensembles outputs perform well, and mdanumber of ensembles does not
improve and have chances of significant deviatiomwiag ensembles. The same procedure
was repeated to generate future precipitation, maxi and minimum temperature data for
all the RCPs and in all stations. And then theriflmax, Tmin, and precipitation scenarios
have been established by dividing the future tieres into three-time slices (in the 2020s,
2050s, and 2080s) for the 12, 6, and 3 averagettaagbspatial weather stations as well as
for a single weather station.

3.2.7.SDSM performance evaluation

In order to evaluate the SDSM performance relativethe observed precipitation and
temperatures data, three statistical model perfocmavaluation measures, in addition to
graphical technique, were used during the calibragind validation periods {RKrause and
Boyle, 2005), NSE; Nash and Sutcliffe, 1970 and E}ISingh et al., 2004). In addition to
statistical measures, the graphical technique atsa to provide a visual comparison of
simulated and measured constituent data. The det@htific descriptions of statistical

measures are given in Chapter 4 in ‘Models perfocaavaluation’ section.
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3.2.8. Statistical bias correction

The bias correction approach is needed to remoee bihs from the daily series of
downscaled data (Salzmann et al., 2007). The liseging approach (Lenderink et al., 2007)
operates with monthly correction values based an differences between observed and
present day downscaled (by SDSM) values for tenpers (Eg. 3.3). Precipitation is
corrected with a factor based on the ratio of leerga monthly mean observed and
downscaled data for baseline period (Eq. 3.2). dpy@ied correction factors are assumed to

remain unvaried even for future conditions.

Pob

Poc = Paownscaled <P0 Sav) (3.2)
cont av

Tbc = Tdownscaled i Tobs av Tcont av (3-3)

Where, B. and T, are bias corrected downscaled precipitation antbésature (for baseline and/or future
condition), Bownscaled®Nd Tgownscaled@f® downscaled precipitation and temperature waltlebiases (for baseline
and/or future condition), & ovand Tps avare mean of observed (measured) precipitationt@mgerature data,

Peont av@nd Teont av@re mean of downscaled precipitation and temperatata for baseline (control) period.

3.2.9. Precipitation and temperatures scenario statistics

Percentage and absolute change have been useldu@teathree-time slices of thirty years
precipitation and temperatures, respectively.

Percentage difference has been used for precgtati

(V2020s — Vbase) x 100

A2020s = T (3.4)
05 (V2050s — Vbase) x 100 3.5)

Vbase
A2080s — (V2080s — Vbase) x 100 3.6)

Vbase

Absolute difference has been used for temperatures,

A2020s = V2020s — Vbase (3.7)
A2050s = V2050s — Vbase (3.8)
A2080s = V2080s — Vbase (3.9

Where, Vbase is the mean of 20 ensembles of ptatigrn and temperature (max and min) for the
base period for each ESM and each station. V20¥2@850s, and V2080s are the mean of 20
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ensembles of precipitation and temperature (maxrnaimjl for the period of 2011-2040, 2041-2070
and 2071-2100 respectively for each ESM-RCP exmgrirand each station.

3.2.10.Mann-Kendall trends test

A non-parametric rank-based procedure that hasiémty been used to evaluate if there is a
rise or decline trend in the time series of metlgical and hydrological data (Hamed, 2008;
Karpouzos et al., 2010). The Mann-Kendall test efaslied in this study to see the existing

trends (rise or decline) of Tmax, Tmin, and prdeipon for the RCP8.5, RCP4.5, and
RCP2.6 scenarios in future periods.

Let X, Xa,..., X, represent n data points where X accounts for #te ploint at time j. Then
the Mann-Kendall statistic ('S") is given by eqaat{3.10):

=l n
S=) D sign(X -X)
k=1 j=k+1 (3.10)
Where:
1 if(X; = X,)>0
sign(X ; - X, )=1 0 if(X; =X, )=0
-1 if(X; - X,)<0

A positive value of S is an indicator of an inciegstrend, and a low negative value indicates a
decreasing trend.
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3.3. Results and Discussion

3.3.1. Selected common potential predictor variables

In this section lists of selected common potergi@dictor variables in the entire basin that
gave better correlation results at p<0.05 for CWMESGFDL-ESM2M, and GFDL-ESM2G-

historical models have presented below (Table®53tand 3.6).

Results revealed thdifferent atmospheric variables affect differentdbvariables in all the

ESMs (Table 3.4, 3.5 and 3.6). For example, pr&ipn is more sensitive to mean sea level
pressure, specific humidity (at the surface and &88), zonal velocity (at 500 and 850 hPa)
and geopotential heights (at 500 hPa). Mean sea pessure, geopotential heights (‘at 500
and 850 hPa’), average temperature (at 2m heggdgific humidity (at near surface and 850
hPa) and wind direction (at 850 hPa) affect both milaximum and minimum temperature

under the CanESM2-historical model.

Table 3.4 List of selected common potential predictor vaealthat gave better correlation results at
p<0.05 from CanESM2-historical model for study awé&Veyib River basin

Predictand Predictor full name Notations Parti.cor. p-value
(r-value)
Mean sea level pressure ceshmslpgl.dat 0.050 0.020
Specific humidity at 850 hPa ceshs850gl.dat 0.090 .00®
Precipitation Surface specific humidity ceshshumgl.dat 0.077 .00
500 hPa zonal velocity ceshp5_ugl.dat -0.094 0.000
850 hPa zonal velocity ceshp8_ugl.dat -0.119 0.000
500 hPa geopotential height ceshp500gl.dat 0.056 0160.
Mean sea level pressure ceshmslpgl.dat 0.148 0.000
500 hPa geopotential height ceshp500gl.dat 0.134 000o0.
Specific humidity at 850 hPa ceshs850gl.dat -0.268 0.000
Maximum  Mean temperature at 2m ceshtempgl.dat -0.235 0.000
temperature 850 hPa wind direction ceshp8thgl.dat 0.110 0.000
850 hPa geopotential height ceshp850gl.dat -0.200 .0000
Surface specific humidity ceshshumgl.dat -0.274 00.0
Mean sea level pressure ceshmslpgl.dat -0.308 0.000
500 hPa geopotential height ceshp500gl.dat 0.222 000o0.
Minimum  Surface specific humidity ceshshumgl.dat 0.146 ©®.00
temperature Mean temperature at 2m ceshtempgl.dat 0.323 0.000
Specific humidity at 850 hPa ceshs850gl.dat -0.116 0.000
850 hPa geopotential height ceshp850gl.dat -0.103 .0000
850 hPa wind direction ceshp8thgl.dat 0.078 0.000
850 hPa zonal velocity ceshp8_ugl.dat -0.116 0.000

TH-1920_136104030
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Table 3. 5List of selected common potential predictor vagalihat gave better correlation results at
p<0.05 from GFDL-ESM2M-historical model for studyea of Weyib River basin

Parti.cor

Predictand Predictor full name Notations p-value
(r-value)
Sea level pressure geshpslgl.dat 0.221 0.000
Precipitation Total cloud fraction geshcltgl.dat  -0.131 0.000
Daily-mean near-surface wind speed geshsfcwindgl.da0.243 0.000
Eastward near-surface wind geshuasgl.dat -0.106 0.000
Sea level pressure geshpslgl.dat -0.143 0.000
Near-surface relative humidity geshrhsgl.dat -0.418 0.000
Maximum Daily maximumyrar-syrate i geshtasmaxgl.dat 0.142 0.000
temperature tempefature .
Daily minimum near-surface air geshtasmingl.dat 0.143 0.000
temperature
Daily-mean near-surface wind speed geshsfcwindgl.dap.126 0.000
Eastward near-surface wind geshuasgl.dat 0.179 00.00
Sea level pressure geshpslgl.dat 0.215 0.000
Minimum  Total cloud fraction geshcltgl.dat 0.299 0.000
temperature rsa‘gizicgn downweliing longwave o oiqsqidat 0378  0.000
Daily-mean near-surface wind speed geshsfcwindgl.da0.126 0.000

Table 3.6 List of selected common potential predictor vaeakthat gave better correlation
results at p<0.05 from GFDL-ESM2G-historical mofielstudy area of Weyib River basin

Parti.cor.

Predictand Predictor full name Notations p-value
(r-value)
Total cloud fraction geshcltgl.dat -0.310 0.000
. .. .. Eastward near-surface wind geshuasgl.dat -0.418 000.0
Precipitation . . .
Daily-mean near-surface wind speed geshsfcwindgl.da 0.413 0.000
Sea level pressure geshpslgl.dat -0.486 0.000
Sea level pressure geshpslgl.dat -0.415 0.000
. Near-surface relative humidity geshrhsgl.dat 0.692 0.000
Maximum Daily maximum near-surface air
temperature y geshtasmax.dat -0.429 0.000
temperature
Eastward near-surface wind geshuasgl.dat 0.721 00.00
Daily-mean near-surface wind speed geshsfcwindgl.da 0.514 0.000
Surface - downwelling longwave o iqsa1 dat 0523  0.000
Minimum  radiation
temperature Sea level pressure geshpslgl.dat 0.462 0.000
Near-surface relative humidity geshrhsgl.dat -0.521 0.000
Daily-mean near-surface wind speed geshsfcwindgl.da-0.289 0.000

Note: The partial correlation coefficient (r) shotlie explanatory power that is specific to eachioter. All are significant
at p< 0.05. hpa: is a unit of pressure, 1 hPa = 1 mE0G-Pa = 0.1 kPa.

However, under GFDL-ESM2M and GFDL-ESM2G-historicabdels, precipitation is more
impacted by sea level pressure, total cloud fractitaily mean near-surface wind speed and
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eastward near surface wind (Table 3.5 and 3.6).18ea pressure, near surface relative
humidity, daily maximum near-surface air temperatwtaily mean near-surface wind speed
and eastward near surface wind affect the maxinempeérature whereas sea level pressure,
surface downwelling longwave radiation and dailyamaear-surface wind speed affect the
minimum temperature (Table 3.5 and 3.6). Finallgese selected potential predictor
variables are used to develop parameter files ¢aatuse for downscaling after validation
with the independent dataset. The lists of selegietential predictor variables, their
correlation coefficient and significance level &t the climatic variables (3 predictands) and
12 stations under all the three ESMs are givengpehdix Table 1-36.

3.3.2. Calibration and validation of SDSM for both temperatures and precipitation

For downscaling of maximum and minimum temperatanel precipitation MLR, using
SDSM was used to calibrate and validate the mdded. entire length of the observed data
was available from 1981 to 2005. This data hasdddiinto two parts for calibration and
validation. Data from 1981 to 1993 was used foibcation whereas data from 1994 to 2005
has used for validation of the modEbr brevity and explanation purposes only the average
results of twelve meteorological arbitrary spatial stations and mean of three ESMIs for the
RCP8.5, RCP4.5 and RCP2.6 scenarios have been given in this section.

Calibration and validation results of SDSM for twelaveraged spatial stations maximum
temperature from the mean of 3 ESMs downscalingeiat shown in (Fig 3.3a and b). The
R?, RMSE, and NSE values were 0.95, 0.44 and 0.8gentisely for calibration period
whereas B RMSE and NSE values of 0.94, 0.46 and 0.79 réispécfor validation period.
For minimum temperature (Fig 3.3c and d) tife RMSE, and NSE values were 0.93, 0.58
and 0.88 respectively for calibration period wher&, RMSE and NSEalues were 0.92,
0.58 and 0.86 for validation period. Calibratiordaralidation results for twelve averaged
spatial stations precipitation downscaling modetehahown in (Fig 3.3e and f). Thé’,R
RMSE, and NSkalues were 0.86, 0.79 and 0.84 respectively fbbredgion period whereas
R?, RMSE and NSEalues of 0.83, 0.98 and 0.78 respectively fordatlon period. From the
statistical indices and graphical observation betwsimulated (by SDSM) versus measured
value we can infer that SDSM has a good abilityejalicate historical climate variables for

the study area of Weyib River basin.
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Figure 3.3 (top left): Calibration result of SDSM for maximutemperature from average of 3 ESMs (1981-
1993), b (upper right): same as fig 3.3a but fdidetion period (1994-2005), ¢ (middle left): Cablbion result

of SDSM for minimum temperature, d (middle rightgme as c but for validation period, e (bottom)left
Calibration result of SDSM for precipitation, f {it@m right): same as e but for validation period

Impact of Spatial Data Availability on Climate Change Projection

To characterize how future temperatures and ptetipn projection under CMIP5-ESMs-

RCP output varies against various averaged arpispatial weather stations found in the
Weyib River basin, it is essential to obtain statiwise future projections on both

temperatures (maximum and minimum), and precipitatl herefore, for brevity reason, the
results are summarized into four cases namely; tg$eelve averaged spatial weather
stations), case Il (six averaged spatial arbitneeather stations), case Il (three averaged
spatial arbitrary weather stations) and case |V &cingle weather station) to describe both

temperatures and precipitation.

3.3.3. Scenarios developed for future temperatureand precipitation (2006-2100) for
twelve averaged spatial weather stations

A. Mean Annual, Seasonal, and Monthly Maximum Temperaire Scenarios

The mean annual maximum temperature increases$ theahine ESM-RCP scenarios in the
2020s 2050s and 2080s relative to the baseline 84j. GFDL-ESM2M (G2M), projects
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the highest mean annual value for maximum temperaand increased by 0.20, 0.32 and
0.42°C (G2M-RCP8.5), 0.20, 0.29 and 0.31°C (G2M-RGP and 0.22, 0.24 and 0.21°C
(G2M-RCP2.6) in the 2020s, 2050s and 2080s timeeslirespectively; GFDL-ESM2G

(G2G), projects the lowest increases in the valuinie parameter by 0.04, 0.12 and 0.22°C
(G2G-RCP8.5), 0.04, 0.09 and 0.11°C (G2G-RCP4.%) @08, 0.04 and 0.03°C (G2G-

RCP2.6) in the 2020s, 2050s and 2080s time slegsectively and CanESM2 (C2), projects
an intermediate (median) increase of mean annuainmian temperature by 0.12, 0.22 and
0.32°C (C2-RCP8.5),0.12, 0.19 and 0.21°C (C2-ROP4drisl 0.16, 0.14 and 0.13°C (C2-
RCP2.6) in the 2020s, 2050s and 2080s time slesgsectively (Fig. 3.4).

S 06\ Annual Change in Maximum Temperature under Future Time Slices
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Figure 3.4 Absolute change from baseline simulation of anmaakimum temperature in all the
ESM-RCP scenarios in the 2020s, 2050s and 208@sslices
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Figure 3.5Future trend of mean annual maximum temperat@gi(f all the ESM-RCP scenarios

The variability of maximum temperature is higher &l ESMs of RCP8.5 than RCP4.5 and
RCP2.6, and the future trend for RCP8.5 and RCR4eénarios have been indicated a

significantly (at 5% significant level) increasitrgnd of mean annual maximum temperature
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until the end of the century (Fig. 3.5 and Tabl&03. Increasing trend but not significant (at
5% significant level) was observed for all ESMR&EP2.6 scenario. Comparatively, RCP8.5
which is the high emission scenario (i.e., condita very high GHG concentration level)
prevail higher change in maximum temperature trahdhe end of the century than the
RCP4.5 which is an intermediate emission scenaeg ¢ondition of medium to low GHG
concentration level) and the RCP2.6 which is theekt emission scenario (i.e., condition of
very low GHG concentration levellror brevity and explanation purposes only the average
results of three ESVIs for the RCP8.5, RCP4.5, and RCP 2.6 scenarios are given in the case

of seasonal and monthly description of maximum and minimum temperatures and

precipitation.

The projected (mean of 3 ESMs) seasonal maximurpeesture shows a decreasing trend in
the dry season in all the three future time slitmsthe RCP2.6, RCP4.5, and RCP8.5
scenarios (but not for the RCP2.6 scenario whick avaincreasing trend in the dry season of
the 2020s). However, it has shown an increasingdtfer both an intermediate and wet
seasons in all the three future time slices for R&P2.6, RCP4.5 and RCP8.5 scenarios
(except for the RCP2.6 scenario which was a deorgaend in a Wet season of the 2020s)
as shown in Fig. 3.6a-c and Table 3.7. The absach#&®ges of maximum temperature from
the base period for three scenarios in future ttiees for each season have presented in
Table 3.7.

Table 3.7 Absolute changes in mean seasonal maximum tenoperéC) at different time slices
from the base period

Scenario Seasons in the 2020s Seasons in the 2050s Sengbr2050s
Dry Intermediate Wet Dry Interm. Wet Dry  Interm. Wet
RCP2.6 +0.275 +0.194 -0.002 -0.017 +0.228 +0.215 -0.002 +0.224.26®
(mean of 3ESMs)
RCP4.5
-0.012 +0.192 +0.167 -0.001 +0.301 +0.257 -0.001.33® +0.283
(mean of 3ESMs)
RCP8.5

(mean of 3ESMs) -0.007 +0.202 +0.168 -0.036 +0.370 +0.326 -0.051.52® +0.495

The projected (mean of 3 ESMs) monthly maximum terajure has a larger magnitude of
increment on the month of Jun 2080s which was M3R) and 1.37°C for RCP2.6, RCP4.5
and RCP8.5 scenarios respectively at the end oteheury. On the other hand, the larger
decrement on Dec 2080s 0.75, 0.38°C and on Decs20582°C occurred for RCP8.5,

RCP4.5, and RCP2.6 scenarios respectively Fig.B.éad a. The absolute change in mean
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maximum temperature was observed to be sizableodinere were a substantial increase and
decrease of maximum temperature on different moribs instance, in the months of Jan,
Feb, Nov and Dec, the decrement of the maximum ¢eatpre was observed and an

increment on the rest of the months has observed.

Generally, the change in average monthly maximumpgrature might range between -
0.25°C on Dec and +0.48°C on Jun for the comingd2(q2011-2040); -0.50°C on Dec and
+0.91°C on Jun for 2050s (2041-2070) and -0.75°M@en and +1.37°C on Jun for 2080s
(2071-2100) for the RCP8.5 scenario. The changa@émage monthly maximum temperature
for RCP4.5 scenario varies between -0.25°C on Ddct@.47°C Jun for the coming 2020s; -
0.33°C on Dec and +0.70°C on Jun for 2050s and2C.3n Dec and +1.37°C on Jun for
2080s. For the RCP2.6, ranges -0.12°C on Aug amdl2+Q on Dec for 2020s; -0.32°C on
Dec and +0.58°C on Jun for 2050s and -0.28 on Dec+8.55°C on Jun for 2080s. As we
can see in Fig 3.6d, there has been shown an swgetiend of maximum temperature in all
months and seasons under all RCP scenarios, excafftmonths of the Dry season which

experiences a decreasing trend.
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Figure 3.6a (top left): Maximum temperature (monthly and seasonal medy)dairing baseline (1981-2005)
simulation and three future tinstice under RCP2.6 scenarfor twelve averaged spatial statipbs(top right):
same as fig 3.6a but under RCP4.5, c (bottom Ieéiine as fig 3.6a but under RCP8.5, d (bottom)righime
as fig 3.6a but without time slice under RCP2.6PRG and RCP8.5 scenarios.
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B. Mean Annual, Seasonal, and Monthly Minimum Temperatire Scenarios

Like maximum temperature, the mean annual minimemmperature also increases (Fig. 3.7)
in all the nine ESM-RCP scenarios in the 2020s 20&td 2080s relative to the baseline.
GFDL-ESM2M (G2M), projects the highest mean anmalie for minimum temperature
and increased by 0.42, 0.75 and 1.14°C (G2M-RCP&230, 0.58 and 0.67°C (G2M-
RCP4.5) and 0.38, 0.52 and 0.49°C (G2M-RCP2.6)a2020s, 2050s and 2080s time slices
respectively; GFDL-ESM2G (G2G), projects the lowé@streases in the value of this
parameter by 0.26, 0.55 and 0.94°C (G2G-RCP8.28,®.38 and 0.47°C (G2G-RCP4.5)
and 0.22, 0.32 and 0.29°C (G2G-RCP2.6) in the 202050s and 2080s time slices
respectively and CanESM2 (C2), projects an interatedmedian) increase in mean annual
minimum temperature by 0.34, 0.65 and 1.04°C (CR&6), 0.31, 0.48 and 0.57°C (C2-
RCP4.5) and 0.30, 0.42 and 0.39°C (C2-RCP2.6)en2020s, 2050s and 2080s time slices
respectively (Fig. 3.7).
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Figure 3.7 Absolute changes from baseline simulation of ahmiaimum temperature in all the
ESM-RCP scenarios in the 2020s, 2050s and 208@sslices
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Figure 3.8 Future trend of mean annual minimum temperat€g if? all the ESM-RCP scenarios
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Variability of minimum temperature is more than theximum temperature. Like maximum
temperature, the variability of minimum temperatig@lso higher for all ESMs of RCP8.5
than RCP4.5 and RCP2.6 and the future trend for&&Bnd RCP4.5 scenarios have been
indicated a significantly (at 5% significant levelcreasing trend of average annual
minimum temperature until the end of the centurig.(B.8 and Table 3.10). Increasing trend
but not significant (at 5% significant level) walsserved for all ESMs of RCP2.6 scenario.
Comparatively, RCP8.5 prevail higher change in mimn temperature trend at the end of
the century than the RCP4.5 and the RCP2.6.

As shown in Fig.3.9a-c, the projected (mean of 3VIESseasonal minimum temperature
shows an increasing trend in all the seasons (Digrmediate, and Wet) in all the three
future time slices for all the RCPs scenarios. dbgolute change in mean seasonal minimum
temperature from the base period for the three as@en in three future time slice has
presented in Table 3.8.

Table 3.8Absolute changes in mean seasonal minimum temperétC) at different time slices from
the base period

Scenario Seasons in the 2020s Seasons in the 2050s Seagha2050s
Dry Intermediate  Wet Dry Interm. Wet Dry Interm. We
RCRZE +0.307 +0.371 +0.213+0.431 +0.544 +0.303 +0.418 +0.467 +0.283
(mean of 3 ESMs)
RCP4.5
+0.299 +0.390 +0.240+0.488 +0.598 0.354 +0.567 +0.702 +0.431
(mean of 3 ESMs)
RCP8.5

+0.366 +0.425 +0.238+0.682 +0.809 +0.473 +1.090 +1.332 +0.702
(mean of 3 ESMs)

The projected (mean of 3 ESMs) monthly minimum terapure has a larger magnitude of
increment on the month of Oct 2080s which was 21124 and +0.95°C for the RCP8.5,
RCP4.5, and RCP2.6 scenarios respectively at thekthe century. On the other hand, the
larger decrement on Feb 2080s 0.51, 0.48 and 0.86%0red for the RCP8.5, RCP4.5, and
RCP2.6 scenarios respectively at the end of théuperrig.3.9c, b and a. The absolute
change from the base period in mean minimum tenyreravas observed to be significant
due to there were a substantial increase and decifaminimum temperature on different
months. For instance, in the months of Feb, Se@,2ec, the decrement of the minimum
temperature was observed and an increment on shefr¢the months has observed. In both
extreme conditions (rise or decline) the changeninimum temperature was higher in the
2080s.
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Commonly, the change in average monthly minimumpinature might range between -
0.30°C on Feb and +0.87°C on Oct for the coming02020.41°C on Feb and +1.38°C on
Oct for 2050s and -0.51°C on Feb and +2.13°C onf@c2080s for the RCP8.5 scenario.
For RCP4.5 scenario, varies between -0.32°C onaRdbt+0.69°C Oct for the coming 2020s;
-0.42°C on Feb and +1.12°C on Oct for 2050s ardBB*C on Feb and +1.24°C on Oct for
2080s. For the RCP2.6 scenario, ranges become’@@&® Feb and +0.74°C on Oct for the
2020s; -0.31°C on Feb and +0.94°C on Oct for 2G58%-0.36°C on Feb and +0.95°C on
Oct for 2080s. However, there has shown an inangasend of minimum temperature in all

months and seasons under all RCP scenarios (Fig 3.9
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Figure 3.9 (top left):Minimum temperature (monthly and seasonal mealy)daiiring baseline (1981-2005)
simulation and three future tinstice under RCP2.6 scenarfor twelve averaged spatial statipbs(top right):

same as fig 3.9a but under RCP4.5, c (bottom Iséiine as fig 3.9a but under RCP8.5, d (bottom)righime
as fig 3.9a but without time slice under RCP2.6PRG and RCP8.5 scenarios

Mean annual future temperature projection obsemeeihcrease (Alexandrov and Genev
2003; Boko et al. 2008; Dinar 2006; Loukas et 812 IPCC 2013; Kruger and Shongwe
2004; New et al. 2006; Unganai 1996) in Africa andhe globe. The future mean annual
temperature projection in Ethiopia also witnessedincrease (e.g. Shawul et al., 2016;
Legesse et al., 2013; ENMA, 2007). Boko et al. @d0dund that the temperature projection
in the upcoming period will be in the range 2-4¥CAfrica and Dinar (2006) obtained that
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the temperature increase by the range of 2.2-4far@ost of Africa. The results of average
temperature for this study come to an agreemertfy wie slight variation of RCP8.5
scenario, with the study reported (IPCC, 2013bhviicrement of global average surface
temperature by the end of the*ientury to be in the ranges 2.6-4.8°C (RCP8.8).216°C
(RCP4.5) and 0.3-1.7°C (RCP2.6). The average artamglerature in Ethiopia found to be in
the ranges 0.9-1.1, 1.7-2.1 and 2.7-3.4°C by 2@860 and 2080 time slices respectively
(ENMA, 2007). The projected mean annual maximum amdimum temperature shows
rising trend in Southeastern part of Ethiopia (Shiaet al., 2016). The average annual
temperature of this study come to an agreement aliitthe literature given above regarding
direction (pattern), but slight variation regardimggnitude (amount). This slight variation of
mean annual temperature increment might arise dugpes of GCM/ESM and emission
scenarios used, a method of downscaling, and $patiation of temperature.

C.Mean Annual, Seasonal and Monthly Precipitation Sagarios

Like maximum and minimum temperature, the averageual precipitation also increases
(Fig. 3.10) in all the nine ESM-RCP scenarios ia #920s 2050s and 2080s relative to the
baseline. GFDL-ESM2M (G2M), projects the highestamennual value for precipitation
and increased by 19.70, 24.14 and 33.69% (G2M-R8)}P84.54, 19.36 and 21.94% (G2M-
RCP4.5) and 13.68, 17.93 and 16.34% (G2M-RCP2.8hen2020s, 2050s and 2080s time
slices respectively; GFDL-ESM2G (G2G), projects lineest increases in the value of this
parameter by 12.70, 17.14 and 26.69% (G2G-RCP8.5), 12.36 and 14.94% (G2G-
RCP4.5) and 6.68, 10.93 and 9.34% (G2G-RCP2.6pén2020s, 2050s and 2080s time
slices respectively and CanESM2 (C2), projectsnéerinediate (median) increase in mean
annual precipitation by 14.70, 19.14 and 28.69% RC>P8.5),9.54, 14.36 and 16.94% (C2-
RCP4.5) and 8.68, 12.93 and 11.34% (C2-RCP2.6)er2020s, 2050s and 2080s time slices
respectively (Fig. 3.10).

Like maximum and minimum temperature, the variapiif precipitation is also higher for

all ESMs of RCP8.5 than RCP4.5 and RCP2.6 andutweef trend for RCP8.5 and RCP4.5
scenarios have been indicated a significantly fat $gnificant level) increasing trend of
mean annual precipitation until the end of the egn{Fig. 3.11 and Table 3.10). Increasing
trend but not significant (at 5% significant leveVas observed for all ESMs of RCP2.6
scenario. Comparatively, RCP8.5 prevail higher gleaim precipitation trend at the end of
the century than the RCP4.5 and the RCP2.6.
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Annual change in Precipitation under Future Time Sclices
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Figure 3.10Percentage change from baseline simulation of @rprecipitation in all the ESM-RCP
scenarios in the 2020s, 2050s and 2080s time slices
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Figure 3.11Future trend of mean annual total precipitatiomjnn all the ESM-RCP scenarios

As described in the IPCC Assessment Report (Mc@aethal., 2001), the projected future

changes in mean seasonal rainfall in Africa are lesll defined. The diversity of African

climates, high rainfall variability, and a very spa observational network make the
predictions of future climate change difficult &etlocal scales. The seasonal (mean of 3
ESMs) rainfall scenarios have indicated that amease of rainfall in all the seasons (Dry,
and Wet) for the RCP2.6, RCP4.5, R@P8.5 scenarios except for an
season of the 2020s (a decreasing)tfen RCP2.6 and RCP4.5 scenarios
(Fig.3.12a-c). The percentage changes of predmiterom the base period for the three

Intermediate,

intermediate

scenarios in future time slice for each season pasgented in Table 3.9.
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Table 3.9 Percentage change in mean seasonal precipitatidifferent time slices from the base

period
Scenario Seasons in the 2020s Seasons in the 2050s Seagba2050s
Dry Intermediate  Wet Dry Interm. Wet Dry Interm. Wet
RCP2.6 +15.19 -1.35 +8.83 +24.11 +2.57 +11.44 +21.14 +1.029.81
(mean of 3 ESMs)
RCP4.5
+18.20 -0.32 +9.16 +26.63 +1.96 +13.50 +30.71 +4.55815.65
(mean of 3 ESMs)
RCP8.5

(mean of 3 ESMs) T2068  *1.37 4910 +3365 +6.23 +18.85 +5374 418.927.06

The projected (mean of 3ESMs) monthly precipitath@s a larger magnitude of increment
on the month of Oct 2080s 81.02, 54.66 and 42.76%0RCP8.5, RCP4.5 & RCP2.6

scenarios respectively at the end of the centuryti® other hand, the larger decrement on
Feb 2020s 8.20, 10.35 and 10.80% occurred for RCHBCP4.5 & RCP2.6 scenarios

respectively Fig.3.12c, b and a. The percentagegehfrom the base period in mean monthly
precipitation was observed to be significant dutheye were a substantial rise and decline of
precipitation on different months. For instance,te months of Feb, Sep, and Dec, the
decrement of precipitation was observed and areiment in the rest of the months has

shown.

Characteristically, the percentage change in aeema@nthly precipitation might range
between -8.20% on Feb and +42.59% on Oct for theirap 2020s; -6.50% on Feb and
+55.61% on Oct for 2050s and +1.58% on Aug and Gz®. on Oct for 2080s for the
RCP8.5 scenario. For RCP4.5 scenario, the rangks ttenbe between -10.35% on Feb and
+34.53% Oct for the coming 2020s; -9.36% on Feb-&42190 on Oct for 2050s and -7.42%
on Feb and +54.66% on Oct for 2080s. For RCP2.6aste percentage change in average
monthly precipitation ranges between -10.80% on &eth +35.41% on Oct for 2020s; -
8.59% on Feb and +42.55% on Oct for 2050s and 98.8i Feb and +42.77% on Oct for
2080s. But, there has been shown an increasing teprecipitation in all months of dry,
intermediate and wet seasons under all RCP scenaxaept in the month of Dec (under

RCP2.6) and Feb of dry season which experiencesr@asing trend (Fig 3.12d).
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RCP2.6 Scenario (mean of 3ESMs) (a) RCP4.5 Scenario (mean of 3ESMs) (b)
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Figure 3.12a (top left): Precipitation (monthly and seasonal mean dailyjndubaseline period (1981-2005)
simulation and three future tinsice under RCP2.6 scenarfor twelve averaged spatial statiphs(top right):
same as fig 3.12a but under RCP4.5, ¢ (bottom Eipe as fig 3.12a but under RCP8.5, d (bottoht)rigame
as fig 3.12a but without time slice under RCP2.6PR.5 and RCP8.5 scenarios

Figure 3.11 indicated that the pattern of futureedm of 3ESMs) annual total precipitation
with a range of 1124.00 to 1540.16 mm on the y@@82and 2099 respectively for RCP8.5
scenario, 1065.43 to 1359.59 mm on the year 201B 2864 respectively for RCP4.5
scenario and 1100.74 to 1300.24 mm on the year 20862050 respectively for RCP2.6
scenario. It is observed that there issabstantialvariability of mean annual total

precipitation from year to year throughout the gtacea of Weyib River basin.

It is observed that there is a significant spatigieral variation in amount and distribution of
precipitation (Faramarzi et al.,, 2013; VinnarasidaSarma, 2011; Wang et al., 2011;
Shongwe et al., 2009; Bates et al., 2008; MpelasokbChiew, 2008; Chiew, 2006), which
is also the case in this study. Mean annual pratipn of this study come to an agreement
with almost all literatures given above regardingedion (pattern), but slight variation
interms of magnitude (amount).This slight variatraight arise due to types of ESMs, RCPs
and method of downscaling used. Mean of 3 ESMsnoiual precipitation, in this study,
substantially increased in the ranges 14.70-28.6R%P8.5), 9.54-16.94% (RCP4.5) and
8.68-13.00% (RCP2.6)The increase in annual total precipitation of threspnt study,
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especially in the 2080s of RCP8.5 scenario, alsmesoto an agreement with various
literatures regarding directiorGenerally, the increment of rainfall comparativéigher in
the dry season 20.68% in the 2020s, 33.65% in 2@B@k53.74% in 2080s for the RCP8.5
scenario which might have positive impact on lowlaagion of the study area and it might
affect the highland areas negatively since this@eads specifically main crop harvesting
period.

3.3.4.Mann-Kendall trend test of future temperatures andprecipitation (2006-2100)

Based on the standardized test statistic, it isiptesto conclude that Mann-Kendall test has
revealed a statistically significant trend in thady area for both future precipitation and
temperatures at the 5% significant level. The maxmand minimum temperature and
precipitation for all the 3ESMs under RCP8.5 artiigkenarios have revealed a significantly
(at 5% significant level) increasing trend for ftegwintil the year 2100. Increasing but not
significant has observed for all ESMs under the R6Rcenario. For brevity reason, only
mean of 3ESMs are given in Table 3.10.

Table 3.10 Mann-Kendall trend test for future average anrhath temperatures and precipitation
under three RCP scenarios for mean of 3 ESMs

scenarios Kendall's tau p-value Alpha Sen's slope rend

Tmax for rcp2.6 0.492 0.214 0.05 0.117 Increadug not significant
Tmax for rcp4.5 0.521 < 0.0001 0.05 0.117 Signiftbaincreasing
Tmax for rcp8.5 0.634 < 0.0001 0.05 0.211 Signiftbaincreasing
Tmin for rcp2.6 0.196 0.211 0.05 0.106 Increasimg,not significant
Tmin for rcp4.5 0.256 < 0.0001 0.05 0.109 Signffittaincreasing
Tmin for rcp8.5 0.435 < 0.0001 0.05 0.118 Signifithaincreasing

pcp for rcp2.6 0.186 0.572 0.05 0.378 Increasing nbt significant

pcp for rcp4.5 0.193 0.0005 0.05 0.546 Significamtreasing

pcp for rcp8.5 0.201 0.0009 0.05 0.607 Significamtreasing

3.3.5. Scenarios developed for future temperatureand precipitation (2006-2100) for six
averaged arbitrary spatial weather stations

A. Mean Annual and Monthly Maximum Temperature Scenaros

The predicted absolute change in monthly mean daidximum temperature has larger
extent of increase for the month of Oct 2080s ZZL(RCP8.5) and 1.18°C (RCP4.5) at the
end of the century but for the month of Oct in 20%énhe slice by 0.85°C in case of RCP2.6
scenario then decline at the end of the centuaflimonth and time slice because of history
line of RCP2.6. Contrary, the larger decrease in B@0s 0.99°C and 0.50°C occurred for
RCP8.5 and RCP4.5 at the end of the century arategrdecrease on the month of Dec in
2050s time slice by 0.37°C in case of RCP2.6 ste(leig 3.13, b, and c).
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Mostly, the absolute change in monthly mean dailgximum temperature for RCP8.5
scenario ranges -0.33 to +0.74°C in the 2020s,8-806+1.35°C in 2050s and -0.99 to
+2.10°C in 2080s. In case of RCP4.5 scenario, =0d&s8 to +0.66°C in 2020s, -0.46 to
+1.03°C in 2050s and -0.50 to +1.18°C in 2080s. dbeolute change in monthly mean daily
maximum temperature under RCP2.6 scenario rang28 tf +0.68°C in the 2020s, -0.42 to
+0.87°C in 2050s and -0.37 to +0.85°C in 2080s.idgrease of mean annual maximum
temperature was in the ranges 0.29-0.84°C (RCP823;0.49°C (RCP4.5) and 0.29-0.36°C
(RCP2.6) (Table 3.11). The deviation of maximum pgenature is larger under RCP8.5
scenario than RCP4.5 and RCP2.6 scenarios as shpwhe future trend irFig 3.13.
Relatively, RCP8.5 revealed a higher change in mar temperature trend at the end of the
century than RCP4.5 and RCP2.6 scenario.

B. Mean Annual and Monthly Minimum Temperature Scenarios

The future predicted absolute change in monthlymuzaly minimum temperature has larger

extent of increase for the month of Nov 2080s 3OERCP8.5) and 2.21°C (RCP4.5) at the
end of the century but for the month of Nov in 28%ibne slice 1.54°C in case of RCP2.6
scenario then decline at the end of the centusflimonth and time slice. On the other hand,
the larger decrease in Sep 2080s 1.61°C and 0.8i8Ged for RCP8.5 and RCP4.5 at the
end of the century and larger decrease on the nadrBiep in 2050s time slice by 0.74°C in

case of RCP2.6 scenarigig 3.14, b, and c).

Often time, the absolute change in monthly meaty dainimum temperature for RCP8.5
scenario ranges -0.61 to +1.39°C in the 2020s,5-100+2.53°C in 2050s and -1.61 to
+3.98°C in 2080s. In case of RCP4.5 scenario, mA@g&1 to +1.26°C in 2020s, -0.83 to
+1.87°C in 2050s and -0.87 to +2.21°C in 2080s. dbeolute change in monthly mean daily
minimum temperature under RCP2.6 scenario rangé4 0 +1.17°C in the 2020s, -0.72 to
+1.62°C in 2050s and -0.74 to +1.54°C in 2080s.igerease of mean annual minimum
temperature (Table 3.12) might vary 0.24-0.80°CPRG), 0.21-0.40°C (RCP4.5) and 0.19-
0.31°C (RCP2.6). Like in maximum temperature sdenathe deviation of minimum
temperature is greater under RCP8.5 scenario tHaR4® and RCP2.6 scenaridsig
3.14).
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C.Mean Annual and Monthly Precipitation Scenarios

The predicted percentage change in monthly medy gdegcipitation has larger extent of

increase on the month of Jan 2080s 100.00% (RCR8¢b)09.53% (RCP4.5) at the end of
the century but in the month of Jan in 2050s titnee $9.18% in case of RCP2.6 scenario
then decline at the end of the century in all moatid time slice. Conversely, the larger
decrease on Sep 2080s 44.15% and 38.57% ensuBR€RB.5 and RCP4.5 at the end of the
century and larger decrease on the month of S&0%9s time slice by 30.74% in case of
RCP2.6 scenarid~{g 3.1%, b, and c).

Every so often, the percentage change in monthlgnmdaily precipitation for RCP8.5
scenario ranges -29.36 to +53.57% in 2020s, -3803697.81% in 2050s and -44.15 to
+100.00% in 2080s. In case of an intermediate eomsscenario (RCP4.5), varies -26.47 to
+47.02% in 2020s, -35.91 to +77.48% in 2050s arfi5B to +99.53% in 2080s. The
percentage change in monthly mean daily precipitatinder RCP2.6 scenario ranges -30.50
to +48.49% in 2020s, -32.75 to +69.18% in 2050s &B@74 +64.75% in 2080s. A
considerable increase of mean annual precipitdfiable 3.13) was found to be in the ranges
8.37-25.05% (RCP8.5), 5.95-14.00% (RCP4.5) and-8.92% (RCP2.6). As we can see
from Fig 3.15d, the variability of precipitation gseater under RCP8.5 scenario than RCP4.5
and RCP2.6 scenaridsairly, RCP8.5 shows a higher change in precipitatiend at the end
of the century than the RCP4.5 and RCP2.6 scenarios
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Figure 3.13& (top left):Monthly mean daily absolute change in maximum terapre from base period in three
future timeslice under RCP2.6 scenarior six averaged spatial statiqis(top right): same as fig 3.13a but for
RCP4.5, c (bottom left): same as fig 3.13a but R&P8.5, d (bottom right): future trend of mean ainu
maximum temperature for six averaged spatial statio
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Figure 3.14a (top left):Monthly mean daily absolute change in minimum teragpure from base period in three
future timeslice under RCP2.6 scenarior six averaged spatial statiqiis(top right): same as fig 3.14a but for
RCP4.5, c (bottom left): same as fig 3.14a but R@&P8.5, d (bottom right): future trend of mean ainu
minimum temperature for six averaged spatial statio

RCP2.6 Scenario (mean of 3ESMs) @ RCP4.5 Scenario (mean of 3ESMs) ®)
= _ 7000 105.00
S 1202 = 820205
2E ss.00 ‘ =% |||zs 288 0
£ g 4000 ©2080s £ < 60.00 820805
S .S 5500 = £ 4500
22 > = 3000 -
£2 1000 ™ isos 1 . -
52 s00 g . g || 23,009 e e e g
=" 2000 2 53000
35.00 3500
= -60.00
E§§2=_§2§°§'§g§ E 2 5 5 » 5 = ® 5 B z 8
= = <= £ ° = & 2222532228583 2 &
Time (Month) Time (Month)
RCPS.5 Scenario (mean of 3ESMS) © @
1800.00
S @2020 £ —2—RCP26Scemsio
g =2% ||| = 1600.00 TRGRIIsEmE
S S
= 'j -‘E - = 1400.00
s ™ q L = 1200.00
- E
5 = = = = £ = = = W = g = 1000.00 o
EE 2 23 38 2238 2 &8 1_\\“‘ w\ -(\‘7-“ A (0 o5 '\Q“b q\\’\“ -«&\‘l‘" A
Time (Month) Time (Year)

Figure 3.1% (top left):Monthly mean daily percentage change in precipitatrom base period in three future
time slice under RCP2.6 scenarfor six averaged spatial statiqrs (top right): same as fig 3.15a but for
RCP4.5, c (bottom left): same as fig 3.15a but R@P8.5, d (bottom right): future trend of mean ainu
precipitationfor six averaged spatial stations
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3.3.6. Scenarios developed for future temperatureand precipitation (2006-2100) for
three averaged arbitrary spatial weather stations

A. Mean Annual and Monthly Maximum Temperature Scenaros

The predicted absolute change in monthly mean daidgximum temperature has larger
extent of increase for the month of Apr 2080s 2D{RCP8.5) and 1.29°C (RCP4.5) at the
end of the century but for the month of Apr in 28%ne slice by 0.91°C in case of RCP2.6
scenario then decline at the end of the centuaflimonth and time slice because of history
line of RCP2.6. Opposing, the larger decrease mZB80s 1.16°C and 0.67°C occurred for
RCP8.5 and RCP4.5 at the end of the century amategrdecrease on the month of Sep in
2050s time slice by 0.46°C in case of RCP2.6 soeffig 3.16, b, and c).

Characteristically, the absolute change in monthlyan daily maximum temperature for
RCP8.5 scenario ranges -0.41 to +0.76°C in the 202079 to +1.41°C in 2050s and -1.16
to +2.07°C in 2080s. In case of RCP4.5 scenarmyea -0.38 to +0.72°C in 2020s, -0.57 to
+1.12°C in 2050s and -0.67 to +1.29°C in 2080s. dbeolute change in monthly mean daily
maximum temperature under RCP2.6 scenario rangé8 t® +0.70°C in the 2020s, -0.50 to
+0.92°C in 2050s and -0.46 to +0.91°C in 2080s. etywslight increase of mean annual
maximum temperature was in the ranges 0.03-0.088CP@8.5), 0.04-0.07°C (RCP4.5) and
0.02-0.05°C (RCP2.6) (Table 3.11). The inconsistesicmaximum temperature is almost
same for RCP8.5 and RCP4.5 scenarios but a slayidtion on the RCP2.6 scenarieiq
3.16d).

B. Mean Annual and Monthly Minimum Temperature Scenarios

The future predicted absolute change in monthlymualy minimum temperature has larger
extent of increase on May 2080s 5.50°C (RCP8.5)3aRd°C (RCP4.5) at the end of the
century but on May in 2050s time slice 2.26°C isecaf RCP2.6 scenario then decline at the
end of the century in all month and time slice. Canwise, the larger decrease in Feb 2080s
1.77°C and 1.05°C ensued for RCP8.5 and RCP4.5eaemnd of the century and larger
decrease on the month of Feb in 2050s time slic@. B§°C in case of RCP2.6 scenaifig(
3.17a, b, and c).

Commonly, the absolute change in monthly mean dailyimum temperature for RCP8.5
scenario ranges -0.69 to +2.01°C in the 2020s,7-101+3.62°C in 2050s and -1.77 to

+5.50°C in 2080s. In case of an intermediate emmsscenario, ranges -0.65 to +1.89°C in

60
TH-1920_136104030



2020s, -0.94 to +2.81°C in 2050s and -1.05 to +&24h 2080s. The absolute change in
monthly mean daily minimum temperature under RCR2ehario ranges -0.60 to +1.79°C in
the 2020s, -0.82 to +2.43°C in 2050s and -0.792@26°C in 2080s. An increase of mean
annual minimum temperature (Table 3.12) might vaE8-2.15°C (RCP8.5), 0.74-1.28°C
(RCP4.5) and 0.71-0.88°C (RCP2.6). Like in maxim@mperature scenario, the deviation
of minimum temperature is greater under RCP8.5 atenthan RCP4.5 and RCP2.6
scenarios Kig 3.1d). Reasonably, RCP8.5 depicted the higher chamganinimum
temperature trend at the end of the century thafiRtbP4.5 and RCP2.6 scenarios.

C.Mean Annual and Monthly Precipitation Scenarios

The predicted percentage change in monthly medy gdegcipitation has larger extent of
increase on Sep 2080s 88.26% (RCP8.5) and 52.18R4R) at the end of the century, but
on Sep in 2050s time slice 45.26% in case of RCB&®ario then decline at the end of the
century in all month and time slice. In opposititime larger decrease on Dec 2080s 36.22%
and 13.47% resulted for RCP8.5 and RCP4.5 at teEthe century and larger decrease on
Feb in 2050s time slice by 12.82% in case of RCBeehario fig 3.1&, b, and c).

Mostly, the percentage change in monthly mean daibcipitation for RCP8.5 scenario

ranges -10.77 to +36.02% in 2020s, -29.31 to +62.46 2050s and -36.22 to +88.26% in
2080s. In case of RCP4.5 scenario, Varies -11.438066% in 2020s, -12.82 to +50.68% in
2050s and -10.28 to +52.14% in 2080s. The percentégnge in monthly mean daily

precipitation under RCP2.6 scenario ranges -7.88896% in 2020s, -13.47 to +45.26% in
2050s and -7.74 to +40.70% in 2080s. A sizeablecase of mean annual precipitation
(Table 3.13) was found to be in the ranges 15.50&24 (RCP8.5), 11.04-15.16% (RCP4.5)
and 9.84-13.32% (RCP2.6). As shown in Fig 3.18dutm&venness of precipitation is greater
under RCP8.5 scenario than RCP4.5 and RCP2.6 saenAn interesting point here is that

the variation of precipitation under RCP2.6 is lagkhan that of RCP4.5 at the end of the
century.Accordingly, RCP8.5 shows a higher change in pretipn trend at the end of the

century than the RCP4.5 and RCP2.6 scenarios.
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Figure 3.1 (top left):Monthly mean daily absolute change in maximum teragpure from base period in three
future timeslice under RCP2.6 scenarfor three averaged spatial statiphg(top right): same as fig 3.16a but
for RCP4.5, c (bottom left): same as fig 3.16a floutRCP8.5, d (bottom right): future trend of meamual
maximum temperature for three averaged spatiabstat
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Figure 3.17a (top left):Monthly mean daily absolute change in minimum terapure from base period in three
future timeslice under RCP2.6 scenarfor three averaged spatial statiphg(top right): same as fig 3.17a but
for RCP4.5, ¢ (bottom left): same as fig 3.17a floutRCP8.5, d (bottom right): future trend of meamual
minimum temperature for three averaged spatialbsizt
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Figure 3.1& (top left):Monthly mean daily percentage change in precipitatrom base period in three future
time slice under RCP2.6 scenarfor three averaged spatial statipbs(top right): same as fig 3.18a but for
RCP4.5, c (bottom left): same as fig 3.18a but R@P8.5, d (bottom right): future trend of mean ainu
precipitationfor three averaged spatial stations
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3.3.7. Scenarios developed for future temperaturesnd precipitation (2006-2100) for a
single (Goba) weather station

A. Mean Annual and Monthly Maximum Temperature Scenaros

The predicted absolute change in monthly mean dadximum temperature has a larger
extent of increase on Mar 2080s 1.51°C (RCP8.8R°C (RCP4.5) and 0.70°C (RCP2.6).
Contrasting, the larger decrease in Feb 2080s 6.268 Jul 3.11°C occurred for RCP8.5 and
RCP4.5 and greater decrease on Feb in 2050s tice &y 2.40°C in case of RCP2.6
scenario Fig 3.1%, b, and c).

Typically, the absolute change in monthly meanydailaximum temperature for RCP8.5
scenario ranges -2.03 to +0.66°C in the 2020s5-304+1.08°C in 2050s and -5.16 to
+1.51°C in 2080s. In case of RCP4.5 scenario, mRAfy88 to +0.65°C in 2020s, -2.65 to
+0.85°C in 2050s and -3.11 to +0.89°C in 2080s. dbeolute change in monthly mean daily
maximum temperature under RCP2.6 scenario rangés td +0.57°C in the 2020s, -2.40 to
+0.69°C in 2050s and -2.21 to +0.70°C in 2080s. iZeable decrease of mean annual
maximum temperature was in the ranges 0.48-1.38CPg.5), 0.47-0.77°C (RCP4.5) and
0.44-0.60°C (RCP2.6) (Table 3.11). The changeglitmaximum temperature is higher for
RCP8.5 scenario than RCP4.5 and RCP2.6 scenartbghanfuture trend line for three

scenarios has indicated a significant decreaseasimum temperature until the end of the
century (Fig 3.19d).

B. Mean Annual and Monthly Minimum Temperature Scenarios

The future predicted absolute change in monthlymualy minimum temperature has larger
extent of increase on Jan 2080s 1.26°C (RCP8.50&#fC (RCP4.5) but on Jan in 2050s
time slice 0.47°C in case of RCP2.6 scenario thesline at the end of the century in all

month and time slice. Inversely, the larger de@eaasSep 2080s 2.27°C and 1.29°C arisen
for RCP8.5 and RCP4.5 and larger decrease on ththnod Sep in 2050s time slice by

1.01°C in case of RCP2.6 scenaifiig(3.2@&, b, and c).

Frequently, the absolute change in monthly mealy againimum temperature for RCP8.5
scenario ranges -0.82 to +0.43°C in the 2020s,5-105+0.69°C in 2050s and -2.27 to
+1.26°C in 2080s. In case of an intermediate emms$RCP4.5) scenario, ranges -0.78 to
+0.35°C in 2020s, -1.19 to +0.53°C in 2050s an@9 X0 +0.62°C in 2080s. The absolute
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change in monthly mean daily minimum temperaturdenrRCP2.6 scenario ranges -0.89 to
+0.34°C in the 2020s, -1.01 to +0.47°C in 2050s @h€é3 to +0.41°C in 2080s. A slight
decrease of mean annual minimum temperature (Tade&) might vary 0.08-0.15°C
(RCP8.5), 0.10-0.14°C (RCP4.5) and 0.09-0.11°C (RE6P The deviation of minimum
temperature is higher for RCP8.5 scenario than RE&4d RCP2.6 scenarios and the future
trend line for three scenarios has indicated dstigcrease of minimum temperature until the
end of the century (Fig 3.20d).

C.Mean Annual and Monthly Precipitation Scenarios

The predicted percentage change in monthly medg peecipitation has a larger extent of
increase on Oct 60.78% (RCP8.5), 38.14% (RCP4.8)28173% (RCP2.6). In opposition,

the larger decrease on Jan 2080s 34.54% and 29ekl#ted for RCP8.5 and RCP4.5 at the
end of the century and larger decrease on Sep 5%092@me slice by 29.33% in case of
RCP2.6 scenarid~(g 3.21, b, and c).

Often time, the percentage change in monthly mesally grecipitation for RCP8.5 scenario
ranges -25.86 to +35.02% in 2020s, -32.25 to +26.29 2050s and -34.54 to +60.78% in
2080s. In case of RCP4.5 scenario, Varies -21.8118099% in 2020s, -29.04 to +35.33% in
2050s and -29.41 to +38.14% in 2080s. The percentégnge in monthly mean daily
precipitation under RCP2.6 scenario ranges -261618.23% in 2020s, -29.33 to +23.18%
in 2050s and -22.68 +23.73% in 2080s. A slightease of mean annual precipitation (Table
3.13) was found to be in the ranges 2.97-9.20% R&)P1.48-5.41% (RCP4.5) and 0.52-
3.06% (RCP2.6). As shown in Fig 3.21d the unevenrdsprecipitation is greater under
RCP8.5 scenario than RCP4.5 and RCP2.6 scen&dosrdingly, RCP8.5 shows a higher
change in precipitation trend at the end of theéwgrthan the RCP4.5 and RCP2.6 scenarios.
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Figure 3.1 (top left):Monthly mean daily absolute change in maximum terapre from base
future timeslice under RCP2.6 scenarior single station (Goba) (top right): same as fig 3.19a but for
RCP4.5, c (bottom left): same as fig 3.19a but R&P8.5, d (bottom right): future trend of mean ainu
maximum temperature for single station (Goba)
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Figure 3.2 (top left):Monthly mean daily absolute change in minimum teragpure from base period in three
future timeslice under RCP2.6 scenarfor single station (Gobap (top right): same as fig 3.20a but for
RCP4.5, c (bottom left): same as fig 3.20a but R&P8.5, d (bottom right): future trend of mean ainu

minimum temperature for single station (Goba)
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Figure 3.21a (top left):Monthly mean daily percentage change in precipitatrom base period in three future
time slice under RCP2.6 scenarfor single station (Goba) (top right): same as fig 3.21a but for RCP4.5, ¢
(bottom left): same as fig 3.21a but for RCP8.5pdttom right): future trend of mean annual preaifion

single station (Goba)
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Mean of 3 ESMs of annual rainfall, in this studybstantially increased in the ranges 14.70-
28.69% (RCP8.5), 9.54-16.94% (RCP4.5) and 8.68028.0RCP2.6) for twelve averaged
spatial weather stations, 8.37-25.05% (RCP8.5)5-34000% (RCP4.5) and 4.91-8.12%
(RCP2.6) for six averaged spatial weather statiabs;9-24.00% (RCP8.5), 11.04-15.16%
(RCP4.5) and 9.84-13.32% (RCP2.6) for three averapatial weather stations and 2.97-
9.20% (RCP8.5), 1.48-5.41% (RCP4.5) and 0.52-3.069%6P2.6) for a single weather

station; coincide with the various literaturesta £nd of the century. Finally, comparison of

current (i.e., base period of 1981-2005) and fupugections (at 30 periods of 3 time slice)
of mean of 3 ESMs (GFDL-ESM2M, CanESM2 GCM and GHB&M2G) under three RCP

scenarios for mean annual maximum and minimum teatye, and precipitation in case of

twelve, six and three averaged spatial arbitrargther stations, as well as future projection

for a single weather station in Weyib River bassnsummarized in Table 3.11, 3.12 and

3.13.

Table 3.11Comparison of current and future projections oimef 3ESMs with three RCPs for annual mean
daily maximum temperature (°C) at different averhgpatial observation stations in Weyib River basin

For period (2011-2040):2020s

For period (2041-2070):2050s

For period (2071-2100):2080S

Observation Current (°C)
Stations (1981-2005) Rep 2.6 Rep4.5 Rep8.5 Rep 2.6 Rep4.5 Rcp8.5 Rep 2.6 Rep4.5 Rep8.5
12AS8* 2237 22.53(0.16) 22.49(0.12) 22.49(0.12) 22.52(0.14) 22.55(0.19) 22.59(0.22) 22.52(0.14) 22.58(0.21) 22.70(0.32)
6AS** 21.85 22.14(0.29) 22.13(0.28) 22.15(0.29) 22.21(0.35) 22.29(0.43) 22.40(0.55) 22.20(0.35) 22.35(0.49) 22.69(0.84)
3AS**> 23.86 23.88(0.02) 23.90(0.04) 23.89(0.03) 23.89(0.04) 23.92(0.07) 23.91(0.05) 23.89(0.04) 23.91(0.06) 23.91(0.06)
1S*ee* 20.13 19.69(-0.44) 19.66(-0.47) 19.65(-0.48) 19.53(-0.60) 19.47(-0.67) 19.22(-0.91) 19.59(-0.54) 19.36(-0.77) 18.74(-1.39)

Table 3.12Comparison of current and future projections ohmef 3ESMs with three RCPs for annual mean
daily minimum temperature (°C) at different averdgpatial observation stations in Weyib River basin

For period (2011-2040):2020s

For period (2041-2070):2050s

For period (2071-2100):2080S

Observation Current (°C)
Stations (1981-2005) 1cp 2.6 rcp4d.5S rcp8.5 1cp 2.6 rcp4d.5 rcp8.5 1cp 2.6 rcp4d.S rcp8.5
12AS* 744 7.74(0.30) 7.75(0.31) 7.79(0.34) 7.87(0.43) 7.92(0.48) £.10(0.65) 7.83(0.39) 8.01(0.57) $.48(1.04)
6AS** 6.83 7.02(0.19) 7.04(0.21) 7.07(0.24) 7.14(0.31) 7.16(0.34) 7.30(0.48) 7.11(0.28) 7.23(0.40) 7.62(0.80)
3AS*** 9.15 9.86(0.71) 9.87(0.74) 9.93(0.78) 10.09(0.95) 10.25(1.11) 10.58(1.43) 10.02(0.88) 10.43(1.28) 11.30(2.15)
1S**** 6.52 6.43(-0.09) 6.42(-0.10) 6.43(-0.08) 6.42(-0.10) 6.39(-0.13) 6.37(-0.15) 6.41(-0.11) 6.38(-0.14) 6.37(-0.15)

Table 3.13Comparison of current and future projections oimef 3ESMs with three RCPs for annual mean
daily precipitation (mm) at different averaged sglatbservation stations in Weyib River basin

For period (2011-2040):2020s

For period (2041-2070):2050s

For period (2071-2100):2080S

Observation
Stations

Current (mm)
(1981-2005)

1cp 2.6

rcp4.5

rcp8.5

1cp 2.6

rcp4.5

rcp8.5

1cp 2.6

rcp4.5

rcp8.5

12A8*
6AS**
3AS***

1SxxRx

291
3.04
3.06
2.85

3.17(8.68%)
3.19(4.91%)
3.36(9.84%)
2.86(0.52%)

3.19(9.54%)
3.22(5.95%)
3.39(11.04%)
2.89(1.48%)

3.34(14.70%)

3.29(8.37)

3.79(24.00%)

2.93(2.97%)

3.29(12.93%)
3.33(9.59%)
3.46(13.32%)

2.94(3.06%)

3.33(14.36%)
3.37(11.06%)
3.46(13.27%)

2.94(3.21%)

3.47(19.14%)
3.55(16.85%)
3.53(15.59%)

2.95(3.70%)

3.24(11.34%)
3.29(8.12%)
3.42(11.80%)

2.93(2.93%)

3.41(16.94%)
3.46(14.00%)
3.52(15.16%)

3.00(5.41%)

3.75(28.69%)
3.80(25.05%)
3.73(22.09%)

3.11(9.20%)

Note: * represents the 12 averaged spatial arbitrarytheeastation, ** represents the 6 averaged spatial
arbitrary weather station, *** represents the 3raged spatial arbitrary weather station, **** repeats a
single spatial weather station; number in the pheses are the absolute change in mean annual raxand
minimum temperature and percentage change in dapeedpitation for each time slice of each obséora
stations and each scenario; - sign in the paresshespresents the decrement of mean annual maxianagm
minimum temperature for each time slice and eack B&nario

TH-1920_136104030

66



3.4. Conclusion

The mean annual maximum and minimum temperature predipitation have shown an
increasing trend in all the nine ESM-RCP scenarnidbe 2020s 2050s and 2080s time slices
about the baseline scenario (Fig. 3.4, 3.7 and)3GBDL-ESM2M, projects the highest
mean annual values for maximum and minimum tempe¥atnd precipitation increases in
all the RCP (RCP8.5, 4.5 and 2.6) scenarios ardll ithe future time slices (in the 2020s,
2050s and 2080s); GFDL-ESM2G, projects the lowesteiases in the value of this
parameter and CanESM2, projects an intermediatdié@mgincrease in all the RCP (RCP8.5,
4.5 and 2.6) scenarios and in all the future titees (in the 2020s, 2050s, and 2080s) for
twelve averaged spatial weather stations.

The variability of maximum and minimum temperatued precipitation is higher in all
ESMs of RCP8.5 than RCP4.5 and RCP2.6 and theeftiteinds for the RCP8.5 and RCP4.5
scenarios have been indicated a significantly fat $gnificant level) increasing trend of
average annual maximum and minimum temperature pagcipitation until the end of the
century (Fig. 3.5, 3.8 and 3.11 and Table 3.1)rdasing trend but not significant (at 5%
significant level) was observed in all ESMs of R@P2cenario. Comparatively, RCP8.5
scenario prevail higher change in maximum and mimmtemperature and precipitation
trend at the end of the century than the RCP4.5_E2.6 scenarios. Seasonal and monthly
variations of climate variables are more than theual variation. The increment of rainfall
comparatively higher in the dry season 20.68% é2b20s, 33.65% in 2050s, and 53.74% in
2080s for RCP8.5 which might have a positive imarcthe lowland region of the study area
and it might affect the highland areas negativatges this season is specifically main crop

harvesting period.

To investigate the effect of spatial data availgbibn climate change projection, averaging
less number of stations was done by considering &nd single station. While trend was
found same in 12 averaged, 6 averaged and 3 avkstgions cases, the magnitudes were
observed to be different in all predicted paransetbr single station analysis the trend itself
has changed from increasing trend to decreasimgl tre case of maximum and minimum
temperature. In case of precipitation, no visisend has been observed in case of single

station analysis.
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Chapter 4: Evaluation of the ArcSWAT Model in Simulating Catchment
Hydrology: in Weyib River Basin, Southeastern Ethipia

4.1. Introduction

Climate change which is posing as a threat to wssetor all over globe, including Ethiopia
requires rapid assessment of available water ffferdint sizes of catchment, so that its
adverse impact on water resources can be mitigatedgh efficient planning, management
and sustainable use. Therefore, seeking a suitadeological model that simulates the
available water (streamflow) is also equally impattand must go side by side with the
assessment of available water. Hydrological modeése become vital tools for

understanding hydrologic processes at the catchnwrdél. To apply model outputs

confidently for various purposes ranging from regoin to research, models should be
scientifically sound, robust, and reliable. Modehlkation is, therefore, beneficial in the
acceptance of models to support scientific researuh to guide policy, regulatory, and

management decision making (Tetsoane, 2013).

The daily precipitation, minimum, and maximum temgbere, solar radiation, relative
humidity and wind speed are primary input climaétad Spatial (‘Digital Elevation Model,
Soil, and Land Use'") data are pre-processed in @pbgal Information Systems (GIS) and
input into SWAT through the interface. The 24 yedady discharge data is used for model
calibration. Sensitivity analysis and auto-calilmattools have incorporated into the SWAT
model. Therefore, in this chapter, distributed AMST hydrologic model performance
between observed and simulated data was evaluaied both statistical and graphical
technique. Four statistical model performance eti@n criteria R, NSE, RMSE-
observations standard deviation ratio (RSR) an@d?bave used during the calibration and
validation periods. Hydrograph analysis was alsaent provide a visual comparison of
simulated and observed constituent data, to idedifferences in timing and magnitude of
peak flows, to visualize the shape of hydrograpdhtandentify model bias throughout model
calibration and validation period.

The specific objectives of this chapter were to;

- Calibrate and validate the ArcSWAT model simulatiesults, and;
- Evaluate the performance of ArcSWAT model in sininta catchment hydrology in

Weyib River Basin, Southeastern Ethiopia
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4.2. Materials and Methods

The Weyib Riveroriginates from thenorthern sides of the Bale Mountains and first 8ow
north-eastwards then flow to East and south-eadsvéor the remainder of its course.
Finally, it joins with Genale and Dawa Rivers n&tiniopia-Somalia border to strengthen its
journey to Somali lowlands. The detail descriptodithe study area has given in Chapter 3.

7"30°0"N+

Weyb River Catchment

Homaa Weather St.

Gasera Weather St.

Ginir Weather St.

Dinsho Weather St.

700" N+

Meliyu Weather St. I

Robe Weather St.

Legend
N Reach
\ LongestPath
R ke T [ ]Basin
I Catchment Outlet
39°30°0"E 40°0°0"E 40°30°0°E

Figure 4.1 Study area: location map and weather stationseo$tudy area

4.2.1. Materials and software program used

The materials employed in this study include Geideva River Basin Integrated Resources
Development Master Plan Study Final Report from Heeleral Democratic Republic of
Ethiopia Ministry of Water Resources to extract sgomysicochemical properties of soil for
different soil layers, soil and land use ArcGIS mayer that could be input to ArcSWAT
hydrologic model.

The models/software programs used for this study (rMicrosoft EXCEL to arrange
meteorological and hydrological data as per the BD#d ArcSWAT models data file
format, develop various graphs, as well as to deter various statistical indices, for
example B, RMSE, SRS, NSE, and Pbidi) NetCDF4Excel to manipulate the large-scale
atmospheric variables from global archive into #tedy areaii) SDSM to downscale
temperatures (maximum and minimum) and precipmatoy baseline and future time period
under different RCP scenarids;) XLSTAT 2015 used to conduct Mann-Kendall trendgest
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to verify whether there is statistically signifitamcreasing/decreasing trend on future
temperatures (maximum and minimum) and precipmatioder different RCP scenarios for
the study area or nofy) Baseflow Program (Allen, 1999) to determine thacfion of
streamflow that is contributed by base flow fromsetved/measured discharge ddta)
Global Mapper 11 to manipulate the DEM data (megtoamerge, fill, and also configure
different grid-size DEM into one to represent stwdga),(vi) Rainbow software to check
homogeneity of long-term annual precipitation sers different meteorological stations
since knowing an expected behavior of hydro-metegrcal processes, mainly precipitation
is an important for hydrological modelin@jii) pcpSTST program (Stefan Liersch, 2003) to
calculate daily parameters of precipitation dateduly the weather generator of the SWAT
model; for instance to calculate average total imgnprecipitation from daily time series,
standard deviation for daily precipitation in monskew coefficient for daily precipitation in
month, probability of a wet day following a dry dgyobability of a wet day following a wet
day, and average number of days of precipitatiomanth, (ix) ArcGIS to prepare spatial
data (DEM, LULC and Soil maps) that can be useArcSWAT model,(x) and ArcSWAT
model to simulate entire river basin and sub-basade current (baseline) and future (up to

year 2100) surface and subsurface hydrologicalgsses under climate change scenarios.

4.2.2. SWAT model description

SWAT is a public domain model actively supportedioy USDA (United States Department
of Agriculture) ARS (Agricultural Research Servica) the Grassland, Soil and Water
Research Laboratory in Temple, Texas, USA. SWA igver basin scale, a continuous
time, a spatially distributed model developed tedt the impact of land management
practices on water, sediment and agricultural cbhehyields in a large complex basin with
varying soils, land use and management conditimes long periods of time (Neitsch et al.,
2005). SWAT can analyze both small and large basinssubdividing the area into

homogenous parts. As a physically based model, SW#8ds hydrologic response units
(HRUs) to describe spatial heterogeneity regardiamgl cover, soil type and slope within a
watershed. The SWAT system embedded within geograpformation system (GIS) that

can integrate various spatial environmental datduding soil, land cover, climate, and
topographic features. Currently, SWAT has embedde&dcGIS interface called ArcSWAT.

SWAT is a physically based, continuous time (Lenteral., 2002) and computationally

efficient hydrological model, which uses readilyadable inputs.
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4.2.3. SWAT model approach

Basin can be subdivided into sub-basins and furtiheded into hydrologic response units
(HRUSs) to consider differences in soils, land wseps, topography, and weather. The model
has a weather generator that generates daily valtiggecipitation, temperatures, solar
radiation, wind speed, and relative humidity frotatistical parameters derived from mean
monthly values. Depending on the data availabil8yYAT model uses either SCS curve
number method or the Green and Ampt infiltratiorthod to estimate surface runoff. There
are two approaches (variable storage coefficienthate or the Muskingum routing)
embedded in SWAT model to route flow through tharctel. The model also has three
methods (Penman-Monteith, Priestley-Taylor, and grEaves) to estimate potential
evapotranspiration. The main equations used byntbdel are given below. SWAT splits
hydrological simulations of a basin into two mapirases: the land phase and the routing
phase. The difference between the two lies in dioe that water storage and its influence on
flow rates have considered in channelized flow (dé#i et al., 2002). The detailed and

complete descriptions have given in the SWAT tecdlrdocumentation.

4.2.4.Hydrological components of SWAT model

Depending on the criterion given for hydrologicabdael and taking into account the
objective of the research SWAT model (distributdd/gcally based) has been used for
simulation of the hydrological processes of WeyilgeR basin. The SWAT model calibrated
and validated to be applicable and efficient fomdation of streamflow in Bale Mountainous
area of Shaya River basin (one of the tributarféd/eyib River basin) (Shawul et al., 2013).
The land phase which simulates the hydrology ofldasin controls the amount of water,
sediment, and nutrient and pesticide loadings @ontlain channel in each sub-basin whereas
the routing phase monitors the movement of watedinsents, nutrients and organic

chemicals through the channel network of the basthe outlet.

In the land phase of hydrological cycle, SWAT siatat based on the water balance
equation (Eg.4.1a) and hydrological components ksited includes, for instance, canopy
storage, infiltration, redistribution, evapotranggion, lateral subsurface flow, surface runoff,

ponds, tributary channels and return flow (Arndiéle 1998; Neitsch et al., 2005).

SV = SW, +Z(Rday ~Qur ~Ea ~ Weeen _qu) (41a)
i1
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Where, SWis the final soil water content, S\M¢ the initial soil water content on day, t is the
time (days), RayiS the amount of precipitation on days,&s the amount of surface runoff on
day i, Ea is the amount of evapotranspiration onigd&Vseepis the amount of water entering
the vadose zone from the soil profile on day i, @gdlis the amount of return flow on day i.

All parameter are in mm.

Since sub-daily rainfall data was not availabldgha study area that can use for Green and
Ampt infiltration method (‘Green and Ampt, 191B8pil Conservation Service curve number
equation (USDA, 1972) has been used to estimatestinace runoff of the catchment.
Penman-Monteith method (Monteith, 1965) which depetl based on the temperature, solar
radiation, and relative humidity and wind speedadatcords were used to estimate the PET.
The SCS curve number has described in Eq.4.2.

~ (Rday—O.ZS)Z

qurf R (Rday+0-88) Zﬂ

In which, Qu is the rainfall excess, R is the rainfall depth for the day, S is the retamt

parameter. All parameter are in mm. More detailedcdptions of the different model
hydrologic components are listed in SWAT user's oan(Neitsch et al., 2005). The
retention parameter (mm) has defined in Eq.4.3.

S=254 (1000 10) (4.3)
e— . CN .

The CN SCS is a function of the soil's permeabiligypyd use and antecedent soil moisture
conditions. SCS describes three antecedent moistnditions (1) dry (wilting point), (2)

average moisture, and (3) wet (field capacity). Wasture condition 1 curve number is the
lowest value that the daily curve number can assungey conditions whereas the moisture
condition 3 curve number is the highest value thatdaily curve number can consider in wet

conditions. The curve numbers for moisture condgi@ and 3 have calculated from Eq. 4.4

and 4.5.
CN, = CN, - 20[ L00-CN,) 4.4
(100- CN, +exd 2533~ 0.06361.00- CN,)))
CN, = CN, [exp[0.00673[(100-CN,)| (4.5)
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In which, CN is the moisture condition 1 curve number, /dsl the moisture condition 2
curve numbers, and GNs the moisture condition 3 curve numbers. Typmalve numbers
for moisture condition 2 have listed in various légb (Neitsch et al., 2005) which are
appropriate to slope less than 5%. However, inWleg/ib River basin, there are areas with
slopes greater than 5%. To adjust the curve nuiidbdrigher slopes an equation developed
(Williams, 1995) was used (Eq. 4.6).

CNys = L?’C:NZ) (- 2(exp(-13868p)|+CN, (4.6)

In which CNss is the moisture condition 2 curve number adjudtadslope, CN is the
moisture condition 3 curve number for the defaét Slope, CN2 is the moisture condition 2

curve number for the default 5% slope, almis the average percent slope of the sub-basin.

The second phase of the SWAT hydrologic simulatitve, routing phase, consists of the
movement of water, sediment and other constitugotsnstance, nutrients, pesticides) in the
stream network. The rate and velocity of flow hasadculated by using the Manning's
equation. The main channels or reaches are asstonbdve a trapezoidal shape by the
model. The two kinematic wave model options (vdeatiorage and Muskingum methods)
are available to route the flow in the channel meks. The variable storage method uses a
simple continuity equation in routing the storagdume, whereas the Muskingum routing
method models the storage volume in a channelheagta combination of wedge and prism
storages. For this study, therefore, the variatdeage method (Williams, 1969) used in the
ROTO (Routing Outputs to Outlets) (Arnold et aP9%) model was applied as in Eq.4.1b.

Vstored = Vinflow — Voutflow (4.1b)

Where: Vstored is the change in volume of storagend the time step, Vinflow is the
volume of inflow during the time step, and Voutflagsthe amount of outflow during the
time step. All parameters are irf.nDetail of the equation has given in SWAT manual.
4.2.5. SWAT model inputs

A. Digital Elevation Model

A Digital Elevation Model (DEM) which describes te&vation of any point in a given area

at a particular spatial resolution as a digitad.fih topographic feature of study basin (slope
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steepness, slope length, and defining of the streatmork) with its characteristics (channel
slope, length, and width) has been derived fromDE&. A 30 m resolution DEM obtained

from ASTER official website was used for this styitp://gdem.ersdac.jspacesystems.or.jp/

B. Soil Map and Soil Properties

Soil map andmajor soil physicochemical properties which SWATuied includes its
depth, percentage clay, silt and sand content, deuisity, porosity, available water capacity,
field capacity, and saturated conductivity for eawfhthe soil layers and morphological
characteristics of major soils of Weyib River basiere obtained from the Genale-Dawa
river basin integrated resources development maéier soil database and digital soil map
from the Federal Democratic Republic of Ethiopianidiry of Water and Energy (MoWE)
produced between the year 2004 and 2007 and peesienfppendix Table 37 and 38.

C.Land Use Land Cover Maps

Land use land cover (LULC) is one of the most digant spatial input data required by
SWAT model that affect mainly surface runoff an@jeoetranspiration and other hydrological
processes in a given basin. The LULC map used Hisr gtudy has been obtained from
MoWE, Genale Dawa River Basin master plan produmstdveen the year 2004 and 2007.

Current various land use feature of the study srehown in Appendix Photos 1-5.

D.Weather Data

The SWAT model requires daily measured (observe@gnter data which includes
'precipitation, maximum temperature and minimum genatures, solar radiation, relative
humidity and wind speed'. These daily meteoroldglega for twelve meteorological stations
(detailed in chapter 3 in ‘types of data used sedtihave been collected from Ethiopian
National Meteorological Agency (2007). It is impamt to know that the expected behavior of
hydro-meteorological processes, mainly precipitatiQue to these facts, in this study,
'homogeneity of long-term annual rainfall' seriefs tbe Weyib River basin has been
investigated using Rainbow software and presemniefippendix Figure 1-12. The detailed
meteorological information for the twelve differemieteorological stations, their recording
periods, and spatial and temporal distributioreofiperatures and precipitation characteristics

of Weyib River basin has presented in Chapter 3.
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E. Hydrological Data

Daily river discharge data of the Weyib River basin atmkerem gaging station has been
obtained from the Hydrology Department of the MoWkhis data has been used for
performing sensitivity analysis, calibration, anerification of the SWAT model. An

automated baseflow separation and recession anadainique (Allen, 1999) was employed

to separate the base flow and surface runoff usiagotal daily river discharge data.

4.2.6. SWAT model setup
A. Basin Delineation

The basin delineation process includes five magpsst(i.e., DEM setup, stream definition,
outlet and inlet definition, basin outlets selestend definition and calculation of sub-basin
parameters). Automated basin (watershed) delineaiobedded in ArcSWAT interface was
used to delineate the basin. Delineation of thenbeasd sub-basin was done using DEM data.
DEM was imported into the SWAT model and projectedhe projection area of Ethiopia
(UTM zone 37). A mask was manually delineated aher DEM to extract the particular
area, to describe the boundary of the watershedl@itize the stream networks in the study
area, which reduce the time of processing and bumypolyline stream dataset that in turn
helps the sub-basin reach to follow the known stre@ach. The ArcSWAT interface
proposes the minimum, maximum, and suggested #eedadithe sub-basin area (in hectare)
define the minimum drainage area required to fammdrigin of a stream and to decide the
number of sub-basins within the basin. The smdlierthreshold area, the more detailed are
the drainage networks and the larger number oftsidns and HRUs. However, this needs
more processing time and space. As a result, amopt size that compromises both was
selected. Therefore for this study, suggestediteeds the sub-basin area (9033 ha) to define
the minimum drainage area required to form theiorag a stream has been used. On the
given area of the basin, only one outlet is seicwhas later taken as a point of calibration
and validation of the simulated streamflow. As sufte actual Weyib River basin outlet has

been delineated. Finally, sub-basin parameters esthmated.

B. Determination of Hydrological Response Units

After basin delineation, sub-basins were divided ereas having a unique land use, soil and
slope so-called hydrologic response units (HRUBE [Bnd use, soil, and slope data sets have

been projected into the same projection as DEMerAfirojection of the land use, soil and
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slope data sets were reclassified, overlaid anedrwith the SWAT databases and ready for
HRU definition. Multiple HRU definition options werselected to define the distribution of
HRUs. The threshold level set for land use, sail slope were used to establish the number
of HRUs within the sub-basin as well as the bakinaddition to land use and soil, HRUs
were also classified based on slope classes. Thiplawslope classification based on the
suggested minimum, maximum, mean and median skapistes of the basin has been used

in this study.

The interface can provide us two options (eithaigaeng only one HRU for each sub-basin
considering the dominant soil-land use-slope coatimns or assigning multiple HRUs for
each sub-basin considering the sensitivity of thlyelrdlogic process based on certain
threshold values of soil-land use-slope combinabdo determine HRUs for each sub-basins.
For this study, the multiple HRUs for each sub-bdsd assigned as it better describes the
heterogeneity within the basin and as it accurasetyulates the hydrologic processes. The
minimum threshold area of 5% for land use overdie-basin area, 10% for soil class over
the land use area and 20% for slope over the seal lsave been usddhe land use, soil and
slopes percentage areas covering less than trehtiidearea level have been eliminated, and
then the remaining areas were reclassified so 1f@% of the land area in the sub-basin

could have been used in the simulation.

C. Sensitivity Analysis

After all the input (spatial as well as weather}adeequired for the SWAT model were
correctly loaded, the parameter sensitivity analygas done using the ArcSWAT interface
for the whole basin (van Griensven et al., 200&yefty-six hydrological parameters have
been tested for sensitivity analysis for the siiafeof the streamflow in the study area.
Here, almost all the default lower and upper bopadameter values have been used. In
addition to hydrologic parameters, observed andilsited daily streamflow values of Weyib
River basin have been used as an input. The setysdnalysis was made using a built in
SWAT sensitivity analysis tool that uses the Latiypercube-One-factor-At a-Time (LH-
OAT) algorithm (Van Griensven, 2005). After runniggnsitivity analysis, the sensitivity
parameters were ranked based on their mean retanativity from high to low (Table 4.5.)
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D. Model Calibration and Validation

During the calibration process, model parameterseveeibjected to adjustments to obtain
model results that correspond better to the medsiatasets. After the sensitive parameters
were selected, the model simulates the stream dising default parameter values for years
1981-2004. The default simulation output was comegavith the observed stream flow data.
In this study, manual calibration followed by autdio calibration were made on a daily
basis from 01 January 1981 to 31 December 2004thetmean simulated value came closer
to the measured value. Periods from 1981 to 1983 usad as warm up periods (the period
left for model stabilization). Automatic calibratiaomakes use of a numerical algorithm to
increase the performance of the model and to opéirtie numerical objective functions. In
manual calibration for each simulation result arafameter change, the corresponding
performance evaluation criteria have been compargdinst the present values. This
procedure continued until the acceptable calibnatreodel performance statics of R > 0.6,
NSE > 0.5, RSK 0.70 and Pbias within the £25 (Moriasi et al., 20@ere achieved (Table
4.1). After the simulation result for the calibmatiperiod had fulfilled the above statistical
criteria, validation has been performed for an pefelent period of records from 01 January
1995 to 31 December 2004. The demonstration of WA&S model for the entire Weyib

River basin is presented in Appendix Figure 13.

4.2.7.Model performance evaluation

In order to evaluate the SDSM and ArcSWAT modeldgomance relative to the observed
climatic and hydrological variables, the followinigur statistical model performance
evaluation measures, in addition to graphical tephe were used during the calibration and
validation periods. The four statistical model ewion indices were R NSE, RMSE-

observations standard deviation ratio (RSR), anchs?bTwo commonly used graphical
techniques; provide a visual comparison of simdlasd measured constituent data,
hydrographs and percent exceedance probabilityesiewve especially valuable. In this study,
a hydrograph method was used to identify differenogiming and magnitude of peak flows,
to visualize the shape of hydrograph and to idgntifodel bias (Singh et al., 2004)

throughout model calibration and validation period.

A. Coefficient of Determination (F)

It was given by (Krause and Boyle, 2005) as shawquation 4.7
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2 _  (CIXi-Xav][Yi-Yav])?2
R® = Y (Xi—Xav)? ¥ (Yi—Yav)? (4.7)

Where, Xi is measured value, Xav is average medstakle, Yi is simulated value, and Yav
is average simulated value.

B. Nash-Sutcliffe Coefficient (E)

It was provided by (Nash and Sutcliffe, 1970) asvaiin Equation 4.8

Y (X i = X ga ) (4.8)
Z inzl(xobs g xobs )2

E=1-

WhereXqpsis observed values adGoqelis modeled values at time/plaice

C.RMSE-Observations Standard Deviation Ratio (RSR)

It was given by (Singh et al., 2004) as shown indipn 4.9 and 4.10

RMSE = \/Zinzl(xobsi - xmodel,i)z o
n
g o
~ STDEVobs |

Where Xops IS Observed valueXmodel IS modeled values at time/placand n is number of
observation.

D. Percent Bias (Pbias)
It was given by (Moriasi et al., 2007) as showiEquation 4.11

? . (obs — sim) x 100
=1 ™ obs) (4.11)
i=1

Pbias =

Where obs is observed values, sim is simulatecegadit time
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Table 4.1 General model performance ratings for recommersdatistics for a monthly time step
(Moriasi et al., 2007)

Performance ratings
Statistics Statistics equation Unsatisfactory  Satisfactory = Good Very good

,  CXi—Xav][Yi - Yav])?

2 R? = . - -
R S (X — Xav)? S.(Vi — Yav)? <05 0506 0607 0.7-1.0
n _ 2
NSE E=1- 21y Kotss = X o) <05 0.5-0.65 0.65-0.75 0.75-1.0
Zizl(xobs,i - Xobs)2
RSR RSR RMSE
= STDEVADs >0.7 0.6-0.7 0506  0-05
Where — ‘/Zn:l(xobsi = Xinoda)’
n
i_1(obs — sim) x (100)
Pbias PBIAS = S (obs) > +25% +15-#25%  +10-+15 <10
1=

4 .3. Results and Discussion

4.3.1. Simulation of the hydrology of the Weyib River catbtment

From the suggested threshold area, six sub-baswves een delineated in the Weyib River
Basin (4215.93 kA). Each sub-basin boundary marks the end of reehend point of
which the accumulation point for all flow from upsam which is then fed into downstream
sub-basin and reach (Fig. 1, Chapter 5). Once thaen meach and the longest paths
(tributaries) have been formed, the model uses kot use, and land slope data to define
HRUs. From the supposed threshold values for HRUs ddimeaf 5% land use, 10% soil
and 20% slope we have been obtained 77 HRUs if4basins. All HRU is a grouping of a

unique land use, soil type, and slope features.

As shown in Table 4.2 and Fig. 4.2a the greatetigqroof the basin has occupied by two soil
types Eutric Vertisol (19.93%) and Dystric Cambi€bl.85%). Unlikely, Calcaric Cambisol
and Calcic Vertisol cover a comparatively minorgastage of the basin 1.91% and 1.77%
respectively. About 91.21% of study basin has bemupied by the agricultural land close
grown (mainly cultivated for wheat and barley). fRavillage’s covers relatively smaller
portion about 0.01% of the total basin area Tabk ahd Fig. 4.2b. Based on the slope

statistics in the basin, the present study constlénree slope partitions, by dividing land
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slope partitions as partition 1: 0 -15%, partitidn 15-30%, partition 3:30-9999%. The

maximum value for the highest slope class rang&MAT database was assigned by default

to be 9999%. From land slope classifications, alFOus4% of the watershed area covered by
0-15%, 16.46% of the area 15-30% slope class amdda$t 12.99% of the watershed area
covered with a land slope of 30-9999% Table 4.4 Rigd 4.2c. As we can see in Fig. 4.2d
the altitude/elevation variation of study catchmenfound to be in a range from 898 to

4388.60 m as obtained from DEM (30mr).

Table 4.2Major soil unit of Weyib catchment and their areaverage in the catchment

No. Soil unit name Soil unit code Area (ha) Perceage catchment area (%)
1 Chromic Cambisol CMx 52855.24 12.54
2 Dystric Cambisol Cwmd 75257.57 17.85
3 Eutric Cambisol CMe 20564.47 4.88
4 Haplic Luvisol LVh 72401.70 17.17
5 Vertic Luvisol LVv 40063.73 9.50
6 Calcaric Cambisol CMc 8063.79 1.91
7 Leptosol LP 26628.50 6.32
8 Eutric Vertisol VRe 84026.42 19.93
9 Regosol RG 34281.81 8.13
10 Calcic Vertisol VRk 7449.74 1.77

Table 4.3Major Landuses of Weyib catchment and their ateakrage in the catchment

No. Land Use SWAT Code  Area (ha) Percentage catchmisarea (%)
1  Agricultural Land-Close-grown AGRC 384541.33 1.2
2 Range-Brush RNGB 19766.09 4.69
3 Forest-Mixed FRST 17187.64 4.08
4 Range-Grasses RNGE 0.02
5 Residential-Med/Low Density URML 0.01

Table 4.4Land slope classes of Weyib catchment and theal aoverage in the catchment

No. Slope Class Area (ha) Percentage catchment ar@)
1 0-15 297396.54 70.54
2 15-30 69415.04 16.46
3 30-9999 135367.59 12.99
80
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Figure 4.2a (top left): Soil map and its spatial distributiomer the Weyib catchment, b (top right):
the same as Fig.4.2a but for land use map, c (holft): the same as Fig.4.2a but for land slope
map, d (bottom right): the same as Fig.4.2a bubteM map (30mr)

4.3.2. Parameters sensitivity analysis

Sensitivity investigation has been made for the lelinistorical period of 1981-2004. About

270 iterations of sensitivity analysis have beenedthrough sensitivity analysis tool which
embedded in ArcSWAT model for flow. The model colesed 26 flow parameters for basin
sensitivity analysis; from which 20 of them weremgaratively sensitive. Among 20

sensitive flow parameters, 13 were obtained to hee furthermost effective hydrologic

parameters (detailed in Table 4.5) for the simatabf streamflow in the Weyib River basin.

Moreover, then, these parameters were used faansfiev calibration and validation. The

surface runoff parameter includes the curve nun{B@eR), soil evaporation compensation
factor (Esco) and available water capacity of tbi lsyer (Sol_Awc) are the top 3 most
sensitive flow parameter over the others surfaceffuand ground water parameters. A brief
description of each hydrologic parameter is listethe SWAT model user’'s manual (Neitsch
et al., 2005).
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Table 4.5SWAT’s most sensitive streamflow parameters anal ftalibrated fitted values

Flow Description Sensitivity Lower and Calibrated
Parameter Rank Upper Bounds  Value
CN2 SCS runoff curve number for moisture condition 1 +25% 12%
Esco Soil evaporation compensation factor 2 0tol 0.9
Sol_Awc  Available water capacity of the soil layer 3 +25% 20%
Sol Z Depth from 'soil surface to bottom of layer' 4 +25% 9.5%
Canmx Maximum canopy storage 5 Oto 10 2.5
Revapmn threshold 'depth of water in the shallowifad for revap 6 +100 90.50
to occur
Gwgmn Threshold 'depth of water in the shallow fegurequired 7 +1000 750
for return flow to occur
Blai Maximum potential leaf area index 8 0tol 0.45
Slope Average slope steepness 9 +25% 15%
Sol K Saturated hydraulic conductivity 10 +25% 1.5%
GW_Revap Groundwater revap coefficient 11 +0.036 0.03
Ch_K2 Effective hydraulic conductivity in the maichannel 12 0to 150 98
alluvium
Alpha_Bf Baseflow alpha factor 13 Otol 0.92

4.3.3. SWAT model calibration and validation
A. Model Calibration

The automatic baseflow separation technique basebeodaily streamflow data measured at
the outlet of the basin indicated that about 36-5##%he total discharge has contributed from
the surface water source. The subsurface contib{i8 to 64% of total discharge) is more
than the surface contribution. Daily streamflowad&iom the outlet of the study basin has
been used for the calibration. Three-year datg (%81-1983 data) have been used as a spin
up period (warm up time), and eleven years data, (1984-1994) have been used for testing
(calibration). Some model parameters (e.g., CNR)\ay spatially depending on soil, land
cover, slope, and other basin characteristics.lgucalibration, the baseline values initially
assigned to the spatially varying parameters haea laltered by multiplying or replacing the
baselines by a sampled value as described in T&ableThis way, the parameters were
adjusted for a realistic hydrologic simulation. Mbdparameters were first calibrated
manually followed by automatic calibration usingr&®ol (Parameter Solutions), an
autocalibration tool which set-in ArcSWAT model. él'balibration processes considered 13
flow parameters and their values were varied bt within the allowable ranges until a
satisfactory agreement between measured and sadutteamflow has been obtained. The
autocalibration processes significantly improveddelefficacy. The results of four statistical
analysis met model performance evaluation standgrdsn (Moriasi et al., 2007) for
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streamflow with B, NSE, RSR and Pbias values of 0.86, 0.83, 0.25Laf@irespectively for

calibration period (Fig.4.3 and 4.4).
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Figure 4.3 Hydrograph of the observed and simulated streamilsing calibrated parameters for the

calibration period (1984-1994)
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Figure 4.4 Regression line fit between observed and simulstie@mflow during calibration period

An intensive hydrologic calibration resulted in goBWAT predictive efficiency at the daily

time step of the basin when compared to measuogddhata. The hydrograph and regression

line between observed and simulated flow indicdked the ArcSWAT model is capable of

simulating the hydrology of Weyib River basin aswh in Fig.4.3 and 4.4.

B. Model Validation

The performance of the calibration result has ieatitising the split-sampling approach (i.e.,
1995-2004 data) was used for verification on aydadlsis. It has found that the ArcSWAT

TH-1920_136104030

83



model has the high predictive capability with, RISE, RSR and Pbias values of 0.84, 81,

0.31 and 2.69 respectively (Fig 4.5 and 4.6). Tiotigorous calibration has undertaken for

daily streamflow, simulated flow over predicts pdiakv but under predicts all other time for

both calibration and validation periods. The shapthe hydrograph of simulated flow was

the same as the shape of hydrograph of measurgdsttaamflow (Fig.4.3 and 4.5).
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Figure 4.5Hydrograph of the observed and simulated streamilsing calibrated parameters for the

validation period (1995-2004)
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Figure 4. 6Regression line fit between observed and simulstiedmflow during validation period

Streamflow Simulations are considered satisfadfoRf >0.6, NSE-0.5, RSR0.7 and Pbias
are within £25% (Moriasi et al2007). According to these criteria, Tables 4.1 @n@

indicate, for all evaluation criteria given, vergtisfactory results for both calibration and
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verification periods have been obtained. Theretinee the model performed as well in the
validation period, as for the calibration periochbe, the set of optimized parameters listed in
Table 4.5 during the calibration process of WeyilveR basin can be taken as the

representative set of parameters for the similainbaAltogether, when comparing the

model’s performance against the model evaluatidgar@ based on the guidelines (Moriasi et
al., 2007) presented in Table 4.1 for the montimhetstep, SWAT simulated streamflow very

well in all the evaluation indices (Table 4.6).

Table 4.6 Summary of model performance ratings for simufaiof streamflow

Model Performance

Statistics Calibration for the PeriodValidation for the Period of
of 1984-1994 1995-2004
Coefficient of Determination (i 0.86 (very good) 0.84 (very good)
Nash-Sutcliffe Coefficient (NSE) 0.83 (very good) .80 (very good)
RSR 0.25 (very good) 0.31 (very good)
Percent Bias (Pbias) 1.72 (very good) 2.69 (vendgo

The Evaluation of the SWAT model in simulating ¢atent hydrology in case study of the
Modder River basin has been investigated (Kusangagh, 2014) and they reported that the
results of calibration and validation of the modela monthly time step gave NSE of 0.65,
Pbias of 15 and RSR of 0.4, while NSE of 0.5, Pbfa31 and RSR of 0.5 have recorded for
validation. Jha (2011) reported Bf 0.86 and NSE of 0.85 for calibrated monthlyfp and
for validation the following monthly flows statist have reported as’Rf 0.69 and NSE of
0.61. Srinivasan et al. (2010) reportetl & 0.75 and NSE of 0.74 for calibrated monthly
flows, and for validation the following monthly fis statistics have reported aé &t 0.58
and NSE of 0.69. Bouraoui et al. (‘2005') repoi@af between 0.62 and 0.84 and NSE of
between 0.41 and 0.84 for calibrated monthly flosstegn (2010) said’Rf 0.80 and NSE
of 0.73 for calibrated while Rof 0.80 and NSE of 0.71 for validation period. an
interrelated study, Shawul et al (2016) also regbrthat the SWAT model had a good
performance in simulating the monthly, seasonal, amnual mean discharges with the R
NSE and D values of 0.81, 0.75 and 23 respectivetije calibration period, while’RNSE
and D values of 0.65, 0.59 and 20 respectivelyha validation period. In this study, the
results of calibration and validation of the modeHaily time step gave®Rf 0.86, NSE of
0.83, and RSR of 0.25 and Pbias of 1.72 during:#fiération period, while Rof 0.84, NSE

of 0.81, RSR of 0.31 and Pbias of 2.69 during thiedation period. There has been observed
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a slight variation in statistical values among agsbkers, in this particular study too; this

difference might be due to mainly spatial data Upeedominantly LULC data), the disparity

insensitive catchment parameters that affect Glidom processes, uncertainty during data
handling.

4 .4. Conclusion

The assessment of SWAT hydrological model and tnyatson of its ability to simulate

reliably the different components of water balancgeneral and streamflow, in particular,
using different efficiency criteria gave an insighto how one can successfully generate
useful information in catchments where there ielidata available. To do so various
efficiency criteria were implemented, namely?, RISE, RSR and Pbias with hydrograph
technique. The results suggest that the SWAT hgdioal model can be a useful tool which,
once calibrated effectively, can produce meaningfeldictions of catchment hydrology to
aid management decisions. The results obtainectatelithat basin output simulated by

ArcSWAT after calibration is comparatively consrdtavith recorded values.

This study provided a better understanding of SWeddel set-up, sensitive parameters that
influence the model output, and hydrologic processlethe catchment. The most sensitive
parameter found in this hydrological simulation reiee was Curve Number (CN) which is

dependent on 'land management practice and sailneters'. These parameters are found to
influence hydrologic processes more than others.garamount that calibrated model results
provide a reasonable reflection of actual hydralqmiocesses. Statistical evaluation criteria
suggested (Moriasi et al., 2007) only provides dh@&lelines to which to evaluate model’s

performance. Moreover, it is also essential to labkther statistical indices that can be used
to assess the model's performance. It has infehadfurther study is conducted to evaluate
uncertainties in the model that affect model pen@ance and the sensitivity of the 'distributed

hydrologic' simulations to different calibrationh&tnes under different catchment conditions.
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Chapter 5: Climate Change Impact Analysis on Hydrobgical Processes of
the Weyib River Basin, Southeastern Ethiopia

5.1. Introduction

The climate drives the hydrological cycle (Crosbieal. 2010), and projected changes in
spatial and temporal patterns of the climate véglwill impact on 'regional hydrological
processes, in particular, changes in rainfall Wwdl amplified as an impact' on hydrological
components (Wang et al., 2011). Rainfall is thegdat factor in the water balance of
catchment hydrology (Mpelasoka and Chiew, 2009)is Tdhapter study investigated the
response of hydrological processes under ensendfléeree ESMs for the three RCP
scenarios in the Weyib River Basin, Southeastenmpia. Spatial (EB and SB) and temporal
scale major hydrological processes (such as PRECH#RIRF, GWQ, ET, PET, PERC, SW
and WYLD) using ArcSWAT hydrologic model for thercent and future (in the 2020s,
2050s and 2080s time slices) time period under lahkes of three ESMs for the RCP8.5,
RCP 4.5 and RCP 2.6 scenarios from CMIP5 have lemsidered. The hydrological
processes for EB and six SBs were investigatedraegha to derive better in sight into the
hydrological processes of the Weyib River. Whatasfident about study zone in general
and study area of Weyib River Basin, in particularthat our climate is changing. So far,
however, there is no single study has been donieeirstudy area about future hydrological
processes under the CMIP5-ESMs-RCPs scenariohisuttudy tried.

The objectives of this chapter were to:

- Examine the response of surface and subsurfac®lbgital processes under ensembles
of CMIP5-ESMs-RCPs scenario in the entire basinsan@basin scale.

- Estimate the annual, seasonal and monthly wataitadwity (in the 2020s, 2050, and
2080s time slices) under the CMIP5-ESMs-RCPs sgemiarthe entire basin and sub-
basins scale up to the year 2100.

5.2. Materials and methods

5.2.1. Drainage area and hydrologic response uniegcription (HRUS)

Detail description of the study area (Weyib Rivesin) has been provided in chapter 3 and
4. There is no optimal number of sub-basins agjgedds on the issues addressed in the
modeling and scenario analysis, but for our casehaee sub-divided the entire basin
(4215.93 km) into six sub-basins (Fig 5.1) using suggested ttiey ArcSWAT interface)
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threshold value of 9033 ha (which basically comtrifle drainage density of the artificially
constructed drainage system and thereby the nuofb&ub-basins). The sub-basin 3 has a
larger area of 1160.60 Knand 7 HRUs whereas sub-basin 6 has the smallarcdr284.27
km? and 17 HRUs. The drainage area fkend HRUs (numbers) of sub-basin 1, 2, 4 and 5
were 942.35 and 10, 689.11 and 13, 742.44 anddB@n.12 and 13, respectively. The total
number of HRUs in the entire river basin then beesfm/.

7°30°0"N

Weyb River Catchment and Subcatchment

Homaa Weather St v [ Gasera Weather St.
- S ==

Ginir Weather St.

=
7°0"0" N i| Meliyu Weather St.

Legend
Reach
LongestPath

[] Basin

Sub-basin

Catchment Outlet

39°30°'0"E 40°0'0"E 40"30'0"E

Figure 5.1 Entire basin, sub-basin and reach delineatiorgdsnpath, and selected weather stations

5.2.2. The Earth System Models (ESMs) and RCP sceaias

In this study, three bias-corrected Earth Systendé&(ESMs) for the RCP8.5, RCP4.5, and
RCP2.6 scenarios from CMIP5 has been used. Thericgst and future predictor variables
have been downloaded through official data poxtahsite) of CCCMA and NOAA-GFDL

(refer chapter 3 for more detail in this regard).

5.2.3. The ArcSWAT hydrologic model

In this study, considering the aim we are goingatbieve, ArcSWAT model was used to
simulate various hydrological processes of WeyibeRibasin. SWAT model description,
approach and various components are given in chdptBata necessary for this chapter
study comprises (i) daily weather data, (ii) sgatiata (DEM, soil map and properties and
LULC) and (iii) discharge/streamflow data. All tieedata sources are detailed in chapter 3
and 4. The standard procedure of ArcGIS interfaceS¥WAT hydrologic model was applied
to delineate the watershed, determination of hydyiohl response units (HRUS), sensitivity
analysis, model calibration and validation and sty analysis (detail explanation has
given in chapter 4).
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5.2.4. Investigation of future climate changes impa on hydrological processes

The CMIP5-ESMs output, which was downscaled to\Weyib River catchment level for
twelve stations using SDSM, was used to generatéottthcoming hydrological processes in
the basin. The ArcSWAT model first ran for histati€1981-2004) period for entire river
basin and calibrated and validated accordinglyeAfiuccessful validation, the model has
then been re-run on the basins using Ensembldsed ESMs for the RCP8.5, RCP 4.5, and
RCP2.6 scenarios climate data without changingther parameters. The various outputs of
hydrological processes have been analyzed firdtihe entire basin level to quantify the
possible impacts of climate change on different rblgdjical processes. Successively,
detailed analyses have been performed on the bagns to quantify the impacts at the sub-
basin level. The analyses of the hydrological psees were then carried out on an annual,

seasonal and monthly basis in the 2020s, 20502@8@s future time slices.

5.3. Results and Discussion
5.3.1. Entire river basin and sub-basin scale currg annual hydrological processes

In this section, the analysis was performed on ahbasis for all hydrological processes such
as PRECIP, QSURF, GWQ, ET, PET, PERC, SW and WYbtbDbaseline (1981-2004)
period. The three years (1981-1983) has left asuanmg up (model stabilization) period.
Results revealed in Fig 5.2a-g that the EB and &iBesanalysis of all hydrological processes
are found to be different in Weyib River basin. ghs, probably, due to the basin
characteristics that govern the hydrological regmhéhe EB and SBs. Therefore, we can
pledge that there has been observed a signifigatta and temporal variability of all the
hydrological processes in Weyib River basin dubageline simulation.

The PRECIP for EB was found to be 1061.12 mm withrage from 787.04 to 1421.45 mm
(Fig 5.2a). Mean annual total PRECIP for SB 1,,24,3% and 6 were observed to be 850.99
mm (ranges; 481.54 to 1237.89 mm), 818.39 mm (sn580.19 to 943.93 mm), 1394.35
mm (ranges; 826.80 to 2320.86 mm), 1061.97 mm ésng4l.66 to 1751.23 mm), 853.45
mm (ranges; 609.79 to 1254.91 mm) and 1273.87 namgés; 967.29 to 1740.07 mm)
respectively during baseline simulation (Fig 5.3b-§s can we seen Fig 5.2a, ¢ and ¢
maximum value of PRECIP was observed in the ye@P 18 case of EB, SB2 and SB5 but
in 1998 (SB1) (Fig 5.2b), 1989 (SB3), 1987 (SB4Jl am 1997 (SB6) whereas a minimum
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value of PRECIP has been observed in the year @gd@Be EB and SB3), 1991 (in SB1 and
2), 1990 (in SB4), 2000 (in SB5) and 1988 (in SBBY 5.2a-g).

The mean annual total ET for EB is found to be 492nm with a range from 445.77 to
522.01 mm. The mean annual total ET for SB 1, 2,3 and 6 were observed to be 511.33
mm (ranges; 402.76 to 569.24 mm), 452.94 mm (rargE% 69 to 497.71 mm), 480.19 mm
(ranges; 405.18 to 538.44 mm), 553.68 mm (rang®88;54 to 610.20 mm), 435.89 mm
(ranges; 333.19 to 492.09 mm) and 494.22 mm (rar@¥%04 to 557.77 mm) respectively.
A maximum value of ET has been observed in yeaB1®9 case of EB), 1986 (in SB1),
1992 (in SB2), 1990 (in SB3), 2001 (in SB4), 1996 $B5) and 1986 (in SB6) while a
minimum value of ET was observed in year 1991 ltm EB and SB1), 1985 (in SB2), 1984
(in SB3), 1989 (in SB4) and 2000 (in SB5 and 6y (®2a-g).

The mean annual total SURFQ for EB during basedineulation was 132.95 mm (with a
range from 66.63 mm in 2004 to 232.42 mm in 1989 mean annual total SURFQ for
SB1, 2, 3, 4, 5 and 6, respectively, were has t6 289 mm (ranges; 0.64 mm in 1991 to
182.17 mm in 1998), 68.10 mm (ranges; 20.10 mm9®illto 103.33 mm in 2000), 169.14
mm (ranges; 26.43 mm in 2004 to 575.46 mm in 198%9).55 mm (ranges; 58.94 mm in
1990 to 453.32 mm in 1987), 125.93 mm (ranges; 3t in 2001 to 298.24 mm in 1992)
and 265.56 mm (ranges; 142.35 mm in 1986 to 47;@9® in 1997) (Fig 5.2a-g). The
average annual total SW for EB during baseline Rtian was 3858.50 mm (with a range
from 3580.33 mm in 1990 to 4307.77 mm in 1996). frfean annual total SW for SB1, 2, 3,
4, 5 and 6, respectively, were has to be 5014.88(ranges; 3723.52 mm in 1991 to 5955.33
mm in 1996), 6364.11 mm (ranges; 5877.83 mm in 1888365.42 mm in 1996), 2355.53
mm (ranges; 1943.58 mm in 2002 to 2629.19 mm in6}98295.69 mm (ranges; 3003.34
mm in 1990 to 3524.64 mm in 1996), 1297.21 mm (e3nd030.98 mm in 2002 to 1569.44
mm in 1996) and 4856.33 mm (ranges; 4470.42 mnmD0020 5146.58 mm in 1990) (Fig
5.2a-g).
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Figure 5.2a ¢op middlg: Temporal variation of hydrological processes idgr base period (1984-2004)
simulation for entire river basin, (bop left): same as fig 5.2a but fenb-basin 1¢ (top right): same as fig 5.2a

but for sub-basin 2, d (middle right): same as5iga but for sub-basin 3, e (middle left): samdig@$.2a but
for sub-basin 4, f (bottom left): same as fig 5t2e for sub-basin 5, g (bottom right): same asSfiga but for

sub-basin 6

The average annual total GWQ for EB during basetineulation was 117.94 mm with a
range from 39.14 to 198.86 mm. The average totab@nGWQ for SB1, 2, 3, 4, 5 and 6
were has to be 43.68 mm (ranges; 1.33 to 119.65, m&¥8 mm (ranges; 19.06 to 116.56
mm), 220.93 mm (ranges; 56.15 to 427.38 mm), 11648 (ranges; 32.12 to 277.47 mm),
66.58 mm (ranges; 31.12 to 111.43 mm) and 125.19 (namges; 65.03 to 190.34 mm)
respectively. Fig 5.2a-g revealed that a maximulnevaf GWQ had been observed in the
year 1992 (in case of EB, SB3 and SB5), 1998 (id 8Bd 2), 1987 (in SB4) and 1993 (in
SB6) through a minimum value of GWQ was observegear 2002 (in the EB and SB2, 3
and 4), 1991 (in SBland 5) and 2004 (in SB6). Werage annual total PET for EB during
baseline simulation was 1333.27 mm (with a rangfi283.46 mm in 1996 to 1396.59 mm
in 2002). The mean annual total PET for SB1, 24,% and 6, respectively, were has to be
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1376.22 mm (ranges; 1251.25 mm in 1989 to 1492.62im2003), 1120.17 mm (ranges;
1059.99 mm in 1989 to 1189.36 mm in 2004), 117303 (ranges; 1089.70 mm in 1996 to
1279.69 mm in 1991), 1608.84 mm (ranges; 1735.98imk®92 to 1470.24 mm in 1984),
1558.87 mm (ranges; 1455.56 mm in 1996 to 1668.82im1984) and 1323.53 mm (ranges;
1226.97 mm in 1989 to 1411.94 mm in 2004) (Fig ®Pa

The average annual total PERC for EB during basedimulation was 131.33 mm with a
range from 52.02 to 231.51 mm. The average total@anPERC for SB1, 2, 3, 4, 5 and 6
were has to be 50.29 mm (ranges; 1.50 to 117.18, 88135 mm (ranges; 21.22 to 123.76
mm), 241.06 mm (ranges; 81.77 to 496.58 mm), 13M60 (ranges; 42.37 to 308.46 mm),
77.86 mm (ranges; 35.75 to 158.07 mm) and 140.20 (nmmges; 64.65t0 224.43 mm)
respectively. Fig 5.2a-g revealed that a maximuimevaf PERC had witnessed in the year
1992 (in case of EB and SB3), 1998 (in SB1), 1984SB2), 1987 (in SB4) and 1997 (in
SB5 and 6) nevertheless a minimum value of PERCaokasrved in year 2002 (in the EB,
SB3 and 4), 1991 (in SBland 2), 1991 (in SB5) ab@42in SB6). The average annual total
WYLD in Fig 5.2a-g for EB during baseline simulatizvas 553.47 mm (with a range from
281.38 mm in 2002 to 859.08 mm in 1992). The mewaual total WYLD for SB1, 2, 3, 4,5
and 6, respectively, were has to be 327.96 mm ésng4.06 mm in 1991 to 692.66 mm in
1998), 349.67 mm (ranges; 141.06 mm in 1991 toSB4mm in 1998), 905.79 mm (ranges;
340.75 mm in 2002 to 1800.51 mm in 1989), 491.59 (renges; 196.30 mm in 2002 to
1144.88 mm in 1987), 409.00 mm (ranges; 251.67 mid©R9 to 748.47 mm in 1992) and
753.30 mm (ranges; 493.37 mm in 2004 to 1155.82imh997).

As we can see in Fig 5.3a-d and Fig 5.4a-d, thascbieen observed a significant spatial and
temporal variability of all the hydrological proses in Weyib River basin during baseline
(1984-2004) simulation. The average total annudE@R was found to be higher in SB3
(1160.60 krf) than the EB and other SBs throughout 1986-199% periods. However, all
through 1987-2004 and in 1984 SB6 (284.27)khas shown more PRECIP than the others.
SB4 (742.44 kif) has received more PRECIP than the entire riveinbend other SBs in the
year 1985 (Fig 5.3a).

The average annual total ET and PET were obseovbd more in SB4 than the EB and other
SBs throughout simulation period of 1984-2004 (%i8b and c). The average annual total
SURFQ was more in SB4 during simulation period @84-1987 whereas in the simulation
year 1988-2004 average annual total SURFQ obsé¢oveubre in SB6 (Fig 5.3c) than the EB
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and other SBs. From this point here, we can irffat the surface runoff production from the
smaller area is more than the larger area; thisdbably due to the time of concentration if

other variables are assumed to be constant.

As shown in Fig 5.4a, the average annual total SA fwund to be more in SB2 (having an
area of 689.11 kf) than the EB and other SBs throughout simulatieriogls (1984-2004).
As relative to all other hydrological processesfsas PRECIP, ET, SURFQ, GWQ, PERC,
PET and WYLD) magnitudes of SW for EB as well as dach SB are very high and this
might be due to soil characteristics in the paktic®B. Figure 5.4b and ¢ described that in all
the baseline simulation period (1984-2004) but pkaethe year 1987, 1997, 2002 and 2003
the mean annual total GWQ and PERC are more intB&8the others. In the year 1987 and
2003 SB4 has revealed more GWQ and PERC than thanBBther SBs while in the year
1997 and 2002 more GWQ and PERC have observe®.ii & mean annual total WYLD in
Fig 5.4d is found to be high in SB4 during baseBmaulation (1984-1987) as relative to EB
and other SBs. Between years 1988-1995 SB3 hasnshalatively more WYLD than the
others though in the remaining time series of lasesimulation (1996-2004) the SB6
revealed more WYLD than the EB and other SBs.
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Figure 5.3a (op leff): Spatial and temporal variation of total yearkepipitation (PRECIP) during baseline
(1984-2004) simulationy (top right): same as fig 5.3a but for actual etegmspiration (ET), ¢ (bottom left):
same as fig 5.3a but for potential evapotranspinaPET), d (bottom right): same as fig 5.3a butdorface
runoff contribution to the streamflow (SURFQ)

Yearly analysis of SW for Entire Basin and sub-basins Yearly analysis of GWQ for Entire Basin and sub-basins
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Figure 5.4a (op leff): Spatial and temporal variation of total yeartjilsvater content (SW) during baseline
(1984-2004) simulationb (top right): same as fig 5.4a but fgroundwater contribution to streamflow
(GWQ), c (bottom left): same as fig 5.4a but for pertiola(PERC), d (bottom right): same as fig 5.4a fout
net amount of water availability (WYLD)
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5.3.2. Entire river basin and sub-basin scale avege annual future changes in
hydrological processes under climate change scenasi
The downscaled future precipitation and both termpees by SDSM from CMIP5-ESMs-
RCPs scenario were the input variables for valdl#eSWAT model which was then used
to simulate future diverse hydrological processeshe Weyib River BasinThe mean of
ESMs outputs (hydrological processes) for the REPRCP 4.5, and RCP 2.6 scenarios in
annual, seasonal and monthly time scale in the 2@b0s and 2080s time slices have beeb
detailed in this sectiorfFor simplicity and avoiding repetition reason results for each ESM

have not included but mentioned as a mean of the ESMIs with corresponding RCPs.

As described in Table 5.1, the average SURFQ anidVAlE decrease in the EB and SBs in
all the RCP scenarios with different magnitude. ldegr, mean annual PRECIP, ET, GWQ,
PERC, SW, and WYLD will increase with greater salatiariability in EB as well as in the
SBs for all the RCP scenarios. Our ultimate goat ieto explain how climate change could
affect the different hydrological processes of Wieyib River basin that control the final net
water available in the stream. The actual EB &Rl scale analysis of average annual
simulated hydrological processes for baseline (288) and future period (2010-2100)
under three RCP scenarios (for the mean of 3 ESsl& presented in Table 5.1.
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Table 5.1 Entire river basin and sub-basin scale analysisneédn annual simulated hydrological
processes during baseline (1984-2004) and futwiecp€2010-2100) simulation under Ensembles
of ESMs for theRCP2.6 RCP4.5, andRCP8.5scenarios

Spatial Variation Water Balance Components Base Period RCP26 RCP4S RCPS S
PRECIP(mm) 10611 13008 15182 13682
Entire River Basin ET(mm) 4024 631 6341 6365
(421593 k) PET(mm) 13332 11306 11402 11557
SURFQ(mm) 132908 3641 306 4862
WYLD(zm) 55346 64786 66201 70824
PERC(mm) 13134 209091 214.14 22837
GWQ(zm) 11797 1905 19437 20749
SWimm) 385850 438312 438414 4303 84
PRECIP(mm) 85099 105423 107850 113822
ET(xm) 51133 62451 62884 64004
PET(xm) 137622 117792 119157 1200.04
Subbasin 1 SURFQ(mm) 6129 1231 14.79 21903
(84235 k") WYLD(zm) 32796 41077 420386 48593
PERC(mar) 5029 10296 10781 12281
GWQ(zmm) 4368 90.49 8505 10856
SWimm) 501488 5007.16 600262 6080.02
PRECIP(mm) EER] 101795 103067 1055.60
ET(xm) 452904 57392 58061 58162
PET(mm) 1120.17 100062 100091 1002 .41
Subbasin 2 SURFQ(mm) 68.10 2178 2895 3279
(68911 k) WYLD(xm) 34967 42266 42846 45340
PERC(mm) 8885 14133 140.61 14925
GWQ(mm) 7848 126 40 125.60 13361
SWimm) 6364.11 688597 689305 689679
PRECIP(mm) 139435 152844 153946 155852
ET(zm) 480.19 60495 61053 629266
PET(xmm) 1173.73 05058 07416 006.76
Subbasin 3 SURFQ(mm) 169.14 2198 2231 2412
(1160.60 k) WYLD(xm) 90579 91233 917.79 e17 04
PERC(mm) 24106 30543 306.60 30526
GWQ(zmmz) 22093 28178 28268 281.17
SW(mm) 235553 2708.15 271327 2708.63
PRECIP(mm) 106196 185720 148690 154838
ET(zm) 55368 708.04 705.86 68088
PET(xmm) 1608.84 1300.61 131325 135487
Subbasin 4 SURFQ(mm) 17055 6725 7273 9437
(742 44 k) WYLD(xm) 40159 71082 75081 834.77
PERC(mar) 131.60 276.78 20030 32152
GWQ(zx) 11643 25162 26438 20336
SW(mm) 329569 362033 361980 3576.15
PRECIP(mm) 83345 121252 121332 121448
ET(mm) 43589 681.10 68258 67471
PET(mm) 155887 136980 137019 137392
Subbasin § SURFQ(mm) 12593 3640 3593 37.12
(397.12 k) WYLD(xm) 40900 516.13 51832 524.00
PERC(mm) 77.86 15402 153.73 157.07
GWQ(zmm) 6658 13524 13490 137.90
SWimm) 128721 1670.15  1662.16 1662.02
PRECIP(zm) 127588 158007 161557 182726
ET(mm) 49422 62583 62129 62140
PET(mm) 132353 120778 121211 1214 42
Subbasin 6 SURFQ(zm) 26556 2190 97.62 120 67
(28427 k) WYLD(zm) 75330 924908 95465 115951
PERC(mm) 14020 25596 26423 322.72
GWQ(zmm) 125.18 23350 24102 20623
SW(zmm) 485633 525305 524827 525497

In the EB, the mean annual SURFQ and PET were deede respectively, by 63.44 and
13.31% (RCP8.5), 70.22 and 14.48% (RCP4.5) and2720@ 15.20% (RCP2.6). However,
the mean annual PRECIP, ET, NWYLD, PERC, GWQ, andv#re observed to increase,
respectively, by 28.96, 29.26, 27.97, 73.88, 7588 13.87% for the RCP8.5 scenario,
24.45, 28.78, 19.61, 63.04, 64.76 and 13.62% ferRICP4.5 scenario and 22.59, 28.15,
17.06, 59.82, 61.48 and 13.60% for the RCP2.6 sie(fég 5.5a and Table 5.1). In the SB1,
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the mean annual SURFQ and PET were decreased,ctigspe by 64.22 and 12.80%
(RCP8.5), 75.87 and 13.42% (RCP4.5) and 79.92 4l % (RCP2.6). However, the mean
annual PRECIP, ET, NWYLD, PERC, GWQ, and SW wereseobed to increase,
respectively, by 34.93, 25.17, 48.17, 144.20, 13&bd 21.24% for the RCP8.5 scenario,
26.73, 22.98, 31.07, 114.58, 117.61 and 19.70%herRCP4.5 scenario and 23.88, 22.13,
25.25,104.73, 107.17 and 19.59% for the RCP2.6aste(Fig 5.5b and Table 5.1).
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Figure 5.5a (top center): Percentage change from baselinelaiion in the mean of three ESMs hydrological
processes for the three RCP scenarios in the eivimebasin, b (top left): same as fig 5.5a butsob-basin 1, ¢
(top right): same as fig 5.5a but for sub-basid 2Zniddle left): same as fig 5.5a but for sub-b&ie (middle
right): same as fig 5.5a but for sub-basin 4, ttoo left): same as fig 5.5a but for sub-basin Byatom right):
same as fig 5.5a but for sub-basin 6. Legend givéa) is the same as in all figures

In the SB2, the mean annual SURFQ and PET weresdeed, respectively, by 51.85 and
10.51% (RCP8.5), 57.49 and 10.65% (RCP4.5) and2680 10.67% (RCP2.6). However,
the mean annual PRECIP, ET, NWYLD, PERC, GWQ, andi#re observed to increase,
respectively, by 28.98, 28.41, 29.67, 67.98, 7@2& 8.37% for the RCP8.5 scenario, 25.94,
28.19, 22.53, 58.62, 60.04 and 8.31% for the RCBe&ehario and 24.38, 26.71, 20.87, 59.07,
61.06 and 8.20% for the RCP2.6 scenario (Fig 5rist Bable 5.1). In the SB3, the mean
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annual SURFQ and PET were decreased, respectbyeB5.74 and 15.08% (RCP8.5), 86.81
and 17.00% (RCP4.5) and 87.00 and 18.25% (RCP2dyever, the mean annual PRECIP,
ET, NWYLD, PERC, GWQ, and SW were observed to iaseg respectively, by 11.77,
31.13, 1.34, 26.63, 27.27 and 14.99% for the RCRB8emario, 10.41, 27.14, 1.32, 27.19,
27.95 and 15.19% for the RCP4.5 scenario and 2538, 0.72, 26.70, 27.54 and 14.97%
for the RCP2.6 scenario (Fig 5.5d and Table 5.1).

In the SB4, the mean annual SURFQ and PET wereedsed, respectively, by 44.67 and
15.79% (RCP8.5), 57.36 and 18.37% (RCP4.5) and768nd 19.61% (RCP2.6). However,
the mean annual PRECIP, ET, NWYLD, PERC, GWQ, avd ere observed to increase,
respectively, by 45.80, 22.97, 69.81, 144.32, 161a8d 8.51% for the RCP8.5 scenario,
40.01, 27.49, 52.73, 120.59, 127.07 and 9.83%HerRCP4.5 scenario and 37.23, 27.88,
46.43, 110.32, 116.11 and 10.12% for the RCP2.6ast® (Fig 5.5€). In the SB5, the mean
annual SURFQ and PET were decreased, respectbye0.52 and 11.86% (RCP8.5), 71.47
and 12.10% (RCP4.5) and 71.10 and 12.12% (RCPR2dsyever, the mean annual PRECIP,
ET, NWYLD, PERC, GWQ, and SW were observed to iaseg respectively, by 42.30,
54.79, 28.12, 101.73, 107.12 and 28.12% for the &&Rcenario, 42.17, 56.59, 26.73,
97.44, 102.61 and 28.13% for the RCP4.5 scenamo4&07, 56.26, 26.19, 97.82, 103.12
and 28.75% for the RCP2.6 scenario (Fig 5.5f).him $B6, the mean annual SURFQ and
PET were decreased, respectively, by 51.17 andB(BLCP8.5), 63.24 and 8.42% (RCP4.5)
and 65.39 and 8.75% (RCP2.6). However, the meanahi#RECIP, ET, NWYLD, PERC,
GWQ, and SW were observed to increase, respectivslyd3.44, 25.73, 53.92, 130.19,
136.62 and 8.21% for the RCP8.5 scenario, 26.8212%26.73, 88.47, 92.52 and 8.07% for
the RCP4.5 scenario and 24.74, 26.63, 22.79, 886/2 and 8.17% for the RCP2.6
scenario (Fig 5.5g and Table 5.1).

5.3.3.Entire river basin and sub-basin scale mean monthland seasonal future changes
net water availability under climate change scenads

The average ensembles of three Earth System M{ES8Ids) outputs (net water available in

the stream) for the RCP8.5, RCP4.5 and RCP 2.6asosnin monthly and seasonal time

scale (in the 2020s, 2050s and 2080s time sliaegrdire river basin and for all six sub-

basins have been presented in this section.
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A. The Entire River Basin (4215.93 krf)
I. Surface runoff

The absolute change in mean daily surface runoffi)rior upcoming periods (in each time
slice of 2020s, 2050s and 2080s) under each RCPERCRCP4.5 and RCP2.6) scenarios
have shown a decrease in every months and seas@osnpare to the baseline (1984 2004)
simulation (Fig 5.6a-c). Double peaking in surfageoff contribution to streamflow was
observed on the months of Apr and Aug. The seasmean dailysurface runoff (mm)
decrease in dry season (for example, in the mohtdov, Dec, Jan and Feb) by 0.16mm
(100.00%), 0.16mm (100.00%), 0.16mm (100.00%), @tiZmm (84.67%), 0.16mm
(100.00%), 0.15mm (99.47%) and 0.16mm (100.00%},6M@m (100.00%), 0.16mm
(100.00%) in the 2020s, 2050s and 2080s for the R&HRCP4.5 and RCP8.5 scenarios
respectively, and in an intermediate season (Mar, May and Jun) by 0.27mm (81.94%),
0.25mm (70.52%), 0.25mm (67.08%) and 0.27mm (79)5026mm (73.27%), 0.22mm
(51.13%) and 0.26mm (79.75%), 0.24mm (69.24%), rh6(26.00%) in the 2020s, 2050s
and 2080s for the RCP2.6, RCP4.5 and RCP8.5 sosnaspectively and Wet season (Jul,
Aug, Sept and Oct) by 0.41mm (74.81%), 0.39mm @%)B 0.43mm (78.55%), and
0.42mm (76.46%), 0.39mm (69.96%), 0.39mm (70.25%g) @.41mm (73.69%), 0.39mm
(69.50%), 0.30mm (53.69%) in the 2020s, 2050s &RD for the RCP2.6, RCP4.5 and
RCP8.5 scenarios respectively (Fig 5.6a-c).

ii. Lateral flow

Regarding to particular months absolute shiftmienthly mean dailylateral flow (mm)
between the baseline period and future time perfiodshe RCP2.6 scenario has shown a
decrease in months of Jan and Feb (2020s timg,dNow (in all the time slice) and Dec (in
all the time slice) and an increase in the resthef months and future time slices was
observed (Fig 5.6d). The difference in monthlydatéow was insignificant for the month of
Jan (in the 2050s and 2080 time slice) in the REB@enario. While in the case of RCP4.5, a
decrease in the months of Jan and Feb (in the 2086sslice), Nov (in the entire time slice)
and Dec (in the entire time slice) and an increnzgnthe rest of the months and future time
slices was observed (Fig 5.6e). The variance inthtptateral flow was insignificant for the
month of Jan (in the 2050s and 2080 time slicefierRCP4.5 scenario. In the case of very
high emission level (RCP8.5), there has been adserof lateral flow for the months of Jan
and Feb (in the 2020s time slice), Nov (in therentime slice) and Dec (in the 2020s and
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2050s time slice) and an increase in the rest ef ttonths and future time slices was
observed (Fig 5.6f). As compared to the base pgetimdvariance in monthly lateral flow was
minor for the month of Jan (in the 2050s time 3limed Dec (in the 2080s time slice) for the
RCP8.5 scenario. Double peaking in lateral soivfltas observed in the months of Apr and
Sep.

The seasonainean dailylateral flow in Fig 5.6d-f might be decrease iry dreason by
0.11mm (39.55%), 0.08mm (22.51%), 0.08mm (18.29%aY 0.10mm (34.84%), 0.10mm
(28.72%), 0.06mm (8.45%) and 0.09mm (32.48%), 0r@(16.37%), 0.07mm (+41.54%) in
the 2020s, 2050s and 2080s for the RCP2.6, RCIP. RE&P8.5 scenarios respectively, and
increase in an intermediate season by 0.36mm (%9,00.51mm (65.66%), 0.55mm
(84.84%), and 0.37mm (35.88%), 0.52mm (66.30%),00& (94.41%) and 0.43mm
(42.69%), 0.57mm (75.75%), 0.79mm (125.80%) in #0R0s, 2050s and 2080s for the
RCP2.6, RCP4.5 and RCP8.5 scenarios respectarelywet seasons by 0.68mm (51.40%),
0.61mm (46.55%), 0.49mm (38.01%), and 0.68mm (34)7/®.64mm (49.56%), 0.55mm
(42.55%) and 0.75mm (57.52%), 0.62mm (48.09%), r63(48.90%) in the 2020s, 2050s
and 2080s for the RCP2.6, RCP4.5, and RCP8.5 sosnaspectively. Likewise, the mean
annual percentage change from base period of ldlenafound to be increased #5.62%,
29.90%, 34.86%, and 17.58%, 29.04%, 42.83% and22.35.82%, 72.08% in the 2020s,
2050s, and 2080s in the RCP2.6, RCP4.5, and RC&&barios respectively. Results
indicate that there has been high monthly and seds@riation of lateral flow as compared
to the annual variation for all the three RCP soesand future time slices.
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Figure 5.6a (top center): Entire river basgurface runoff (monthly and seasonal mean daily)ndubaseline
(1984-2004) simulation and three future time sliceler mean of 3 ESMs for the RCP2.6 scenari{tof left):
same as fig 5.6a but f®CP4.5 scenario; (top right): same as fig 5.6a but fRICP8.5 scenaria (middle
center): same as fig 5.6a but for lateral flow REPB scenario, e (bottom left): same as fig 5.6d RGP4.5
scenario, f (bottom right): same as fig 5.6d buPBG scenario. Legend given in (a) is the samd figares

iii. Groundwater flow

The absolute variation imonthly mean dailygroundwater flow (mm) between the baseline
period and future time periods for the RCP2.6 stertaas shown a decrease in months of
Jan (in the 2080s time slice), Feb (in all the tshee) and Dec (in the 2080s time slice) and
an increase in the rest of the months and futune slices was observed (Fig 5.7a). The
difference in monthly groundwater flow was insigeaint in the month of Dec (in the 2050s
time slice) in the RCP2.6 scenario. While in theecaf RCP4.5, a decrease in the months of
Jan (in the 2050s and 2080s time slice), Feb @rettitire time slice) and Dec (in the 2080s
time slice) and an increment on the rest of the thand future time slices was observed
(Fig 5.7b). The variance in monthly groundwatewflavas insignificant for the month of Jan
(in the 2020s time slice) in the RCP4.5 scenamothle case of very high emission level

(RCP8.5), there has been a decrease of groundfli@tefor the months of Jan (in the 2050s
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time slice) and Feb (in the 2020s time slice) andnarease in the rest of the months and
future time slices was observed (Fig 5.7c). As careg to the base period, the variance in
monthly groundwater flow was minor for the monthJain (in the 2020s and 2080s time
slice), Feb (in the 2050s and 2080s time slice) @ad (in the 2050s and 2080s time slice)
for the RCP8.5 scenario. Double peaking in grourtdivaontribution to streamflow has

observed in the months of May and Oct.

As explained in Fig 5.7a-c, the seasom&an dailygroundwater flow might be decrease in
dry season (in the 2050s and 2080s time slice)tHferthree RCP scenarios but rises as
compared to baseline scenario in the 2020s time.8liean dailygroundwater flow increase

in an intermediate season by 0.14mm (72.59%), 0n2{120.88%), 0.26mm (132.84%), and
0.15mm (75.85%), 0.21mm (117.59%), 0.27mm (139.08#6) 0.17mm (87.32%), 0.23mm
(129.03%), 0.36mm (191.69%) in the 2020s, 2050s2880s for the RCP2.6, RCP4.5 and
RCP8.5 scenarios respectivend wet seasons by 0.36mm (85.81%), 0.39mm (94.,87%)
0.38mm (92.80%), and 0.38mm (89.55%), 0.41 mm @@3)9 0.42mm (103.47%) and
0.40mm (96.85%), 0.41mm (102.11%), 0.49mm (121.44PMe 2020s, 2050s and 2080s in
the RCP2.6, RCP4.5 and RCP8.5 scenarios respgctivel

iv. Net water resources availability

The net water availability of river catchment istiresited (Arnold et al.,, 2012) as the
summation of surface runoff, lateral flow and grdwater flow minus losses (amount of
water losses from tributaries by transmissionis tine of the supreme significant parameters
to be studied for the sustainable water manage(Aeieiogun et al., 2014).

Regarding to particular months absolute shiftnionthly mean dailyet water availability in
upcoming periods in the EB for the RCP2.6 scenaa® shown a decrease in months of Jan,
Nov and Dec (in all the time slice) and Oct (in 2@50s and 2080s time slice) and an
increase in the rest of the months and future tsiees was observed (Fig 5.7d). The
difference in monthly water availability was insifgoant for the month of Feb and May in
the RCP2.6 scenario. While in the case of RCP4dgcaease in the months of Jan (in all the
time slice), Feb (in the 2020s and 2050s time xliOet (in the 2080s time slice), Nov (in the
2080s time slice) and Dec (in all the time slice§l @n increment on the rest of the months
and future time slices was observed (Fig 5.7e). Vdrgance in monthly water availability

was insignificant for the month of Feb (in the 288idne slice), Mar (in the 2020s time slice),
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May (in the 2080s time slice), and Nov (in the 202did 2050s time slice) for the RCP4.5

scenario.

In case of RCP8.5, there has been a decrease whteztavailability in the EB on the months
of Jan (in the 2020s and 2050s time slice) and(irettne 2020s and 2050s time slice and Dec
(in all the time slice) and an increase in the #sthe months and future time slices was
observed (Fig 5.7f). As compared to base period, \tariance in monthly net water
availability was minor for the month of Jan (in ta@80s time slice), Feb (in the 2050s time
slice), Mar (in the 2020s time slice), May (in tB@80s time slice), Oct (in the 2050s and
2080s time slice) and Nov (in the entire time glice the RCP8.5 scenario. The double
peaking in net water availability has observechimmonths of Apr and Sep.

As revealed in Fig 5.7d-f, the future seasceadrage dailynet water availability might be
decrease in dry season (Nov, Dec, Jan and FebPBynén (29.58%), 0.26mm (33.81%), and
0.26 mm (34.17%) (RCP2.6), and 0.15mm (29.92%Rrarh (30.60%), 0.22mm (26.96%)
(RCP4.5) and 0.12mm (25.94%), 0.18mm (26.10%), rar@1(+9.67%) (RCP8.5) in the
2020s, 2050s and 2080s respectively, but increasgarmediate season (Mar, Apr, May and
Jun) by 0.47mm (36.73%), 0.55mm (51.74%), 0.53m&7@%) (RCP2.6), and 0.25mm
(12.94%), 0.49mm (38.06%), 0.63mm (60.39%) (RCP4r%) 0.34mm (19.48%), 0.59mm
(47.16%), 0.98mm (91.69%) (RCP8.5) in the 20205020and 2080s respectivelyg well as
increase in wet seasons (Jul, Aug, Sept and Ocf).®ymm (28.31%), 0.46mm (22.53%),
0.47mm (22.47%) (RCP2.6), and 0.63 mm (28.92%)%raré (30.90%), 0.57mm (27.76%)
(RCP4.5) and 0.75mm (33.99%), 0.64mm (30.67%), rArB2(38.12%) under RCP8.5
scenario in the 2020s, 2050s and 2080s respectikslyve can see from the results above
that there has been observed high monthly and iselasariation of water availability as
compared to the annual variation for all the tHR€P scenarios and upcoming time slices.
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Figure 5.7a (top center): Entire river basigroundwater flow (monthly and seasonal mean dailying
baseline (1984-2004) simulation and three futureetslice under mean of 3 ESMs for theRCP2.6 sagnlari
(top left): same as fig 5.7a but fRCP4.5 scenaria; (top right): same as fig 5.7a but fRCP8.5 scenarid
(middle center): same as fig 5.7a but for net watezilability RCP 2.6 scenario, e (bottom left)msaas fig

5.7d but RCP4.5 scenario, f (bottom right): saméig@®.7d but RCP8.5 scenario. Legend given inigahe
same in all figures

B. The Sub-basin 1 (942.35 kf)

The absolute change monthly mean dailynet water availability in upcoming periods for

SB1 in the RCP2.6 scenario has shown a decreasenths of Jan, Feb, Nov and Dec (in all
the time slice), Mar (2020s time slice) and Octtiie 2050s and 2080s time slice) and an
increase in the rest of the months and future tsii@es was observed (Fig 5.8a). The
difference in monthly water availability was insifigant for the month of Oct (2020s time

slice) for the RCP2.6 scenario. While in case ofPRG, a decrease in the months of Jan,
Nov and Dec (in the entire time slice), Feb (in 220s and 2050s time slice) and Oct (in the
2050s and 2080s time slice) and an increment oreteof the months and future time slices

was observed (Fig 5.8b). The variance in monthliewavailability was insignificant for the
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months of Feb (at the 2080s time slice) and Octtl{en 2020s time slice) in the RCP4.5
scenario. In case of RCP8.5, there has been aadeco# net water availability for the months
of Jan, Nov and Dec (in all the time slice), Fabtfie 2020s and 2050s time slice) and Oct
(in the 2050s and 2080s time slice) and an increatiee rest of the months and future time

slices was observed (Fig 5.8c).

As compared to the base period simulation, theamag in monthly net water availability was
minor in the month of Mar (in the 2020s time slic&)g (in the 2080s time slice) and Sep (in
the 2050s and 2080s time slice) in the RCP8.5 sicerfss we can see in Fig 5.8d, there has
been shown that an increasing trend of net watafadoility in all months and seasons for all
the RCP scenarios, except in the months of Jan, ®ef) Nov and Dec and Dry season
which experiences a decreasing trend. The doulalkiqg in net water availability ensues in

Apr and Jul.

As revealed in Fig 5.8a-d, the future seas@vw&rage dailynet water availability might be
decrease in dry season by 0.40mm (64.93%), 0.416#19%%), and 0.42mm (62.90%)
(RCP2.6), and 0.39mm (64.02%), 0.41mm (63.47%)lam (57.33%) (RCP4.5) and
0.37mm (61.75%), 0.40mm (58.91%), 0.23 mm (4.86R§R8.5) in the 2020s, 2050s and
2080s respectively, but increase in intermedia@s@e by 0.32mm (45.56%), 0.66mm
(115.49%), 0.66mm (130.24%) (RCP2.6), and 0.27mm.2@0), 0.69mm (121.36%),
0.99mm (207.13%) (RCP4.5) and 0.46mm (70.86%), A4 (168.49%), 1.74mm
(356.92%) (RCP8.5) in the 2020s, 2050s and 208f)zentivelyas well as increase in wet
seasons by 0.70mm (52.22%), 0.60mm (46.33%), 0.3826n85%) (RCP2.6), and 0.70mm
(52.20%), 0.63mm (49.04%), 0.47mm (38.58%) (RCP4rk) 0.86mm (64.21%), 0.62mm
(50.04%), 0.30mm (27.94%) under RCP8.5 scenarichm 2020s, 2050s and 2080s

respectively.

C.The Sub-basin 2 (689.11 kf)

The absolute change monthly mean dailynet water availability in upcoming periods for
SB2 in the RCP2.6 scenario has shown a decreasenths of Jan and Dec (in all the time
slice), Feb (in the 2020s and 2050s time slice)r ffathe 2020s time slice), Apr (in the
2080s time slice) and Nov (in the 2080s time sla@) an increase in the rest of the months
and future time slices was observed (Fig 5.9a). diference in monthly net water
availability was insignificant for the month of Féim the 2080s time slice), Mar (in the
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2050s time slice), Apr (in the 2020s and 2050s tslee), Mar (in the 2020s, 2050s, and
2080s time slice) and Nov (in the 2050s time slioefhe RCP2.6 scenario. While in case of
RCP4.5, a decrease in the months of Jan, Feb, aadibthe entire time slice), Mar (in the

2020s time slice), Apr, May and Nov (in the 208@%etslice) and an increment on the rest of

the months and future time slices has observedyBig).

The variance in monthly water availability was grsficant in the months of Mar (in the
2050s time slice), Apr and May (in the 2020s an80&0time slice), Jun (in the 2020s time
slice) and Sep (in the 2050s time slice) in the RG6Rcenario. In case of RCP8.5, there has
been observed a decrease of net water availafalityhe months of Jan and Feb (in the 2020s
and 2050s time slice), Mar (in the 2020s time ¥lié@r (in the 2080s time slice) and Dec (in
the 2050s time slice) and an increase Iin the refteomonths and future time slices was
observed (Fig 5.9c). As compared to base periodilation, the variance in monthly net
water availability was very minor for the monthJan and Feb (in the 2080s time slice), Mar
(in the 2050s time slice), Apr (in the 2020s an8@)time slice), May and Sep (in the 2050s
and 2080s time slice) and Dec (in the 2020s an@=2@6e slice) in the RCP8.5 scenario. As
we can see in Fig 5.9d there has been shown afisagrii increasing trend of net water
availability for all the RCP scenarios in the mantf Jun-Nov and dry season; a decreasing
trend has observed otherwise.The double peakingetnwater availability found in the

months of Apr and Aug.

The future seasonalverage dailynet water availability might be decrease in drgses,
except in the 2020s time slice (RCP4.5) and 202t 2080s time slice (RCP8.5), by
0.02mm (16.85%), 0.08mm (20.56%), and 0.16mm (38)8ERCP2.6) in 2020s, 2050s and
2080s time slice respectively, and 0.07mm (5.2786) @.11mm (21.47%) (RCP4.5) in the
2050s and 2080s time slice respectively and 0.0X&8®25%) (RCP8.5) in the 2050s, but
increase in intermediate season (except RCP2.6add58.5 in the 2020s time slice) by
0.05mm (9.71%) and 0.11mm (26.93%) (RCP2.6), afibrom (10.95%) and 0.05mm
(17.21%) (RCP4.5) and 0.02mm (7.15%) and 0.10mniv/ {256) (RCP8.5) in the 2050s and
2080s respectively as well as increase in wet ssasy 0.61mm (39.64%), 0.69mm
(46.84%), 0.62mm (45.06%) (RCP2.6), and 0.50mm9@2), 0.65mm (44.54%), 0.57mm
(41.83%) (RCP4.5) and 0.68mm (42.24%), 0.62mm @%)3 0.89mm (61.64%) under
RCP8.5 scenario in the 2020s, 2050s and 2080satasgg (Fig 5.9a-d).
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D. The Sub-basin 3 (1160.60 kA)

The absolute change monthly mean dailyhet water availability in upcoming periods for
SB3 in the RCP2.6 scenario has shown a decreaseriths of Jan, Feb, Apr, May and Dec
(in all the time slice), Mar (2020s time slice),t@mnd Nov (in the 2080s time slice) and an
increase in the rest of the months and future tslinees was observed (Fig 5.10a). The
difference in monthly water availability was insifycant in the month of Jun (in the 2020s
time slice), Aug (in the 2050s and 2080s time $JiGet (in the 2050s time slice) and Nov (in
the 2020s and 2050s time slice) in the RCP2.6 sicehile in case of RCP4.5, a decrease
in the months of Jan, Apr and Dec (in the entimeetslice), Feb (in the 2020s and 2050s time
slice), Mar (in the 2020s time slice), May and Novthe 2080s time slice) and an increment
on the rest of the months and future time slices wlaserved (Fig 5.10b). The variance in
monthly net water availability was insignificantr fthe months of Feb (in the 2080s time
slice), May (in the 2020s and 2050s time slice)y (n the 2020s time slice), Aug (in the
2080s time slice), Oct (in the 2050s time sliced alov (in the 2020s and 2050s time slice)
in the RCP4.5 scenario. In case of RCP8.5, thesebkan observed a decrease of net water
availability for the months of Jan, Apr, May andd@n the entire time slice), Feb (in the
2020s and 2050s time slice), Mar (in the 2020s wiee), Aug (2080s time slice) and Nov
(in the 2050s and 2080s time slice) and an incregatiee rest of the months and future time
slices (Fig 5.10c).

As compared to the base period simulation, theamag in monthly net water availability was
minor in the month of Jun and Sep (in the 2020g t&hite), Oct (in the 2050s time slice) and
Nov (in the 2020s time slice) in the RCP8.5 scendrhere has shown an increasing trend of
net water availability in monsoon season (JASO)dibithe RCP scenarios, but decreasing
has found in the dry season (NDJF), and no clegrasihas observed in an intermediate
season (MAMJ) (Fig 5.10d). The double peaking in water availability ensues in the
months of Apr and Aug.

Figure 5.10a-d explained that the future seasavelage dailyet water availability might be
decrease in dry season by 0.24mm (36.09%), 0.3288hvV4%) and 0.41mm (41.45%)
(RCP2.6), 0.26mm (37.07%), 0.31mm (38.54%) and rArB9(38.66%) (RCP4.5) and
0.22mm (33.44%), 0.36mm (42.59%) and 0.29mm (28)3@R&P8.5) in the 2020s, 2050s
and 2080s respectively, but increase in intermedsatison (except RCP2.6, 4.5 and 8.5 in
2020s time slice) by 0.08mm (4.18%) and 0.14mm52%) (RCP2.6), 0.05mm (10.81%)
and 0.07mm (17.37%) (RCP4.5), and 0.00mm (9.32%)&a7mm (19.05%) (RCP8.5) in
the 2050s and 2080s respectival/ well as increase in wet seasons by 0.63mm (45,48
0.40mm (9.96%) and 0.27mm (7.87%) (RCP2.6), 0.5513170%), 0.49mm (12.61%) and
0.23mm (6.89%) (RCP4.5) and 0.70mm (17.07%), 0.2&M60%) and 0.32mm (8.85%) for
the RCP8.5 scenario in the 2020s, 2050s and 2@8psctively.
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Figure 5.8 (top left): Sub-basin Water availability (monthly and seasonal mean dailyring baseline (1984-
2004) simulation and three future time slice undean of 3 ESMs for RCP2.6 scenaridfdp right): same as
fig 5.8a but forRCP4.5 scenaria; (bottom left): same as fig 5.8a but flRCP8.5 scenarial (bottom right):
same as fig 5.8a but without time slice under R6PRCP4.5 and RCP8.5 scenarios
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Figure 5.9 (top left): Sub-basin @ater availability (monthly and seasonal mean dallyring baseline (1984-
2004) simulation and three future time slice unaean of 3 ESMs for RCP2.6 scenaridfdp right): same as
fig 5.9a but forRCP4.5 scenaria; (bottom left): same as fig 5.9a but fRCP8.5 scenaria (bottom right):
same as fig 5.9a but without time slice under R6PRCP4.5 and RCP8.5 scenarios
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Figure 5.1(a (top left): Sub-basin &ater availability (monthly and seasonal mean dallyring baseline (1984-
2004) simulation and three future time slice ungean of 3 ESMs for RCP2.6 scenaridfdp right): same as
fig 5.10a but folRCP4.5 scenaria; (bottom left): same as fig 5.10a but RCP8.5 scenarial (bottom right):
same as fig 5.10a but without time slice under R6PRCP4.5 and RCP8.5 scenarios

108
TH-1920_136104030



E. The Sub-basin 4 (742.44 kf)

The change imonthly mean dailyet water availability in upcoming periods for Si4the
RCP2.6 scenario has shown a decrease in montrend(fird all the time slice), Feb (in the
2020s and 2050s time slice), Mar (in the 2020s siree), May and Nov (in the 2080s time
slice) and Dec (in the 2050s and 2080s time shoel) an increase in the rest of the months
and future time slices was observed (Fig 5.11ak dfiference in monthly net water
availability was insignificant for the month of Féim the 2080s time slice), May (in the
2050s time slice), Jun (in the 2020s time slica)t @ the 2080s time slice) and Nov (in the
2050s time slice) in the RCP2.6 scenario. Whilease of RCP4.5, a decrease in the months
of Jan and Feb (in the entire time slice), Martfie@ 2020s time slice), May and Dec (in the
2080s time slice) and an increment on the resthefrhonths and future time slices was
observed (Fig 5.11b). The variance in monthly wateailability was insignificant in the
months of May (in the 2050s time slice), Jun (i@ 2020s time slice), Oct (in the 2080s time
slice) and Dec (in the 2050s time slice) in the RGRscenario. In case of RCP8.5, there has
been a decrease of net water availability for trantims of Jan and Feb (in the entire time
slice), Mar (in the 2020s time slice) and May (e £080s time slice) and an increase in the
rest of the months and future time slices was oese(Fig 5.11c). As compared to the base
period simulation, the variance in monthly net wateailability was minor for the month of
May (in the 2050s time slice) and Dec (in the 20&0d 2080s time slice) in the RCP8.5
scenario. As we can see in Fig 5.11d, there haarslaosignificant increasing trend of net
water availability for all the RCP scenarios in albnths of monsoon season with double

peaking on the months of Apr and Sep. A decreasemgl has observed in the dry season.

There was no clear ‘decreasing or increasing’ treindet water availability for all the RCP
scenarios and future time slices in dry seasonase of bub-basin 4 (Fig 5.11a-d). But
increase in intermediate season by 0.44mm (18.5€48mm (53.76%) and 0.75mm
(69.86%) (RCP2.6), 0.41mm (17.20%), 0.66mm (41.78%) 0.81mm (74.78%) (RCP4.5)
and 0.64mm (31.55%), 0.77mm (52.00%) and 1.18mm.QB20) (RCP8.5) in the 2020s,
2050s and 2080s, respectivedynd also increase in wet seasons by 1.25mm (54,47%)
1.41mm (62.00%) and 1.16mm (51.57%) (RCP2.6), in88 (62.31%), 1.57mm (69.64%)
and 1.68mm (74.33%) (RCP4.5) and 1.40 mm (63.04%8 mm (79.15%) and 2.71 mm
(119.98%) for the RCP8.5 scenario in the 2020s02@Hmd 2080s respectively
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F. The Sub-basin 5 (397.12 kR)

The change itmonthly mean dailynet water availability in future periods for SBb the
RCP2.6 scenario has shown a decrease in montlaantl Dec (in all the time slice), Feb
(in the 2020s and 2050s time slice) and Nov (in2680s time slice) and an increase in the
rest of the months and future time slices was oesefFig 5.12a). The difference in monthly
water availability was insignificant for the montth Feb (in the 2080s time slice), May (in
the 2050s time slice), Jun (in the 2050s and 2@&@s slice), Jul (in the entire time slice),
Aug (in the 2020s and 2050s time slice), Oct (g 2050s time slice) and Nov (in the 2020s
and 2050s time slice) in the RCP2.6 scenario. Whilease of RCP4.5, a decrease in the
months of Jan and Dec (in the entire time slicely fn the 2020s and 2050s time slice),
May, Jun, Oct and Nov (in the 2080s time slice) &uodj (in the 2020s time slice) and an
increment on the rest of the months and future 8hoes was observed (Fig 5.12b).

The variance in monthly water availability was grsficant for the months of Feb (in the
2080s time slice), May and Jun (in the 2050s titiee)s Jul (in the entire time slice), Oct (in
the 2050s time slice) and Nov (in the 2020s and2@Bne slice) in the RCP4.5 scenario. In
the case of RCP8.5, there has been a decreasé wate availability for the months of Jan
and Dec (in the entire time slice), Feb (in the@0and 2050s time slice) and May and Jun
(in the 2080s time slice) and an increase in tse akthe months and future time slices was
observed (Fig 5.12c). As compared to base periaualilation, the variance in monthly net
water availability was minor for the month of Feb the 2080s time slice), May and Jun (in
the 2050s time slice), Jul and Nov (in the eniireetslice), Aug (in the 2020s and 2050s time
slice) and Oct (in the 2050s and 2080s time silicehe RCP8.5 scenario. As we can see in
Fig 5.12d, there has been shown a decreasing tfemet water availability in the dry season
for all the RCP scenarios, but there was no diffeeebetween scenarios observed. Double
peaking in net water availability has noted in thenths of Apr and Oct. In this case; the
significant increment has been found in an internatedseason instead of a wet season.

As revealed in Fig 5.12a-d, the future seasawatage dailyret water availability might be
decrease in dry season by 0.16mm (29.73%), 0.148%84%) and 0.42mm (62.90%)
(RCP2.6), 0.15mm (28.84%), 0.15mm (25.64%) and rArh5(21.15%) (RCP4.5) and
0.13mm (27.13%), 0.18mm (28.95%) and 0.13 mm (28)58RCP8.5) in the 2020s, 2050s
and 2080s respectively, but increase in intermedagson by 0.69mm (42.40%), 0.78mm
(61.32%) and 0.82mm (81.52%) (RCP2.6), 0.78mm (@2)3 0.65mm (52.90%) and
0.74mm (71.71%) (RCP4.5) and 0.79mm (49.39%), Om71(61.39%) and 0.72mm
(70.79%) (RCP8.5) in the 2020s, 2050s and 208(zecotisely as well as increase in wet
seasons by 0.14mm (3.30%), 0.33mm (23.44%) ancdhihB836.90%) (RCP2.6), 0.17mm
(6.52%), 0.28mm (20.73%) and 0.44mm (36.99%) (R&Pand 0.24mm (10.14%), 0.29mm
(22.16%) and 0.50mm (42.66%) under RCP8.5 scenarithe 2020s, 2050s and 2080s
respectively.
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G.The Sub-basin 6 (284.27 kf)

The absolute change monthly mean dailyet water availability in future periods for SB6 i
the RCP2.6 scenario has shown a decrease in mointhgy, Sep, Oct and Nov (in the entire
time slice) and Dec (in the 2020s time slice) andrerease in the rest of the months and
future time slices was observed (Fig 5.13a). THiemdnce in monthly water availability was
insignificant for the month of Feb and Mar (in tB@20s time slice), May (in the 2080s time
slice) and Dec (in the 2050s and 2080s time slicehe RCP2.6 scenario. While in case of
RCP4.5, a decrease in the months of Aug, Sep, i@cNav (in the entire time slice) and Dec
(in the 2020s and 2050s time slice) and an incréraerthe rest of the months and future
time slices was observed (Fig 5.13b). The variamcanonthly water availability was
insignificant for the months of Dec (in the 20804 slice) in the RCP4.5 scenario. In case
of RCP8.5, there has been a decrease of net watialality for the months of Aug and Sep
(entire time slice), Oct (in the 2050s and 20806wetslice), Nov (in the 2050s time slice) and
Dec (in the 2020s time slice) and an increase enrdéist of the months and future time slices
was observed (Fig 5.13c).

As compared to the base period simulation, theamag in monthly net water availability was
minor for the month of Oct (in the 2020s time sliemd Nov (in the 2020s and 2080 time
slice) in the RCP8.5 scenario. As we can see irbHigd, there has been shown a decreasing
trend of net water availability in the dry season &ll the RCP scenarios, except RCP8.5
scenario. Double peaking in net water availabmitgs observed in the months of Apr and
Oct. In this case too; the significant incremens f@en noted in an intermediate season
instead of a wet season. Large available watebbes seen in a small area (284.27)ka
SB6.

The future seasonalverage dailyet water availability might be increase in intedhate and
dry seasons, except under RCP2.6 and 4.5 in th@s2@8e slice of dry season and decrease
was observed in wet season (Fig 5.13a-d). In tlgesdason, increase by 0.27mm (38.39%)
and 0.04mm (16.94%) (RCP2.6), 0.06mm (8.30%) a@drdm (42.52%) (RCP4.5) in the
2050s and 2080s time slice respectively and 0.07{&8150%), 0.43mm (58.39%) and 1.90
mm (210.29%) for the RCP8.5 in the 2020s, 2050s aA80s respectively. In the
intermediate season, increase by 1.38mm (55.10Zdn#n (98.71%) and 1.93mm (86.05%)
(RCP2.6), 1.40mm (55.08%), 1.96mm (85.07%) and rAr60(118.47%) (RCP4.5) and
1.69mm (65.94%), 2.49mm (114.21%) and 3.99mm (IB8)5RCP8.5) in the 2020s, 2050s
and 2080s time slices respectively. In wet seadenrease by 0.49mm (15.40%), 0.36mm
(12.70%) and 0.47mm (5.11%) (RCP2.6), 0.25mm (28)1®.34mm (14.52%) and 0.40mm
(4.71%) (RCP4.5) and 0.19mm (29.58%), 0.23mm (Z&)58nd 0.05mm (36.46%) under
RCP8.5 scenario in the 2020s, 2050s and 2080sstines respectively.
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Figure 5.11a (top left): Sub-basin water availability (monthly and seasonal mean dallyring baseline (1984-
2004) simulation and three future time slice ungean of 3 ESMs for RCP2.6 scenaridfdp right): same as
fig 5.11a but folRCP4.5 scenaria; (bottom left): same as fig 5.11a but RCP8.5 scenaria (bottom right):
same as fig 5.11a but without time slice under REPRCP4.5 and RCP8.5 scenarios

RCP2.6 (mean of 3ESMs) RCP4.5 (mean of 3ESMs) ®)

5
=

=
2
S
5
2
=
g

Time (month and season) Time (month and season)

RCPS.5 (mean of 3ESMs) © Baseline VsRCP Scenario (mean of 3ESMs)  (d)

E
£

(mm)

+ ; ;

Y 5 > = > 3 s - § 8 5 5253 &8 3 3 5 5

2352223228 %F 32 SEEEE2Z2R2S 238 E 8
Time (month and season) = Time (month and season) =

Figure 5.12a (top left): Sub-basin Water availability (monthly and seasonal mean dallyring baseline (1984-
2004) simulation and three future time slice unaean of 3 ESMs for RCP2.6 scenaridfdp right): same as
fig 5.12a but folRCP4.5 scenaria; (bottom left): same as fig 5.12a but RCP8.5 scenaria (bottom right):
same as fig 5.12a but without time slice under R6PRCP4.5 and RCP8.5 scenarios
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Figure 5.13 (top left): Sub-basin tater availability (monthly and seasonal meanyailring baseline (1984-
2004) simulation and three future time slice unuean of 3 ESMs for RCP2.6 scenariqupper right): same
as fig 5.13a but foRCP4.5 scenaria; (bottom left): same as fig 5.13a but RCP8.5 scenaria] (bottom
right): same as fig 5.13a but without time slicel@nRCP2.6, RCP4.5 and RCP8.5 scenarios
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The climate change impacts on streamflow (waterilawéity) for various catchment
hydrology in various regions considering differéytirological models were studi¢Barjad

et al., 2016 Aich et al., 2014; Faramarzi et al., 2013; Ghosth Botta, 2012; Graham et al.,
2011; Setegn, 2010, 2011; Vano et al., 2010; Gostil., 2006) and they found that the
mean annual streamflow of most river basins wergsenked to increase with significant

spatial variability, which is also the case in thigdy.

Recent research has been done (Farjad et al., #0E#)ow River Basin, Canada and found
that the SURFQ decreases by 10.50 and 10.60% (A2E0 and 9.90% (B2) in 2020s and
2050s time slices respectively whereas GWQ has bserby 2.50 and 12.70% (A1B), 2.10
and 2.30% (A2) in the 2020s and 2050s, respectiaety AET has also been increasing by
1.60 and 9.60% (A1B), 2.40 and 4.80% (A2) in the@)and 2050s, respectively for Entire
River basin. In this study too, SURFQ tends to éase in all the three RCP scenarios for the
entire river basin and sub-basins analysis (buliffierent magnitude) and an increment was
observed in the case of GWQ and AET. Also, anreedsonal and monthly variations of all
hydrological processes in all the sub-basins amélasi, regarding direction (pattern) but
different in magnitude (amount), to the entire ritasin in this study. Present results are not
consistent with the studies has been done (Fatjad.,e2016) regarding magnitude. This
dissimilarity might be due to different in GCMs, B8 methods of downscaling and also

hydrological modeling used in their study.

Farjad et al. (2016) explained in their study alsth the 21% increase in PRECIP, SWAT
produced a 51% increase in SURFQ, and a 43% irenea&WQ, leading to a 50% net
increase in NWYLD, in this too; revealed that therease in average annual PRECIP is not
resulting always in an increase in the SURFQ inethigre river basin and all the sub-basins
This might be due to rising in temperatures inth# RCP scenarios, and that leads to
increasing actual evapotranspiration resulted dirsieén SURFQ even under increasing
PRECIP. However, PET observed to decrease eveaaserin temperature. This indicated
that PET affected by some other climatic factoraddition to temperature. For instance, due
to increased cloudiness and reduced wind speedsekattve humidity PET tends to decrease

even with increasing temperature.

In this study, however, with the 28.96% increaseedm of 3ESMs) in PRECIP for the
RCP8.5 in the 2080s time slice, ArcSWAT produce&gBa4% decline in SURFQ, a 29.26%
rise in AET, a 13.31% decline in PET, and a 75.88% in GWQ and leading to a 27.97%
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rise in NWYLD in the ERB. This uneven change cobklve attributed to the non-linear
nature of hydrological processes, such as evagsgnation, surface runoff, and groundwater
flow. Simulation of average annual streamflow (wadeailability) in the entire river basin
shows increases by 3.00 and 14.70% (A1B) and 4@31880% (A2) in the 2020s and 2050s
time slices respectively (Farjad et al., 2016).ré€head been rises in streamflow ranges 10-
20% (Faramarzi et al., 2009), this study also afredth increment but in different

magnitude.

In terms of seasonal and monthly changes, net weataitability tends to decrease in all
months of the dry season while an increase in alhths of intermediate and wet seasons
under ensembles of three ESMs and all RCP scenar@gtire river basin and similar trend
has been observed in case of sub-basins analydisviitn variation in magnitude). In all the
RCP scenarios, the double peaking in net watedadbty (risk of flooding) ensues in Apr
and Sep in entire river basin and SB4, Apr andrd@B1, Apr, and Aug in SB2 and 3, Apr
and Oct in SB5 and SB6. This shift in peak mightlbe to climate change effect. The results
revealed that also there had been larger monthty seasonal variation in net water
availability than the annual variation for all theure RCP scenarios for EB and each SB is
discussed in this study and taken to be an advardagr the other studies which focused

only annual basis.

5.4. Conclusion

From the results found and challenges faced duhisgstudy the following conclusions have
been made;

v/ Surface and subsurface hydrological processes enBB and SB scale have been
computed and which highlighted an enormous spa#abbility among all the six sub-
basins.

v The SB3 and SB6 showed a higher precipitation asdlting higher water availability
than the others (SB4, EB, SB5, SB2, and SB).

v Study has shown a significant fluctuation of botinface and subsurface components for
all SBs.

v Soil water content (SW) exhibits very high magnéudr all sub-basins as compared to

other components.
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v The SWAT based computation of both surface water gmoundwater components for
entire basin and sub-basin scale provide a compsalee assessment to obtain a better
understanding of surface water and groundwaterdaatiens.

v Sub-basin scale analysis of surface and subsurfteractions could explore the long-term
simulation of spatiotemporal variability of hydrgical processes for the selected study
basin.

v' Annual, seasonal and monthly variations of all lejalyical processes (PRECIP, QSURF,
GWQ, ET, PET, PERC, SW, and WYLD) in all the SBs aimilar in terms of direction
but different in magnitude to the EB.

v Net water availability tends to decrease in the skegson in both basin and sub-basin
analysis; this might cause water shortage in thelalod region and increase in
intermediate and rainy seasons; this might causelithg to some flood prone region of
the basin

v/ Having sufficient knowledge about the hydrologigabcesses and their responses to
climate change in each SB can guide water resounasmgement in providing a more

rigorous assessment and more efficient decisionfngak

This study noticeably culminates that differenttie@s between sub-basins in a basin such as
LULC, soil non-homogeneity, topographic, surfacesuface water interactions, drainage
area, shape, and networks can result in differgdidhogical responses to climate change in
each SB, and consequently the changes in mean lammiideasonal climate variables may
not always bring about the same change in hydrcébgirocesses in the Weyib River basin.
Therefore, calculating the water balance compon@nénly water availability) in each SB,
along with the EB provides a better understandiinthe hydrological processes in response
to climate change (helps to know which part of S8 high or low water availability) and
this study would not only provide the comprehensawmlysis of the climatic change and
hydrological processes but also would be helpful thie better management of water
resources in the Weyib River basin. Therefore,physically based, deterministic, spatially
distributed, and public domain ArcSWAT model is iduto be a very appropriate tool to
simulate both historical as well as impacted hyayaal processes in the catchment of
Weyib River basin.
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Chapter 6: Current and Projected Water Demand and Water Availability
Estimates under Climate Change Scenarios in the W#yRiver Basin,
Southeastern Ethiopia

6.1. Introduction

Integrated assessment of current and future pemjesater demand and water availability in
a particular river basin is vital for sustainablater resources management (Latha et al.,
2010). Investigation on the integration of both thater demand and water availability of
Weyib River basin has not yet been studied. Throaghlyzing the water demand and
available flow in a particular river basin helpsidentify whether the basin falls under water
stress or water surplus condition and it giveslss a detail assessment to manage the basin

water resources accordingly.

Estimation of total annual water demand (i.e., wdemand for domestic, commercial and
public institutions, industrial, livestock, and &% water losses) for current (2005) and
projected (in the 2020s, 2050s and 2080s timesjlicethe study area of Weyib River basin
were calculated as the product of the gross peatecaater use derived from the Genal-Dawa
River Basin Master Plan Development (GDMPD) stuelgort for the year 2000-2007 and
number of population found in the basin. Accordiogsleick (1996), later accepted by Wold
Bank, water demand for basic human needs (inclddeking water for survival, water for

human hygiene, water for sanitation services, amdlest household needs for preparing
food) shall be at least in the ranges 30-50 Ipdthén2F century, this standard has also taken

by Genale-Dawa Master Plan Development Study irclviWeyib River basin is part of it.

The irrigation water demand of the study basin Ib@sn determined for each of the three
irrigation schemes (Bale Gadula; 4500 ha, TegoB@f2a and Tebel; 1000 ha). ArcSWAT
hydrologic model was used to simulate spatial wateilability in the basin for both current
(1981-2004) and projected (2006-2100) time periodder Ensembles of 3 ESMs for the
RCP8.5, RCP4.5 and RCP2.6 from CMIP5. The curredtfature projected water resources
status of the basin is then calculated based oreM&itess Index as suggested by IPCC
(2007).
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The objectives of this chapter were to:

- Estimate the spatial distribution of current (20@8 projected (in the 2020s, 2050s and
2080s time slices) total annual water demand ofWheyib River basin under increasing
population and;

- Estimate current and projected water resourcesisstat the basin under the CMIP5-
ESMs-RCPs scenario.

6.2. Materials and Methods

6.2.1. Spatial distribution of current (2005) and pojected (in the 2020s, 2050s, and
2080s) total population of Weyib River basin

Spatial distribution (Wereda level) of current ptation of the Weyib River basin has been
compiled from Genale-Dawa River Basin Integrateddreces Development Master Plan
Study Final Report (GDMP, 2007). According to thggestion made by NU (2004), annual
population growth rate of 2.6% has been used (iergeriod 2006-2020) to project total
population for different Wereda found in the basin2020. To project total population in
2050 (for the period of 2021-2050) 2.13% annualuytagon growth rate has been used
whereas to project total population in 2080 (20889 1.42% annual population growth rate
was used. The spatial distribution of current anajgeted total population of Weyib River

basin is presented in Table 6.1.

6.2.2. Total annual water demand estimates of WeyiRiver basin

Water demand estimation of the basin comprisesrwigi@and for (i) irrigation, (i) domestic
(drinking, sanitation, bathing and food prepardtiqni) commercial and public institutions
(public schools, clinics, hospitals, offices, shdpars, restaurants and hotels), (iv) industrial,
(v) livestock, and (vi) water losses in the watep@y system. Additional factors such as
climatic variations and the level of service hawem provided affect water demand have

been taken into account.

The crop water requirement at each irrigation seh€Bale Gadula, Tegona, and Tebel)
found in the Weyib River basin has been calculatgdg CropWat 4.3 for Windows during
Genal-Dawa River basin master plan development (BDMstudy period (2000-2007). The
two crops used for this calculation was wheat (@8¢-crop) in Bale Gadula and Tegona
irrigation schemes and Maize (135-day crop) in Tabegation scheme depend on the

geographical location of the site. Finally, irriget water requirement has been estimated by
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subtracting crop water requirement from availabiefall for a given period. The total annual
irrigation water demand of the three irrigation escies of Weyib River basin is detailed in
Table 6.2.

A standard guideline of 30-50 Ipcd has been usexhagban domestic water demand in this
study. Water demand of 30 and 50 Ipcd were usedstonate the current (2005) and
projected total domestic water demand, respectivdig water demand for commercial and
public institutions usually linked directly to tip@pulation and is taken as 5% of the domestic
water demand. These allowances have thereforeeapialiall Wereda (districts) in the basin.
Industrial water demand is not usually linked die¢o the population. However, for the
purpose of basin planning, it is assumed to use dbd6mestic water demand for all Wereda
in the basin. To estimate livestock water demantdas been taken a mean of 2 Livestock
Unit (LU) per person for the whole basin. The ageravater demand for livestock has been
taken as 25 litres per LU per day. In estimatingew#osses in the water supply system, a
20% of the totals of domestic, commercial and pubistitutions and industrial demands

have been assumed.

Therefore, the average daily demand is taken tdhbecombined total of the domestic,
commercial and public institutions, industrial,dstock demands and the system losses. The
daily water demand in a Wereda varies dependinth@mime of day, the season and climatic
conditions. Hence, the maximum daily demand has ltaken as 1.15 times the average
daily demand. The detail estimates for both curaemd projected water demand for each
component (domestic, commercial and public insting, industrial, livestock, system losses,
average daily demand, maximum daily demand andl aotaual water demand) of the basin
is presented in following boxes (Box A and B). Tégatial distribution of current and
projected total annual water demand of the WeyieRIbasin is shown in Table 6.3.
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Box A: Year 2005

Domestic Water Demand (DWD) = 30 Ipcd
=0.030 m¥/c/d
CIWD = 5% DWD = 0.05 x 0.030 = 0.0015 m3/c/d
IWD = 10% DWD = 0.10 x 0.030 = 0.003 m?3/c/d
LWD =2 x 25 Ipd = 50 Ipcd = 0.053 m3 pcd
System Losses = 20% (DWD + CIWD + IWD)
= 20% (0.030 + 0.0015 + 0.003)
=20 x 0.0345 = 0.0069 m¥/d
Average Daily Demand (ADD) = 0.030 + 0.0015 + 0.608.050 + 0.0069
=0.0914 m?¥/c/d
Maximum Daily Demand (MDD) = 1.15 ADD
= 1.15x0.0914 m3/c/d
= 0.105 m3/c/d
Total water demand per capita per day =0.105 m3/c/d
Maximum Demand person per year = 0.105 x 365 m?
= 38.325 m?¥/ year
Total water demand per capita per year =38 m?3

Box B: Year 2020, 2050 and 2080

Domestic Water Demand (DWD) = 50 Ipcd
= 0.050 m3/c/d

CIWD .......... 5% DWD = 0.0025 m?/c/d
IWD ............ 10% DWD = 0.0050 m3/c/d
LWD = 0.050 ms3/c/d

SL = 20% (DWD + CIWD + IWD) = 0.0115 m3/c/d
ADD =DWD + CIWD + IWD + LWD + SL
=0.119 m3/c/d
MDD =1.15ADD=1.15x0.119
=0.13685 m?¥/c/d
Total water demand per capita per day= 0.13685dn3/c
Maximum Demand per person per year = 0.13685 x3BYyear
= 49.95 m?¥/ year
Total water demand per capita per year = 50 m3

Source: GDMP-I1.3.1. Water Supply and SanitatiomaFReport

6.2.3.Water availability estimates of Weyib River lsin

The standard procedure of ArcGIS interface ArcSWhydrologic model was applied to
simulate spatial distribution of water availability the basin for both current and future
period under Ensembles of 3 ESMs for the RCP8.5PRE and RCP2.6 scenarios. The
theoretical description, hydrological componentiadased and model set-up of ArcSWAT
hydrologic model has been given in detail in chagtef this study. The mean of 3 ESMs
future downscaled daily maximum and minimum tempeeaand rainfall using SDSM have
been applied into ArcSWAT model as an input to geteefuture water availability under
various RCP scenarios considering that all othnatic and physiographic variables are
supposed to be same in the upcoming period. Thiysamaf future water availability has
then been carried out on an annual basis (Tablartd46.5) in the 2020s, 2050s and 2080s
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time slices. Finally, the current (1984-2004) antlife (in the 2020s, 2050s and 2080s time
slice) water resources status of the basin is thé&rulated in Table 6.6 based on Water Stress
Index (total available water divided by total numloé population residing in the basin) as
suggested by (IPCC, 2007) with the threshold valu@000 ni per capita per year below

which a basin might be considered to be water stks

6.3. Results and Discussion

6.3.1. Spatial distribution of current (2005) and pojected (in the 2020s, 2050s, and
2080s) total population of Weyib River basin

Population plays a vital role in the estimatiorn@fter demand for specific basin/catchment.
Wereda level spatial scale number of populatiorused to estimate water demands for
domestic, commercial and public institutions, inda$ livestock consumption and water

losses through water supply system in this study.\8ereda, as shown in Table 6.1,

population numbers are used in this case. There been significant variations in population

among Wereda in the year 2005. Sinnana-Dinsho Vde{®B3) has the largest number of
population than the others and followed by Gass@ Golelcha Wereda (SB4) whereas
Goro Wereda (SB) has the smallest in population bermas compared to the others. The
Wereda level spatial distribution of current (20@®5)d projected (in the 2020s, 2050s, and
2080s) total population of Weyib River basin isgaeted in Table 6.1.

Table 6.1 Spatial distribution of current (2005) and progett(in the 2020s, 2050s, and
2080s) total population of Weyib River basin

Current Total Population Projected Total Population
Region Zone Name of Wereda 2005 2020s 2050s 2080s
Gassera and Golelcha 151648 211433 346539 494164
Oromia Bale Ginnir 110842 154540 253291 361193
Adaba 117356 163622 268176 382420
Sinnana and Dinsho 152489 212606 348461 496906
Goro 89600 124923 204749 291972
Goba 127813 178200 292070 416492
Total 742338 1045324 1713286 2443146

Note: Current (2005) total population of the basas compiled from GDMP-II, 5. P. (2007) and theojgeted based on annual population
growth rate of Ethiopia: annual population growdkerof 2.6% has used for period 2006-2020, 2.13la42P6 of annual population growth
rate have been considered for the period 2021-a68®051-2080 respectively as suggested by (Uhitgihns, 2004)

It is observed that there is a uniform incremenpriojected total populations in a future time
slice of the 2020s, 2050s and 2080s in all Weredm fthe year 2005. Meaning, for all
Wereda (Table 6.1) in the basin have same populatiorement which has increased by
39.00% of total population of 2005 in the 2020s,96%6 of total population of 2020s in
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2050s and 42.60% of total population of 2050s iB0&0 Hence, a total number of projected
population in the 2020s turns out to be the totahber of population in 2005 plus 39% of
total population of 2005. The projected number opylation in 2050 tends to be a total
number of population in the 2020s plus 63.90% d&lt@opulation of 2020s whereas
projected number of total population in 2080s beesma total number of population in 2050s
plus 42.60% of total population of 2050s. Therefoe total projected population number of
entire basin is increased by about 40.81% afteyekss in 2020, 130.80% after 45 years in
2050 and 229.12% after 75 years in 2080 from tise Ipariod (2005) population number.

6.3.2. Weyib River basin total annual water demand estimags

A. Current Total Annual Irrigation Water Requirement

The annual total irrigation water requirement fouldle cropping of 4,500 ha in Bale Gadula,
2500 ha in Tegona, 1000 ha in Tebel irrigation su® of the Weyib River basin were
249.45, 0.02, and 11.04 Mmespectively (Table 6.2). Greater irrigation wateguirement
(11.04Mn7) is observed in small irrigated area (in Tebeigation scheme) due to less
availability of rainfall in the area (lowland), arttle reverse is true in Tegona irrigation
scheme because of high rainfall availability (hagid area). The total annual irrigation water
demand of three irrigation schemes (Bale Gadulgoiia, and Tebel) of the Weyib River
basin, hence, tends to be 260.50 Vim

Table 6.2The annual total irrigation water requirement akthirrigation schemes in Weyib

river basin
Name of Site/Scheme Irrigation Water RequiremenniM Irrigated Area (ha)
Bale Gadula 249.45 4500
Tegona 0.02 2500
Tebel 11.04 1000
Total 260.50 8000.00

Source: GDMP-I1.3.H.Irrigation and Drainage_ FiRaport, Mni= million cubic meter

B. Current and Projected Total Annual Water Demand Estmates

The current and projected total annual water denemtidhations in Table 6.3 encompasses
water demand for domestic, commercial and publistituttions, industrial, livestock
consumption and water losses in the water supmyersy. As we have seen in Table 6.3,
water demand has highly correlated with populawdrthe basin. A higher number of a
population residing in the basin tends to have drighater demand. For instance, Sinnana

and Dinsho Wereda (SB3) has higher (5.79 )aurrent total annual water demand due to
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higher population (152489 in number) than the athetlowed by Gassera and Golelcha
Wereda (SB4) with total annual water demand of B/NG.

The current total annual water demand of Ginnir§5B\daba (SB1), and Goba (SB2) are
4.21, 4.46, and 4.85 Mhin 2005 respectively whereas Goro Wereda (SB6Xtasmallest
(3.4 Mn7) total annual water demand because of the smallesber of population than the
others. There is a significant spatial variabilitywater demand within Wereda. Wereda level
spatial distribution of current (2005) and projeci@n the 2020s, 2050s, and 2080s) total

annual water demand of Weyib River basin has ptedan Table 6.3.

Table 6.3Spatial distribution of current (2005) and proget{2020s, 2050s, and 2080s) total
annual water demand estimates of Weyib River basin

Weyib River Basin Annual Total (domestic, comniré& public institutions, industrial,
livestock and water losses in the system) Water Demaralysis

CTP and WD (in Future PTP and WD (in Mip
Mm®)
State Zone Name of Wereda TP AWD TP AWD TP AWD TP AWD

in 2005 in 2005 in 2020s in 2020s in 2050s in 2050s in 2080s in 2080s
Gassera and Golelcha 151648 5.76 211433 10.57 8465317.33 494164 24.71

Ginnir 110842 4.21 154540 7.73 253291 12.66 36119318.06
Oromia Bale Adaba 117356 4.46 163622 8.18 268176  113.4382420 19.12
Sinnana and Dinsho 152489 5.79 212606 10.63 3484617.42 496906 24.85
Goro 89600 3.4 124923 6.25 204749 10.24 291972 6014.
Goba 127813 4.85 178200 8.91 292070 14.60 4164920.822
Total 749748 28.49 1045324 52.27 1713286 85.66 43246 122.16

Note: Current domestic water demand per capitadpgr 30 Ipcd=0.03 m?3 pcd, current total water deinger capita per day =0.105 m?3
pcd,current total water demand per capita per year = 3813 pcy, Projected domestic water demand per capita per 8@ Ipcd=0.05 m3
pcd, projected total water demand per capita pgr=a13685 m3 pcdprojected total water demand per capita per year =50 m3 pcy
CTP=current total population, WD=water demand, (yim million cubic metre, PTP=projected total popiga, TP=total population,
AWD=annual water demand

It is observed that there is a uniform incremenpriojected total annual water demand in the
2020s, 2050s and 2080s time slices in all Weredan fthe year 2005 water demand.
Meaning, for all Wereda (detailed in Table 6.3)the basin have same water demand
increment which is increased by 83.47% of totalumhnvater demand of 2005 in the 2020s,
63.88% of total annual water demand of 2020s in020&nd 42.61% of total annual water
demand of 2050s in 2080s. Meanwhile, total annwémndemand of entire basin is increased
by about 83.47% after 15 years in 2020s, 200.67&% 46 years in 2050s and 328.78% after
75 years in 2080s from the base period (2005) driats water demand (28.49 Min

6.3.3. Average annual total water availability estimates bWeyib River basin

Table 6.4 revealed that the current (1984-2004)aae=annual water availability of Weyib
River basin is found to be 2333.39 MnThe future projected average annual total water
availability (mean of 3ESMs) has estimated to b&7281, 2878.04 and 3255.79 Mm
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(RCP8.5), 2710.35, 2830.62 and 2838.43 \IRCP4.5) and 2684.36, 2802.01 and 2711.70
Mm?3(RCP2.6) in the 2020s, 2050s, and 2080s time msgectively.

Table 6.4 Current and future average annual total waterlavidity (mean of 3ESMs) in
three future times slice under three RCP scenafivgeyib River basin

Weyib River Basin Average Annual Total Water Availipi(in Mm®)

Current Future (Mean of 3ESMs)
2020s 2050s 2080s
Base Period rcp2.6 rcp4.5 rcp8.5 rcp2.6 rcp4.5 Bcp8. rcp2.6 rcp4.5 rcp8.5
2333.39 2684.36 2710.35 2837.61 2802.01 2830.62 8.087 2711.70 2838.43 3255.79
% Increment from  15.04 16.16 21.61 20.0833 21.31 23.34 16.21 21.6489.53
base period

Note: area of the basin=4215.93%Mm’= million cubic meter

The average total annual water availability in é#mdire basin has been observed to increase
by 21.61, 23.34 and 39.53% (RCP8.5), 16.16, 21r#124.64% (RCP4.5) and 15.04, 20.08
and 16.21% (RCP2.6) in the 2020s, 2050s and 2@®@sslice respectively from base period
water availability (2333.39 M. It has shown that aubstantialariability of current and
future annual water availability from year to y@aithe Weyib River basin (Table 6.5). The
variability of mean annual water availability is rmon RCP8.5 than the RCP4.5 and RCP2.6.
This might be due to the story line of RCP8.5 (Maigh emission scenario).
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Table 6.5 Weyib River basin current and future (mean of 3EpNbtal yearly water
availability in three future time slice under thiREP scenarios

Wevib River Basin Water Availability (in Mm?)

1998  2754.77 | 2025 2704.14 2491.28 3080.54 | 2055 3036.31 2038.50 2823.03 | 2085 2555.82 2754.14
1999  1997.13 | 2026 2603.67 2891.79 2565.56 | 2056 2018.77 2057.01 2024.38 | 2086 2612.11 2712.57 3227.63
2000 1777.27 | 2027 2383.22 2854.86 3060.28 | 2057 2611.64 3111.23 2744.95 | 2087 2722.10 2980.96 3194.83
2001  2009.19 | 2028 2723.66 2547.73 2705.87 | 2058 2810.89 2753.59 2981.76 | 2088 2502.03 2858.44 2925.52
2002 1186.28 | 20290 2831.50 2415.81 2700.26 | 2059 2900.48 2852.88 2607.09 | 2089 2746.64 2058.82 3346.86
2003 1837.09 | 2030 2717.04 2720.16 2632.80 | 2060 2536.01 2756.88 3070.25 | 2090 2790.19 2060.34 3427.13
2004 1385.31 | 2031 2796.51 2653.17 2780.74 | 2061 2799.12 2807.13 2825.94 | 2091 3149.17 2649.46 3423.88
2032 2423.19 2659.16 2080.11 | 2062 2775.81 2666.62 3046.47 | 2092 2898.16 3053.72 3351.75
2033 2709.07 3103.09 2898.24 | 2063 29035.85 2661.56 2867.89 | 2093 2811.86 2277.70 3536.15
2034 2618.39 2794.66 2084.96 | 2064 3180.96 3437.46 3273.54 | 2094 2621.93 240246 3377.87
2035 2823.87 2891.92 2757.81 | 2065 2819.11 2833.99 2725.68 | 2095 2555.74 2858.95 3561.03
2036 2353.75 2446.46 2047.44 | 2066 204230 2780.30 2080.92 | 2096 226526 2959.75 2009.24
2037 2711.64 268639 2086.19 | 2067 3053.30 2575.85 2782.26 | 2097 2531.24 2990.11 3096.98
2038 2525.13 2834.12 2036.02 | 2068 2848.07 2850.54 3246.14 | 2098 2580.89 2657.89 3210.30
2039 3104.36 2613.03 3004.40 | 2069 2786.22 3104.61 2640.65 | 2099 2809.75 3379.45 3688.81
2040 2433.60 2796.51 2830.91 | 2070 2727.20 2547.86 3113.80 | 2100 2511.30 2672.35 3388.68
Aversss  2333.39 2684 36 2710.35 2837.61 2802.01 283062 2878.04 2711.70 2838.43 3255.79
Note: area of the basin=4215.93%mm?= million cubic meter, BP= base period

Current Future (mean of 3 ESMs)

Baselina 2020s 2050s 2080s
Year Bp Year cp2.6 cpd. 5 1cp8.5 Year cp2.6 1cpd.5 1cp8.5 Year 1cp2.6 cpd. 5 1cp8.5
1984 2156.24 | 2011 2693.81 2428.54 2755.45 | 2041 2696.34 2611.09 2708.69 | 2071 2875.35 3025.56 3146.22
1985 231094 | 2012 2665.94 208593 2604.56 | 2042 2425.26 3242.35 3158.74 | 2072 2864.35 2802.20 3302.17
1986 2379.98 | 2013 3145.38 2629.31 2924.04 | 2043 2606.16 2772.27 2838.50 | 2073 2567.67 3090.99 3383.58
1987 2471.13 | 2014 2033.32 2902.50 3046.85 | 2044 3017.05 2888.20 2681.88 | 2074 2070.20 2033.02 3008.1°9
1988 2662.06 | 2015 2466.66 284542 242098 | 2045 2713.20 2746.85 2918.06 | 2075 2731.00 2473.06 3037.20
1989 3176.70 | 2016 2032.26 2987.24 2701.48 | 2046 2439.80 3106.93 2554.26 | 2076 2631.92 3297.45 3194.37
1920 2518.89 | 2017 2643.35 2711.22 2803.97 | 2047 2030.16 2628.84 2653.84 | 2077 2608.86 2042.80 3121.51
1821 1953.16 | 2018 2509.07 23©4.23 2080.52 | 2048 2575.09¢ 2900.10 2627.79 | 2078 2781.08 2622.18 2873.49
1092 3621.82 | 201¢ 2532.13 2711.56 2846.55 | 2049 2683.99 285891 2763.16 | 2079 2382.72 2567.88 3182.65
1893 2007.98 | 2020 2525.00 2715.61 2853.64 | 2050 3053.94 2603.34 2774.63 | 2080 2021.09 2038.50 3161.95
1994 2837.87 | 2021 2736.35 2541.53 2704.73 | 2051 2819.23 2733.65 2757.09 | 2081 3059.21 3062.45 3456.51
1995 2320.51 | 2022 2530.86 2541.74 2825.56 | 2052 2812.70 2618.60 3108.19 | 2082 2682.81 2556.71 3121.81
1996 2230.69 | 2023 2842.84 2790.06 2649.67 | 2053 2681.33 2673.95 3056.13 | 2083 2789.22 2828.09 3249.09
1897 2488.12 | 2024 2010.93 2725.47 3131.21 | 2054 2023.87 2879.35 3085.43 | 2084 2812.32 2794.91 3313.51

2 3

6.3.4. Water stress index estimates (in fiper capita per year) of Weyib River basin

The current (2005) and future projected (in the®)2050s and 2080s time slice) water
resource status of Weyib river basin has been astoirbased on Water Stress Index analysis
(total available water divided by total number ofpplation residing in the basin) and found
to be water abundant basin currently (3112.3%er capita per year) and for the future too.
The future water availability per capita per yeathe entire basin in Table 6.6 is ranging
from 2567.97 to 2714.58 hhy the 2020s, 1635.46 to 1679.84 by the 2050s and 1109.92
to 1332.62 mby the 2080s.

TH-1920_136104030 124



Table 6.6Estimates of water stress index’frar capita per year) in Weyib River basin

Weyib River Basin Water Stress Index Calculatiomffiper capita per year)

Current Future Projected
2020s 2050s 2080s
Parameters base period  rcp2.6 rcp4.5 rcp8.5 rcp2.6cp4.5 rcp8.5 rcp2.6 rcp4.5 rcp8.5
Average total water 2333.39 2684.36 2710.35 2837.61 2802.01 2830.62 8.087 2711.70 2838.43 3255.79
availability (MnT)
Total population 749748 1045 324 1713286 2443146

Water Stress Index (hpcy) 3112.23 2567.97 2592.83 271458 163546 1652.1679.84 1109.92 1161.8 1332.62

% Decrement in water availability per capita-17.49 -16.69 -11.78 -47.45 -46.91 -46.02 -64.34 2.6 -57.18
per year from base period

Note: Mn= million cubic meter, mpcy= cubic meter per capita per year

The greater magnitude of projected water availgiyier capita per year has been observed in
the RCP8.5 scenario. Since magnitudes of projestadr availability per capita per year in
all the three-time slices and three RCP emissienasios are above the threshold (1060 m
suggested by (IPCC, 2007) value, the basin therhinbg considered as water abundant
basin. However, the water availability per capis pear in the entire river basin observed to
decrease by 11.78, 46.02 and 57.18% (RCP8.5), 18&29 and 62.67% (RCP4.5) and
17.49, 47.45 and 64.34% (RCP2.6) in the 2020s, 2@®@ 2080s time slice respectively
from base period per capita per year water avéitia8112.23 ni) as shown in Table 6.6.

The spatial analysis of mean annual water avaitgbitvealed to increase by 25.25, 31.07
and 48.17% (SB1), 20.87, 22.53 and 29.67% (SB33,12.43 and 4.65% (SB3), 46.43,

52.73 and 69.81% (SB4), 26.19, 26.73 and 28.12%6)%Bd 22.79, 26.73 and 53.92%
(SB6) in the 2020s, 2050s and 2080s time sliceeatsly from base period water

availability (Figure 6a). It is observed that thexe uniform increment of mean annual water
demand by 83.61, 200.89 and 329.09% in the 20ZE)and 2080s respectively in all the
sub-basins (Figure 6b).

The spatial analysis of water availability per ¢ager year shown to decrease (except in
SB4 in the 2020s time slice) by 10.17, 42.64 an®3¥% (SB1), 13.30, 46.38 and 60.21%
(SB2), 14.58, 47.57 and 62.44% (SB3), 33.16 an8%3.in the 2050s and 2080s (SB4),

9.49, 44.54 and 60.68% (SB5) and 11.93, 44.54 @ntb% (SB6) in the 2020s, 2050s and
2080s time slices respectively from base period qagrita per year water availability as

shown in Figure 6c.
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Figure 6 Spatial distribution of water availability (a), tea demand (b) and water stress (water resouratssst
of the basin) (c) during baseline and future tineeiguls (in the 2020s, 2050s and 2080s time slicE¥Yyeyib
River basin

Based on the various literature reviews report,nttgan annual water demand of any river
basin is expected to increase (Sebhat, 2015; Raly, &010; Faruqui et al., 2001; Hutson and
Schwarz, 1996) mainly due to the rapid increaspagulation, settlement patterns, wealth,

industrial activity, technology, increasing demdaodirrigation and climate change.

A research output has been reported (Hutson andézh1996) and showed that projected
(in the 2050) average water demand for Duck Riasirbwill increase ranging from 121 to

150%. Roy et al(2010) reported that the total public water demisnplrojected to increase
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by 32.8 and 54.8% in the 2030 and 2050 as compar2d05 baseline. In this present study,
but, the annual total water demand of the entimernbis found to be increased by 83.47% in
2020s, 200.67% in 2050s and 328.78% in 2080s fl@rbase period. This result is in line
with various literatures regarding direction (pat)e not coinciding with in terms of
magnitude and this might be due to very rapid iasirey population in the study area of
Weyib River basin (for instance, the populationtloé basin was observed to increase by
40.81, 130.80 and 229.12% in the 2020s, 2050s @802respectively). Irrigation water
demands account for almost 90% of global consuraptiater use (Shiklomanov and Rodda,

2003). In this study too, accounting for about 49clof total water demand of the basin.

Available water resources observed to increasetal®20% during 2020-2040 in the East
Africa (Faramarzi et al., 2013). Almost coincidettwthis study too in the 2020s time slice.
The future mean annual total water availabilitytive entire basin is shown to rise by the
ranges between 15.04 to 21.61%, 20.08 to 23.34% & to 39.53% in the 2020s, 2050s,
and 2080s time slice respectively from base peaiadlable water resources (2333.39 fjlm

The current water availability per capita per yefithe basin is about 3112.23 @nd tends

to decline ranging from 11.78 to 17.49%, 46.027a18% and 57.18 to 64.34% in the 2020s,
2050s and 2080s time slices respectively from baegod per capita per year water
availability. This indicated that there might bpassibility to fall the basin under water stress

condition in the long term.

6.4. Conclusion

In this chapter study, the spatial distributionwadter demand, water availability and water
stress (water resources status of the basin) dbasg period and future time period (in the
2020s, 2050s and 2080s time slices) under climadage scenario in the basin have been
investigated as shown in Figure 6a, b and c.

Population number for six Wereda (the third-levén@nistrative division of Ethiopia) found

in the basin and water demand per capita per d&y ltlve been used to estimate current
(2005) and future (in the 2020, 2050 and 2080 shues) total annual water demands of the
basin. The current total annual water demand ofhihsin is estimated to be 289 NMm
Irrigation is undoubtedly the leading user of watgccounting for about 90.14% of total
water demand of the basin. The future projecteal tothual water demand of entire basin has
been shown to increase by about 83.47% after 16 yra&020s, 200.67% after 45 years in
2050s and 328.78% after 75 years in 2080s from pased total annual water demand. It is
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observed that there is a significant spatial vemabf mean annual water demand among sub-
basins in the basin in base period and for futwmod with uniform percentage increment
(Figure 6b).

The mean annual water availability in the entirsivas estimated to be about 2333.39 #m
in the base period and this expected to increashearfuture by 21.61, 23.34 and 39.53%
(RCP8.5), 16.16, 21.31 and 21.64% (RCP4.5) and4120@.08 and 16.21% (RCP2.6) in the
2020s, 2050s and 2080s time slices respectivelgti®scale analyses of water availability
in all the sub-basins have shown an increasingltbern different in magnitude as compared
to entire basin analysis. It is observed that therm@so significant spatial variation of mean
annual water availability among sub-basins (Figiakin the basin in base period as well as

for future period.

The current water availability per capita per y@eater resources status) of the entire basin is
about 3112.23 thand tends to decline ranging from 11.78 to 17.486«)2 to 47.45% and
57.18 to 64.34% in the 2020s, 2050s and 2080s cgply from base period per capita per
year water availability (3112.23hn Spatial scale analyses of water resources sta@isthe
sub-basins have shown a decreasing trend but eliffén magnitude as compared to entire
basin analysis. It is observed that there is aigoifscant spatial variation of mean annual
water availability per capita per year among susitisgin the basin in base period as well as

for future period (Figure 6c).

The largest increment in case of mean annual veataifability and water demand analysis
and largest decrement in case of water availalpléy capita per year were observed at the
end of the 2% century (in the 2080s time slice). Current totahwaal water availability is
much more (about eight times) than the current ertaual water demands in the basin. In
case of future projection, however, the level ofcpatage increment in water demand is
much more than the water availability. But stilethvailable flow in the Weyib River is
sufficient to provide water for irrigation, domestcommercial and public institutions, and

industrial and livestock uses.

TH-1920_136104030 128



Chapter 7: Summary, Conclusions, and Recommendatien

7.1 Summary and Conclusions

This study is designed to address the followindhEgpecific objectives namely;

1.To downscale daily temperatures (maximum and minin and precipitation from
CMIP5-ESMs-RCPs experiment.

The three bias corrected ESMs (GFDL-ESM2M, CanE3@ GFDL-ESM2G) output in
the RCP8.5 (very high emission scenario), RCPA5ir{eermediate emission scenario) and
RCP2.6 (very low emission scenario or peak andimkeccenario) scenarios from CMIP5
using SDSM have been used to downscale future gadgipitation and both temperatures
(maximum and minimum) for twelve different meteagical stations in the Weyib River

Basin.

Calibration and validation results of SDSM for tweelaveraged spatial stations maximum
and minimum temperature, and precipitation from riiean of 3 ESMs downscaling model
have been shown in (Fig 3.3a-f). SDSM has goodtgld replicate historical local climate
variables with B, RMSE and NSE values of 0.95, 0.44 and 0.79 réisjeé for calibration
period whereas R RMSE and NSE values of 0.94, 0.46 and 0.78 reispéc for validation
period in case of maximum temperature. For minimemperature, 8 RMSE and NSE
values were 0.93, 0.58 and 0.86 respectively ftibregion period whereas’RRMSE and
NSE values were 0.92, 0.61 and 0.85 for validation qekriln case of precipitation, °R
RMSE and NSEalues were 0.86, 0.92 and 0.84 respectively fobregion period whereas
R?, RMSE and NSEalues of 0.83, 0.98 and 0.78 respectively fordalon period. From the
statistical indices and graphical observation betwseimulated (by SDSM) versus measured
value we can infer that SDSM has a good abilityeqalicate historical climate variables for

the study area of Weyib River basin.

The downscaling results revealed that differentosipheric variables affect different local

variables in all the ESMs. For example, precipitatis more sensitive to mean sea level
pressure, specific humidity (at the surface and I&88), zonal velocity (at 500 and 850 hPa)
and geopotential height (at 500 hPa). Mean sed pFessure, geopotential heights (500 and
850 hPa), the average temperature (at 2m heigiagifec humidity (at near surface and 850
hPa and 850 hPa) wind direction affect both theimam and minimum temperature under
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the CanESM2-historical model. However, under GFBM2M and GFDL-ESM2G-

historical models, precipitation is more impactgdsea level pressure, total cloud fraction,
daily mean near-surface wind speed and eastwardtimeasurface wind. Sea level pressure,
near surface relative humidity, daily maximum nearface air temperature, daily mean near-
surface wind speed and eastward near surface \ifiet ghe maximum temperature whereas
sea level pressure, surface downwelling longwavkatian and daily mean near-surface

wind speed affects the minimum temperature.

2.To develop temporal (in the 2020s, 2050s and 2Qa8@s slices) temperatures and
precipitation scenarios using CMIP5-ESMs-RCPs arpant in the Weyib River basin.

The analysis revealed that the mean annual maxiraoth minimum temperature, and

precipitation had shown an increasing trend irthedl nine ESM-RCP scenarios in the 2020s
2050s and 2080s time slices relative to the basealoenario (Fig. 3.4, 3.7 and 3.10). GFDL-
ESM2M (G2M) projects the highest mean annual vdlre maximum temperature and

increased by 0.20, 0.32 and 0.42°C (G2M-RCP8.20,00.29 and 0.31°C (G2M-RCP4.5)

and 0.22, 0.24 and 0.21°C (G2M-RCP2.6) in the 202W50s and 2080s time slices

respectively; GFDL-ESM2G (G2G), projects the low@streases in the value of this

parameter by 0.04, 0.12 and 0.22°C (G2G-RCP8.8}4,®.09 and 0.11°C (G2G-RCP4.5)

and 0.08, 0.04 and 0.03°C (G2G-RCP2.6) in the 202080s and 2080s time slices

respectively and CanESM2 (C2), projects an interatedmedian) increase of mean annual
maximum temperature by 0.12, 0.22 and 0.32°C (CR&E),0.12, 0.19 and 0.21°C (C2-

RCP4.5) and 0.16, 0.14 and 0.13°C (C2-RCP2.6)en2020s, 2050s and 2080s time slices
respectively (Fig. 3.4).

GFDL-ESM2M (G2M) projects the highest mean annuahimum temperature to be
increased by 0.42, 0.75 and 1.14°C (G2M-RCP8.39,00.58 and 0.67°C (G2M-RCP4.5)
and 0.38, 0.52 and 0.49°C (G2M-RCP2.6) in the 202W60s and 2080s time slices
respectively; GFDL-ESM2G (G2G), projects the low@streases in the value of this
parameter by 0.26, 0.55 and 0.94°C (G2G-RCP8.28,®.38 and 0.47°C (G2G-RCP4.5)
and 0.22, 0.32 and 0.29°C (G2G-RCP2.6) in the 2020%50s and 2080s time slices
respectively and CanESM2 (C2), projects an interatedmedian) increase in mean annual
minimum temperature by 0.34, 0.65 and 1.04°C (CR8&6),0.31, 0.48 and 0.57°C (C2-
RCP4.5) and 0.30, 0.42 and 0.39°C (C2-RCP2.6)en2020s, 2050s and 2080s time slices
respectively (Fig. 3.7).
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GFDL-ESM2M (G2M) projects the highest mean annw@dlig for precipitation and increases
by 19.70, 24.14 and 33.69% (G2M-RCP8.5), 14.5436.@nd 21.94% (G2M-RCP4.5) and
13.68, 17.93 and 16.34% (G2M-RCP2.6) in the 20ZB50s and 2080s time slices
respectively; GFDL-ESM2G (G2G), projects the lowé@streases in the value of this
parameter by 12.70, 17.14 and 26.69% (G2G-RCP8.5)%, 12.36 and 14.94% (G2G-
RCP4.5) and 6.68, 10.93 and 9.34% (G2G-RCP2.6hen2020s, 2050s and 2080s time
slices respectively and CanESM2 (C2), projectsra@rinediate (median) increase in mean
annual precipitation by 14.70, 19.14 and 28.69%RC>P8.5),9.54, 14.36 and 16.94% (C2-
RCP4.5) and 8.68, 12.93 and 11.34% (C2-RCP2.6)ar2020s, 2050s and 2080s time slices
respectively (Fig. 3.10). The variability of maximuand minimum temperature, and
precipitation is higher in the RCP8.5 than RCPA8 RCP2.6 in all ESMs and the future
trends for RCP8.5 and RCP4.5 scenarios have imdicatsignificantly (at 5% significant
level) increasing trend of average annual maximunmd aninimum temperature, and
precipitation until the end of the century (Fig5,33.8 and 3.11 and Table 3.10). Increasing
trend but not significant (at 5% significant levelas observed in the RCP2.6 scenario in all
ESMs. Comparatively, RCP8.5 scenario prevail higtteange in maximum and minimum
temperature and precipitation trend at the enchefdentury than the RCP4.5 and RCP2.6

scenarios.

Seasonal and monthly variations of climate varialalee more than the annual variation. The
increment of rainfall comparatively higher in dgason (20.68, 33.65 and 53.74% increases
in the 2020s, 2050s and 2080s time slices respdgtior RCP8.5) and this might have
positive impact on lowland region of the study aeeal it might affect the highland areas

negatively since this season is specifically maopdarvesting period.

To investigate the effects of spatial data avdilghbon climate change prediction, averaging
less number of stations was done by considering &nd single station. While trend was
found same in 12 averaged, 6 averaged and 3 avkstgions cases, the magnitudes were
observed to be different in all predicted paransetkr single station analysis the trend itself
has changed from increasing trend to decreasimgl e case of maximum and minimum
temperature. In case of precipitation, no visisend has been observed in case of single
station analysis.
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Therefore, the variation in amount and distributednprecipitation and temperature among
the four averaged spatial stations in the sameysiteh might affect the water resources and
agriculture of the basin and also instead of usirgingle weather station to predict future
climate variables for a particular study basinsitnore reliable using averages of numerous

spatial weather stations data.

3. To evaluate the performance of ArcSWAT model mudating catchment hydrology in the

Weyib River basin in Ethiopia.

The ArcSWAT hydrologic model was employed to sinbellsitreamflow in the entire basin to
accomplish this objective. The assessment of SWidrdiogical model and investigation of
its ability to simulate reliably the different cooments of water balance in general and
streamflow, in particular, using different effic@ncriteria gave an insight into how one can
successfully generate useful information in catamsevhere there is little data available. To
do so various efficiency criteria were implementeinely, B, NSE, RSR and Pbias with

hydrograph technique.

The results obtained indicate that simulated basitput after calibration is comparatively
consistent with recorded values. During the calibraperiod, the monthly streamflow gave
R?, NSE, RSR and Pbias of 0.86, 0.83, 0.25 and k3f2ectively. The model also performed
well during the validation period for the monthlyeamflow simulation gave RNSE, RSR
and Pbias as 0.84, 0.81, 0.31 and 2.69 respectiBdged on statistical indices and
hydrograph analysis results, ArcSWAT model has \grgd ability to replicate historical
streamflow in the study area and which once caklgr@ffectively it can produce meaningful

catchment predictions to aid management decisions.

4. To investigate the response of surface and sulzsurfeydrological processes under
Ensembles of CMIP5-ESMs-RCPs scenario in the ebéistn and sub-basin scale.

The future downscaled climate variables (preciitatand maximum and minimum
temperature) have been used as an input to theVWWdShydrological model to simulate

various surface and sub-surface hydrological pseEsefor both basin and sub-basin scale.

The analysis revealed that the mean annual sunfexcéf contribution to the streamflow and
potential evapotranspiration will decrease in thare basin and sub-basins for all the RCP

scenarios with different magnitude. However, averagnnual precipitation, actual
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evapotranspiration, groundwater contribution teatnflow, percolation from the root zone to
shallow aquifer, soil water content and net watexilability in the stream will increase with

greater spatial variability in the basin. Annuatiaons of hydrological processes in all the
sub-basins are similar regarding direction butedédht in magnitude as compared to entire

basin analysis.

The 28.96% increase (mean of 3 ESMs) in precipmatat the end of the century (in the
2080s time slice) under RCP8.5 scenario, ArcSWAGddpced 63.44% decline in surface
runoff, 29.26% rise in actual evapotranspiration3.31% decline in potential
evapotranspiration, 75.88% rise in groundwater rdmuntion to the streamflow, and which
leading to 27.97% rise in net water available i stream. This uneven change can attribute
to the non-linear nature of hydrological processesh as evapotranspiration, surface runoff,
and groundwater flow. Climate sensitivity has lgasinounced in the basin; namely, a 28.96
% increase in precipitation under highest emissoanario (RCP8.5) results in 27.97%
increase in annual discharge in the same scemdwiwever, high sensitivity has explained by
the very low runoff coefficient (amount of runofivitled by rainfall; with a range from 0.07
to 0.21) of the entire basin and sub-basins, winakes the basin very sensitive to changes in

precipitation.

Surface and subsurface hydrological processeserettire basin and sub-basin scale have
been computed and which highlighted an enormousaspariability among all the six sub-
basins. Soil water content (SW) exhibits very higagnitude for all sub-basins as compared
to other components. Sub-basin scale analysis rfdiciand subsurface interactions could
explore the long-term simulation of spatiotemparatiability of hydrological processes for
the selected study basin. The SWAT based computatioboth surface and subsurface
components for entire basin and sub-basin scaleiqe@oa comprehensive assessment to
obtain a better understanding of surface and stdmsuthydrological interactions. Having
sufficient knowledge about various hydrological ggsses and their responses to climate
change in each sub-basin can guide water resoumeggmgement in providing a more

rigorous assessment and more efficient decisionngak

This study noticeably culminates that differenttfeas between sub-basins in a basin such as
landuse land-cover and soil heterogeneity, topdgcapsurface-groundwater interactions,
drainage area, shape, and stream networks car nedifferent hydrological responses to

climate change in each sub-basin, and it is ndadllalogical to consider to have a linear
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relationship between climate variables and hydiokdgorocesses of the entire river basin.
This means that variations in the total averagaiahand seasonal climate variables may not
necessarily translate into similar changes in higdjioal processes in the entire basin.
Therefore, calculating the water balance componengsich sub-basin, along with the entire
river basin provides a better understanding of ligdrological processes in response to

climate change.

5. To analyze the annual, seasonal and monthly netrveaailability (in the 2020s, 2050s,
and 2080s time slices) in the entire basin andlmgin scale under ensembles of CMIP5-
ESMs-RCPs scenario.

The mean annual water availability (mean of 3ESMssibly increased with the ranges 9.18
to 27.97% (RCP8.5), 3.98 to 19.61% (RCP4.5) an82lio 17.06% (RCP2.6) in the entire

basin. The spatial analysis of mean annual wateiladility revealed to increase by 25.25,
31.07 and 48.17% (SB1), 20.87, 22.53 and 29.67%2)SB.83, 2.43 and 4.65% (SB3),

46.43, 52.73 and 69.81% (SB4), 26.19, 26.73 and228.(SB5) and 22.79, 26.73 and
53.92% (SB6) in the 2020s, 2050s and 2080s tince séispectively from base period water
availability (Figure 6a). It is observed that thésealso significant spatial variation of mean
annual water availability among sub-basins in thsifbin base period as well as for future

period.

In addition, it is observed that there is a largeasonal and monthly variation in in water
availability as compared to the variation in annsedle under all the future RCP scenarios
for the entire basin as well as for each sub-b@sthscussed in this study and taken to be an
advantage over the other studies which focused anfyal basis. Seasonal and monthly
variations of net water availability in all the sxb-basins are similar regarding direction but
different in magnitude to the entire basin. Intab RCP scenarios, the double peaking in net
water availability (risk of flooding) ensues in Aand Sep in the entire basin and sub-basin 4,
Apr and Jul in sub-basin 1, Apr and Aug in sub-b&sand 3, Apr and Oct in sub-basin 5 and
6. Net water availability tends to decrease indheseason in both basin and sub-basin scale
analysis; this might cause water shortage in thvdlalod region and greater increase in
intermediate and rainy seasons; this might causslithg to some flood prone region of the
basin.
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6. To assess current and projected (in the 2020s,2@6@ 2080s time slices) total annual

water demand of the Weyib River basin under inéngggopulation.

Current and projected population (human and livdgtaumber and water demand per capita
per day data are considered to estimate the anotzlwater demand of the basin. Water
demand estimation of the basin encompasses wataardgk for irrigation, domestic,

commercial and public institutions, industrial,dgstock consumption and water losses in the

water supply system.

A 30 and 50 Ipcd domestic water demands have beesidered to estimate mean annual
total water demand for current and future projectiespectively as suggested by GDMP-
11.3.1 (2007). For commercial and public institutiozvater demand, a 5% of domestic water
demand has considered. 10% of domestic water detmesxdeemed for industrial, and 20%
of (domestic water demand plus commercial and puinistitutions water demand plus

industrial water demand) has assumed for wateetossthe water supply system. Two units
of livestock have assumed for each population megich Weyib River basin, and water

consumption of each livestock has to be 25 Ipd) &6d (2x25 Ipd) livestock water demand
has considered in the estimation. Finally, 38 aAdn8 total water demand (considering

domestic, commercial and public institutions, irtdag livestock, water losses in the system
and water consumption variation based on time gf ttee season and climatic conditions)
per capita per year have been used to estimatentuand future projection mean annual total

water demand respectively.

As we have seen from water demand analysis rethdisit has highly correlated with

number of population living in the basin. Highemmer of population tends to have higher
water demand. The total projected population ofreriasin is increased by about 40.81%
after 15 years in 2020, 130.80% after 45 yearsOb02and 229.12% after 75 years in 2080

from the base period population number (0.75 nmliilothe year 2005).

The current total annual water demand (considedogestic, commercial and public

institutions, industrial, livestock, water lossesthe system and water consumption variation
based on time of day, the season and climatic tiond) of the basin is found to be 28.49
Mm?. The total annual irrigation water demand froneéhirrigation schemes (Bale Gadula,
Tegona, Tebel) of the Weyib River basin is estimate be 260.50 Mrh (Table 6.2).

Therefore, total annual water demand of the WeyiteRbasin is estimated to be 289 NMm
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Irrigation is undoubtedly the leading user of watgccounting for about 90.14% of total
water demand of the basin. The future projecteal tminual water demand of entire basin is
increased by about 83.47% after 15 years in 20R0,62% after 45 years in 2050 and
328.78% after 75 years in 2080 from the base pevat@r demand (detailed in Table 6.3). It
is observed that there is a significant spatiaiatemn of mean annual water demand among
sub-basins in the basin in base period and forrdéuperiod with uniform percentage

increment (Figure 6b).

Current total annual water availability is much e¢about eight times) than the current total
annual water demands in the basin. In case of dupupjection, however, the level of
percentage increment in water demand is much nhawre the water availability. But still the
available flow in the Weyib River is sufficient fmovide water for agriculture and domestic

uses.

7. To estimate current and projected water resouttegsssof the basin under CMIP5-ESMs-

RCPs scenario.

The current (2005) and projected (in the 2020s02Gd 2080s time slice) water resources
status of Weyib River basin were estimated based/ater Stress Index analysis (total water
available divided by total number of populationidesy in the basin) for both basin and sub-
basin scale and found to be water abundant basiently (3112.23 rper capita per year)
and for the future too (Table 6.6) as comparedh® threshold value of 1000°niIPCC,
2007) below which the basin considered to be wsttessed. Since magnitude of current and
projected water availability per capita per yearthe entire basin is above the threshold
value, therefore, the basin then might be consilasewater abundant basin. However, the
future water availability per capita per year (waksources status) was observed to decline
by 11.78, 46.02 and 57.18% (RCP8.5), 16.69, 46nP62.67% (RCP4.5) and 17.49, 47.45
and 64.34% (RCP2.6) in the 2020s, 2050s and 208@sslice respectively from base period

per capita per year water availability.

Spatial scale analyses of water resources statals time sub-basins have shown a decreasing
trend but different in magnitude as compared taremasin analysis. It is observed that there
is also significant spatial variation of mean arinwater availability per capita per year

among sub-basins in the basin in base period dsawdbr future period (Figure 6c¢). This
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indicated that there might be a possibility to thk basin under water stress condition in the

long term.

8. To suggest possible adaptation options to allevtseadverse impacts of climate change

on water availability in upcoming period.

This objective is articulated based on (i) accosiplig the other objectives above
specifically achieving objective number 5 and ¢iikrent various catchment activities in the
basin. For instance, a key finding of objective tem5 is that ‘net water availability tends to
decrease in the dry season in both basin and ssib-beale analysis; this might cause water
shortage in the lowland region and greater incréasatermediate and rainy seasons; this
might cause flooding to some flood prone regiorthaf basin (specifically in the highland
part of the basin)’. Based on this finding, therefgossible adaptation options to alleviate
these problems on water availability have beenmgireecommendation number 7 in section
7.2 below.

7.2 Recommendations

From the results found and challenges faced duhisgstudy the following recommendations

have been forwarded:

1. Results of climate change impact analysis are x&gng on the input data. Hence, more
study in the area with the enhancement of existéed id necessary.

2. This study considered three CMIP5-ESMs (GFDL-ESM28BnESM2, and GFDL-
ESM2G) output for the RCP8.5, RCP4.5, and RCP26a&ts and SDSM has been used
as a downscaling technique. Therefore, the additicstudy shall be carried out
considering various CMIP5-ESMs outputs along wiffedent downscaling techniques so
as to minimize uncertainty arise due to GCM/ESM da@nscaling technique.

3. ArcSWAT simulations for future various hydrologitomponents (for instance, surface
runoff and groundwater contribution to the streawfl actual and potential
evapotranspiration, percolation to shallow aquéded net available water in the stream;
just to name a few) in the study area is subjeconty future period (2006-2100)
maximum and minimum temperature, and precipitati@eping all other factors remain

same. However, change in land use, managemenitiasti&nd other climate variables will
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also enhance some impressions on different watant@ components. So, achieving with

these further researches might increase the cgriainthe estimated results.

4. The landuse data used in this study is about &@syeld. Currently, a noticeable landuse
change is going on in the basin, for instance, drapibanization encroaching into
cultivated lands, increase of rural settlements #aedexpansion of cultivated areas into
shrublands, natural resources management pracikcebeing promoted (different
catchment activities such as physical and bioldgiok and water conservation measures),
land degradation is still an on-going process. €l@®nges might have an effect on runoff
generation and infiltration as well as evapotrarajmn process. Therefore, further

research has to be made considering recently dexelanduse map.

5. The variation in water available in the stream agthe six sub-basins in upcoming period
is high. Therefore, there shall be water transfemf sub-basin having more available
water in the small agricultural land to the subHbdmving less available water in a larger

agricultural land to meet agricultural water demanthe basin.

6. Lack of measured and well-documented water dendaata in the basin forced to make
estimates from other data such as human and Islegtopulation by applying unit water
use rates. This may have an impact on the accwh@gtimated water demands, and

therefore, further investigations are requirechis tegard.

7. Water resources availability will decrease in abnths of the dry season, which might
cause the water shortage in the lowland regiontelse in water availability in the
intermediate and rainy seasons may lead to floouhirige flood-prone area of the basin.
Therefore, to alleviate these problems an alteraatburce of water supply in the dry
season like water harvesting technologies (to cblthe available water during wet
seasons with a view to use it in dry season) arel itldigenous soil and water
conservation technologies like cut-off drain/grasseaterways and water spreading
bunds (contour bunds) are advisable to implementHe study area of Weyib River

basin.
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Appendices

Appendix A
Appendix Tables
Selection of Predictor variables
In this section, station wise as well as the wistlely area of Weyib River basin, lists of selected
predictor variables that gave better correlatiosults at p<0.05 for CanESM2, GFDL-ESM2M and
GFDL-ESM2G-historical models are presented below.

Appendix Table 1Lists of selected potential predictor variablesrirCanESM2-historical model for
station: Adaba

Predictand Predictor full name Notations Parti.cop-value
(r-value)
Precipitation Specific humidity at 850 hPa ceshgfoiat 0.084 0.000

Surface specific humidity ceshshumgl.dat -0.068 00.0
Mean sea level pressure ceshmslpgl.dat 0.111 0.000

Maximum temperature 500 hPa geopotential height ceshp500gl.dat 0.072 0000.
Specific humidity at 850 hPa ceshs850gl.dat -0.268 0.000
Mean temperature at 2m ceshtempgl.dat 0.120 0.000
Mean sea level pressure ceshmslpgl.dat -0.190 0.000

Minimum temperature 500 hPa geopotential height ceshp500gl.dat 0.177 000o0.
Surface specific humidity ceshshumgl.dat 0.132 ©®.00
Mean temperature at 2m ceshtempgl.dat -0.069 0.000

Appendix Table 2 Lists of selected potential predictor variablesnfr GFDL_ESM2M-historical
model for station: Adaba

Predictand Predictor full name Notations Parti.comp-value
(r-value)
Daily minimum near-surface air geshtasmingl.dat -0.056 0.003
Precipitation temperature
Eastward near-surface wind geshuasgl.dat 0.056 30.00
Sea level pressure geshpslgl.dat -0.141 0.000
Maximum temperature Near-surface relative humidity geshrhsgl.dat -0.127 0.000
Daily maximum near-surface air geshtasmaxgl.dat 0.142 0.000
temperature
Eastward near-surface wind geshuasgl.dat -0.127 000.0
Surface downwelling longwave geshrldsgl.dat 0.222 0.000
Minimum temperature radiation
Daily maximum near-surface air geshtasmax.dat -0.159 0.000
temperature
Eastward near-surface wind geshuasgl.dat 0.132 00.00

Appendix Table 3 Lists of selected potential predictor variablesnfr GFDL_ESM2G-historical
model for station: Adaba

Predictand Predictor full name Notations Parti.comp-value
(r-value)
Daily minimum near-surface air geshtasmingl.dat -0.256 0.000
Precipitation temperature
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Total cloud fraction geshcltgl.dat 0.591 0.000

Eastward near-surface wind geshuasgl.dat 0.096 0.000

Sea level pressure geshpslgl.dat -0.241 0.000
Maximum temperature Near-surface relative humidity geshrhsgl.dat -0.187 0.000

Daily maximum near-surface air geshtasmaxgl.dat 0.192 0.000

temperature

Eastward near-surface wind geshuasgl.dat -0.217 000.0

Surface downwelling longwave geshridsgl.dat 0.382 0.000
Minimum temperature radiation

Daily maximum near-surface air geshtasmax.dat -0.348 0.000

temperature

Sea level pressure geshpslgl.dat 0.460 0.000

Eastward near-surface wind geshuasgl.dat 0.172 00.00

Appendix Table 4 Lists of selected predictor variables from CanESNtorical model for station: Agarfa

Predictand Predictor full name Notations Parti.cop-value
(r-value)
Precipitation 500 hPa airflow strength ceshp5_&il.d 0.064 0.040
500 hPa zonal velocity ceshp5_ugl.dat 0.097 0.001
850 hPa airflow strength ceshp8_fgl.dat 0.126 0.000
Maximum 850 hPa wind direction ceshp8thgl.dat 0.110 0.000
temperature 850 hPa geopotential height ceshp850gl.dat -0.071 .0000
Surface specific humidity ceshshumgl.dat -0.274  00.0
Mean sea level pressure ceshmslpgl.dat -0.043 0.020
Minimum 500 hPa meridional velocity ceshp5_vgl.dat 0.048 009.
temperature  Specific humidity at 850 hPa ceshs850gl.dat -0.076 0.000
Surface specific humidity ceshshumgl.dat 0.111 ©®.00
Mean temperature at 2m ceshtempgl.dat 0.139 0.000
Appendix Table 5 Lists of selected predictor variables from GFDLM23/-historical model for station:
Agarfa
Predictand Predictor full name Notations Parti.comp-value
(r-value)
Total cloud fraction geshcltgl.dat 0.059 0.041
Precipitation  Precipitation geshprgl.dat -0.069 0.022
Daily-mean near-surface wind speed geshsfcwindgl.da 0.072 0.021
Eastward near-surface wind geshuasgl.dat -0.071  220.0
Sea level pressure geshpslgl.dat -0.057 0.001
Maximum Near-surface relative humidity geshrhsgl.dat -0.288 0.000
temperature  Eastward near-surface wind geshuasgl.dat 0.128 00.00
Sea level pressure geshpslgl.dat 0.068 0.000
Minimum Near-surface relative humidity geshrhsgl.dat 0.196 0.009
temperature  Daily-mean near-surface wind speed geshsfcwindgl.da-0.115 0.000

Appendix Table 6 Lists of selected potential predictor variablesnfr GFDL_ESM2G-historical
model for station: Agarfa

Predictand Predictor full name Notations Parti.comp-value
(r-value)
Total cloud fraction geshcltgl.dat 0.095 0.011
Daily minimum near-surface air geshtasmin.dat 0.148 0.000

Precipitation  temperature
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Daily-mean near-surface wind speed geshsfcwindgl.da 0.122 0.001
Eastward near-surface wind geshuasgl.dat -0.159 000.0
Sea level pressure geshpslgl.dat -0.147 0.000
Maximum Near-surface relative humidity geshrhsgl.dat -0.368 0.000
temperature  Near-surface air temperature geshtasgl.dat -0.2650.000
Eastward near-surface wind geshuasgl.dat 0.721 00.00
Sea level pressure geshpslgl.dat 0.139 0.000
Minimum Total cloud fraction geshcltgl.dat -0.211 0.000
temperature  Near-surface relative humidity geshrhsgl.dat 0.269 0.001
Daily-mean near-surface wind speed geshsfcwindgl.da-0.251 0.000

Appendix Table 7 Lists of selected predictor variables from CanEShtorical model for station: Dinsho

Predictand Predictor full name Notations Parti.cop-value
(r-value)
Mean sea level pressure ceshmslpgl.dat 0.044 0.019
Precipitation 500 hPa zonal velocity ceshp5_ugl.dat -0.059 0.011
500 hPa vorticity ceshp5_zgl.dat -0.044 0.021
500 hPa geopotential height ceshp500gl.dat 0.103 0000.
Maximum 850 hPa meridional velocity ceshp8_vgl.dat 0.047 000.
temperature 850 hPa geopotential height ceshp850gl.dat -0.097 .0000
850 hPa wind direction ceshp8thgl.dat -0.074 0.000
Mean temperature at 2m ceshtempgl.dat -0.103 0.000
Mean sea level pressure ceshmslpgl.dat -0.156 0.000
Minimum 500 hPa geopotential height ceshp500gl.dat 0.123 0000.
temperature  Specific humidity at 850 hPa ceshs850gl.dat -0.066 0.000
Surface specific humidity ceshshumgl.dat 0.078 ©®.00

Appendix Table 8 Lists of selected predictor variables from GFDLME3/-historical model for station:

Dinsho
Predictand Predictor full name Notations Parti.comp-value
(r-value)
Total cloud fraction geshcltgl.dat -0.131 0.000
Daily-mean near-surface wind speed geshsfcwindgl.da-0.079 0.000
Precipitation Near-surface air temperature geshtasgl.dat 0.081 0000.
Daily maximum near-surface air temperature geshdagat 0.143 0.000
Daily minimum near-surface air temperature geshiasiat 0.059 0.001
Total cloud fraction geshcltgl.dat -0.210 0.000
Maximum  Daily-mean near-surface wind speed geshsfcwindgl.da-0.074 0.000
temperature Near-surface air temperature geshtasgl.dat -0.1240.000
Daily maximum near-surface air temperature geshaasiat 0.138 0.000
Daily minimum near-surface air temperature geshitasiat 0.143 0.000
Total cloud fraction geshcltgl.dat -0.109 0.000
Minimum  Precipitation geshprgl.dat 0.126 0.000
temperature Daily minimum near-surface air temperature geshiasiat -0.087 0.000
Daily maximum near-surface air temperature geshdagiat 0.048 0.000
Northward wind at 500 hpa geshva500gl.dat -0.088 00.
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Appendix Table 9 Lists of selected potential predictor variablesnfr GFDL_ESM2G-historical
model for station: Dinsho

Predictand Predictor full name Notations Parti.comp-value
(r-value)
Total cloud fraction geshcltgl.dat -0.191 0.000
Precipitation Daily-mean near-surface wind speed geshsfcwindgl.da-0.146 0.000
Near-surface air temperature geshtasgl.dat 0.132 000o0.
Daily maximum near-surface air temperature geshdagat 0.234 0.000
Total cloud fraction geshcltgl.dat -0.443 0.000
Maximum  Daily-mean near-surface wind speed geshsfcwindgl.da-0.195 0.000
temperature Daily maximum near-surface air temperature geshdagat 0.238 0.000
Daily minimum near-surface air temperature geshiasiat 0.533 0.000
Precipitation geshprgl.dat 0.099 0.000
Minimum  Daily minimum near-surface air temperature geshitasiat -0.106 0.000
temperature Daily maximum near-surface air temperature geshdagat 0.154 0.000
Northward wind at 500 hpa geshva500gl.dat -0.097 00M.
Appendix Table 10 Lists of selected predictor alea from CanESM2-historical model for station: Gas
Predictand Predictor full name Notations Parti.¢ovalue) p-value
Precipitation 850 hPa zonal velocity ceshp8_ugl.dat -0.097 0.000
Surface specific humidity ceshshumgl.dat 0.077 .00

Appendix Table 11 Lists of selected predictor variables from GFDLM23/-historical model for
station: Gassera

Predictand Predictor full name Notations Parti.cop-value
(r-value)
Precipitation geshprgl.dat 0.221 0.000
Near-surface relative humidity geshrhsgl.dat -0.072 0.002
Precipitation Daily-mean near-surface wind speed geshsfcwindgl.da-0.111 0.000
Near-surface air temperature geshtasgl.dat 0.097 0000.

Appendix Table 12 Lists of selected potential predictor variablesnir GFDL_ESM2G-historical
model for station: Gassera

Predictand Predictor full name Notations Parti.cop-value
(r-value)
Sea level pressure geshpslgl.dat 0.471 0.000
Near-surface relative humidity geshrhsgl.dat -0.212 0.000
Precipitation Daily-mean near-surface wind speed geshsfcwindgl.da-0.342 0.000
Eastward near-surface wind geshuasgl.dat -0.102 000.0

Appendix Table 13Lists of selected predictor variables from CanEShRorical model for station: Ginnir

Predictand

Predictor full name Notations Parti.¢ovalue) p-value
Precipitation 500 hPa vorticity ceshp5_zgl.dat 76.0 0.002
850 hPa zonal velocity ceshp8 ugl.dat -0.094 0.000
Unknown ceshpl_ugl.dat 0.063 0.000
Maximum  Unknown ceshplzhgl.dat -0.074 0.000
temperature 850 hPa zonal velocity ceshp8_ugl.dat -0.089 0.000
850 hPa geopotential height ceshp850gl.dat -0.058 .0000
Specific humidity at 850 hPa ceshs850gl.dat -0.114 0.000
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Mean sea level pressure ceshmslpgl.dat -0.130 0.000

Minimum 500 hPa geopotential height ceshp500gl.dat 0.074 000o0.
temperature 850 hPa vorticity ceshp8_zgl.dat -0.068 0.000
850 hPa geopotential height ceshp850gl.dat 0.058 0000.
Appendix Table 14 Lists of selected predictor variables from GFDLMEBA-historical model for station:
Ginnir
Predictand Predictor full name Notations Parti.comp-value
(r-value)
Sea level pressure geshpslgl.dat 0.221 0.000
Daily-mean near-surface wind speed geshsfcwindgl.da-0.243 0.000
Precipitation Daily = maximum  near-surface air geshtasmax.dat 0.098 0.000
temperature
Eastward near-surface wind geshuasgl.dat -0.106 000.0
Sea level pressure geshpslgl.dat -0.120 0.000
Maximum  Near-surface relative humidity geshrhsgl.dat -0.219 0.000
temperature Daily minimum  near-surface  air geshtasmin.dat 0.082 0.000
temperature
Sea level pressure geshpslgl.dat -0.112 0.000
Minimum Near-surface relative humidity geshrhsgl.dat -0.138 0.000
temperature Surface downwelling longwave radiation geshrlatagl 0.198 0.000

Appendix Table 15 Lists of selected potential predictor variablesnir GFDL_ESM2G-historical
model for station: Ginnir

Predictand Predictor full name Notations Parti.comp-value
(r-value)
Sea level pressure geshpslgl.dat 0.111 0.000
Northward wind at 500 hpa geshva500gl.dat -0.240 00m.
Precipitation Daily = maximum  near-surface air geshtasmax.dat 0.104 0.000
temperature
Eastward near-surface wind geshuasgl.dat -0.227 000.0
Sea level pressure geshpslgl.dat -0.216 0.000
Maximum  Near-surface relative humidity geshrhsgl.dat -0.412 0.000
temperature Surface downwelling longwave radiation geshrlatagl 0.385 0.000
Sea level pressure geshpslgl.dat -0.277 0.000
Minimum Near-surface relative humidity geshrhsgl.dat -0.391 0.000
temperature Surface downwelling longwave radiation geshrlatagl 0.412 0.000

Appendix Table 16Lists of selected predictor variables from CanEShRorical model for station: Goba

Predictand Predictor full name Notations Parti.¢ovalue) p-value
Precipitation ~ Unknown ceshplzhgl.dat -0.100 0.007
850 hPa divergence ceshp8zhgl.dat 0.080 0.032
500 hPa geopotential height ceshp500gl.dat 0.115 000o0.
Maximum 850 hPa meridional velocity ceshp8_vgl.dat 0.107 000.
temperature 850 hPa geopotential height ceshp850gl.dat -0.200 .0000
Surface specific humidity ceshshumgl.dat -0.233 00.0
Mean temperature at 2m ceshtempgl.dat -0.109 0.000
Unknown ceshplzhgl.dat 0.066 0.000
Minimum 850 hPa wind direction ceshp8thgl.dat 0.078 0.000
temperature  Specific humidity at 850 hPa ceshs850gl.dat -0.116 0.000
Surface specific humidity ceshshumgl.dat 0.146 ©@.00
Mean temperature at 2m ceshtempgl.dat 0.323 0.000
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Appendix Table 17 Lists of selected predictor variables from GFDLMEB/-historical model for station:

Goba
Predictand Predictor full name Notations Parti.comp-value
(r-value)
Precipitation Near-surface air temperature gegtas. 0.075 0.041
Northward wind at 500 hpa geshva500gl.dat -0.080 032D.
Near-surface relative humidity geshrhsgl.dat -0.318 0.000
Maximum Daily-mean near-surface wind speed geshsfcwindgl.da 0.126 0.000
temperature  Near-surface air temperature geshtas.dat 0.103 00.00
Daily minimum near-surface air geshtasmin.dat 0.112 0.000
temperature
Eastward near-surface wind geshuasgl.dat 0.179 00.00
Total cloud fraction geshcltgl.dat 0.127 0.000
Minimum Sea level pressure geshpslgl.dat -0.078 0.000
temperature  Daily-mean near-surface wind speed geshsfcwindgl.da-0.116 0.000
Near-surface air temperature geshtas.dat 0.182 00.00

Appendix Table 18 Lists of selected potential predictor variablesnir GFDL_ESM2G-historical
model for station: Goba

Predictand Predictor full name Notations Parti.comp-value
(r-value)
Near-surface air temperature geshtas.dat 0.106 10.00
Precipitation  Sea level pressure geshpslgl.dat -0.089 0.001
Northward wind at 500 hpa geshva500gl.dat -0.1190 .00®
Near-surface relative humidity geshrhsgl.dat -0.523 0.000
Maximum Daily-mean near-surface wind speed geshsfcwindgl.da 0.514 0.000
temperature  Near-surface air temperature geshtas.dat 0.235 00.00
Eastward near-surface wind geshuasgl.dat 0.621 00.00
Total cloud fraction geshcltgl.dat 0.114 0.000
Minimum Daily minimum near-surface air geshtasmin.dat 0.331 0.000
temperature temperature
Daily-mean near-surface wind speed geshsfcwindgl.da-0.168 0.000
Near-surface air temperature geshtas.dat 0.292 00.00

Appendix Table 19Lists of selected predictor variables from CanESh&orical model for station: Goro

Predictand Predictor full name Notations Parti.¢ovalue) p-value
500 hPa geopotential height ceshp500gl.dat 0.056 0160.
Precipitation 850 hPa zonal velocity ceshp8_ugl.dat -0.119 0.000
500 hPa geopotential height ceshp500gl.dat 0.056 000o0.
Maximum 850 hPa meridional velocity ceshp8_vgl.dat 0.079 000.
temperature Specific humidity at 850 hPa ceshs850gl.dat 0.060 .00®
Surface specific humidity ceshshumgl.dat -0.100 00.0
Unknown ceshplzhgl.dat -0.047 0.000
Minimum Specific humidity at 850 hPa ceshs850gl.dat -0.078 0.000
temperature Surface specific humidity ceshshumgl.dat 0.081 ©®.00
Mean temperature at 2m ceshtempgl.dat 0.200 0.000
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Appendix Table 20 Lists of selected predictor variables from GFDLMEBA-historical model for station:
Goro

Predictand Predictor full name Notations Parti.comp-value
(r-value)
Sea level pressure geshpslgl.dat -0.057 0.013
Precipitation Near-surface relative humidity geshrhsgl.dat -0.054 0.018
Daily minimum near-surface air temperature geshirasiat 0.047 0.043
Precipitation geshprgl.dat -0.124 0.000

Maximum Daily-mean near-surface wind speed
temperature Daily minimum near-surface air temperature

geshsfcwindgl.da 0.122 0.000
geshitaskat -0.072 0.000

Eastward near-surface wind geshuasgl.dat -0.118 000.0
Total cloud fraction geshcltgl.dat 0.299 0.000
Minimum Sea level pressure geshpslgl.dat 0.215 0.000
temperature Near-surface air temperature geshtas.dat -0.201 000.0
Daily minimum near-surface air temperature geshirasiat -0.204 0.000

Appendix Table 21 Lists of selected potential predictor variablesnir GFDL_ESM2G-historical
model for station: Goro

Predictand Predictor full name Notations Parti.comp-value
(r-value)
Sea level pressure geshpslgl.dat -0.146 0.000
Precipitation Near-surface relative humidity geshrhsgl.dat -0.103 0.001
Daily-mean near-surface wind speed geshsfcwindgl.da 0.314 0.000
Sea level pressure geshpslgl.dat -0.415 0.000
Maximum Daily-mean near-surface wind speed geshsfcwindgl.da 0.247 0.000
temperature Daily minimum near-surface air temperature geshitasiat -0.124 0.000
Eastward near-surface wind geshuasgl.dat -0.286 000.0

Daily-mean near-surface wind speed

geshsfcwindgl.da 0.117 0.000

Minimum Sea level pressure geshpslgl.dat 0.462 0.000
temperature Near-surface air temperature geshtas.dat -0.313 000.0
Daily minimum near-surface air temperature geshirasiat -0.584 0.000

Appendix Table 22Lists of selected predictor variables from CanEShN®orical model for station: Homa

Predictand Predictor full name Notations Parti.¢ovalue) p-value
Mean sea level pressure ceshmslpgl.dat 0.056 0.042
Precipitation Unknown ceshplzhgl.dat 0.058 0.021
Specific humidity at 850 hPa ceshs850gl.dat 0.086 .00®
Surface specific humidity ceshshumgl.dat -0.075 08.0

Appendix Table 23 Lists of selected predictor variables from GFDLME3A-historical model for station:
Homa

Predictand Predictor full name Notations Parti.cop-value
(r-value)
Total cloud fraction geshcltgl.dat -0.100 0.000
Precipitation Sea level pressure geshpslgl.dat -0.082 0.000
Daily-mean near-surface wind speed geshsfcwindgl.da 0.205 0.000
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Appendix Table 24 Lists of selected potential predictor variablesnir GFDL_ESM2G-historical
model for station: Homa

Predictand Predictor full name Notations Parti.cop-value
(r-value)
Total cloud fraction geshcltgl.dat -0.310 0.000
Precipitation Sea level pressure geshpslgl.dat -0.119 0.000
Eastward near-surface wind geshuasgl.dat 0.231 00.00
Daily-mean near-surface wind speed geshsfcwindgl.da 0.413 0.000

Appendix Table 25Lists of selected predictor variables from CanESh&orical model for station: Hunte

Predictand

Predictor full name

Notations Parti.¢ovalue) p-value
850 hPa wind direction ceshp8thgl.dat 0.048 0.017
Precipitation Convective Precipitation ceshprcpgl.dat -0.054 6.00
Specific humidity at 850 hPa ceshs850gl.dat 0.090 .00®
Mean temperature at 2m ceshtempgl.dat -0.070 0.004
Mean sea level pressure ceshmslpgl.dat -0.053 0.000
Maximum 850 hPa geopotential height ceshp850gl.dat 0.053 000o0.
temperature 850 hPa divergence ceshp8zhgl.dat -0.049 0.000
Specific humidity at 850 hPa ceshs850gl.dat 0.157 .00®
Mean temperature at 2m ceshtempgl.dat -0.050 0.000
Mean sea level pressure ceshmslpgl.dat -0.033 0.004
Minimum 500 hPa geopotential height ceshp500gl.dat 0.186 000o0.
temperature 850 hPa geopotential height ceshp850gl.dat -0.103 .0000
Specific humidity at 850 hPa ceshs850gl.dat -0.062 0.000
Surface specific humidity ceshshumgl.dat 0.082 ©.00

Appendix Table 26Lists selected predictor variables from GFDL_ESMAlgtorical model for station: Hunte

Predictand Predictor full name Notations Parti.cop-value
(r-value)
Total cloud fraction geshcltgl.dat 0.048 0.017
Precipitation  Eastward near-surface wind geshuasgl.dat 0.060 20.00
Sea level pressure geshpslgl.dat -0.143 0.000
Maximum Near-surface relative humidity geshrhsgl.dat 0.253 0.000
temperature  Daily-mean near-surface  wind geshsfcwindgl.dat 0.100 0.000
Speed
Daily maximum near-surface air geshtasmax.dat -0.136 0.000
temperature
Total cloud fraction geshcltgl.dat -0.103 0.000
Minimum Sea level pressure geshpslgl.dat 0.126 0.000
temperature  Surface downwelling longwave geshridsgl.dat 0.230 0.000
radiation
Daily-mean near-surface  wind geshsfcwindgl.dat -0.084 0.000
speed
Eastward near-surface wind geshuasgl.dat 0.146 00.00
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Appendix Table 27 Lists of selected potential predictor variablesnir GFDL_ESM2G-historical
model for station: Hunte

Predictand Predictor full name Notations Parti.cop-value
(r-value)
Total cloud fraction geshcltgl.dat 0.076 0.013
Precipitation Surface downwelling long wave radiation geshrldsgl.dat 0.065 0.009
Eastward near-surface wind geshuasgl.dat 0.081 00.00
Sea level pressure geshpslgl.dat -0.265 0.000
Maximum  Near-surface relative humidity geshrhsgl.dat 0.692 0.000
temperature Daily-mean near-surface wind speed geshsfcwindgl.da0.098 0.000
Daily maximum  near-surface air geshtasmax.dat -0.198 0.000
temperature
Total cloud fraction geshcltgl.dat -0.294 0.000
Minimum  Sea level pressure geshpslgl.dat 0.283 0.000
temperature Surface downwelling longwave radiation geshrlatagl 0.230 0.000
Daily-mean near-surface wind speed geshsfcwindgl.da0.118 0.000

Appendix Table 28Lists of selected predictor variables from CanEShtorical model for station: Al

Predictand Predictor full name Notations Parti.Govalue) p-value
Precipitation  Specific humidity at 850 hPa ceshgfgat -0.078 0.003
Surface specific humidity ceshshumgl.dat 0.068 9.00

Appendix Table 29Lists of selected predictor variables from GFDLM23/-historical model for station: Al

Predictand Predictor full name Notations Parti.cop-value
(r-value)
Total cloud fraction geshcltgl.dat -0.067 0.011
Precipitation Surface downwelling longwave radiation geshrlaiagl 0.078 0.004
Eastward near-surface wind geshuasgl.dat -0.084 010.0

Appendix Table 30 Lists of selected potential predictor variablesnir GFDL_ESM2G-historical
model for station: Ali

Predictand Predictor full name Notations Parti.cop-value
(r-value)
Sea level pressure geshpslgl.dat -0.465 0.000
Precipitation Total cloud fraction geshcltgl.dat -0.098 0.001
Surface downwelling longwave radiation geshrlatagl 0.105 0.000
Eastward near-surface wind geshuasgl.dat -0.127 000.0

Appendix Table 31Lists of selected predictor variables from CanESh®orical model for station: Robe

Predictand Predictor full name Notations Parti.¢ovalue) p-value
Precipitation 500 hPa zonal velocity ceshp5_ugl.dat 0.051 0.009
Convective Precipitation ceshprcpgl.dat 0.049 0.013
Unknown ceshpl vgl.dat 0.083 0.000
Maximum 850 hPa geopotential height ceshp850gl.dat -0.185 .0000
temperature Specific humidity at 500 hPa ceshs500gl.dat -0.154 0.000
Mean temperature at 2m ceshtempgl.dat -0.235 0.000
Mean sea level pressure ceshmslpgl.dat -0.308 0.000
Minimum 500 hPa geopotential height ceshp500gl.dat 0.210 000o0.
temperature 850 hPa zonal velocity ceshp8_ugl.dat -0.116 0.000
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Specific humidity at 850 hPa ceshs850gl.dat -0.072 0.000
Surface specific humidity ceshshumgl.dat 0.103 ©.00

Appendix Table 32 Lists of selected predictor variables from GFDLMEBA-historical model for station:
Robe

Predictand Predictor full name Notations Parti.cop-value
(r-value)
Sea level pressure geshpslgl.dat -0.154 0.000
Precipitation ~ Near-surface relative humidity geshrhsgl.dat -0.235 0.000
Northward wind at 500 hpa geshva500gl.dat -0.308 00@®.
Near-surface relative humidity geshrhsgl.dat -0.350 0.000
Maximum Daily-mean near-surface  wind geshsfcwindgl.dat 0.109 0.000
temperature  speed
Eastward near-surface wind geshuasgl.dat 0.174 00.00
Total cloud fraction geshcltgl.dat -0.094 0.000
Minimum Near-surface relative humidity geshrhsgl.dat -0.061 0.000
temperature  Surface downwelling longwave geshrldsgl.dat 0.297 0.000
radiation
Eastward near-surface wind geshuasgl.dat 0.076 00.00

Appendix Table 33 Lists of selected potential predictor variablesnir GFDL_ESM2G-historical
model for station: Robe

Predictand Predictor full name Notations Parti.cop-value
(r-value)
Sea level pressure geshpslgl.dat -0.486 0.000
Precipitation ~ Near-surface relative humidity geshrhsgl.dat -0.735 0.000
Eastward near-surface wind geshuasgl.dat -0.418 000.0
Near-surface relative humidity geshrhsgl.dat -0.253 0.000
Maximum Daily-mean near-surface  wind geshsfcwindgl.dat 0.103 0.000
temperature  speed
Eastward near-surface wind geshuasgl.dat 0.224 00.00
Near-surface relative humidity geshrhsgl.dat -0.521 0.000
Minimum Surface downwelling longwave geshridsgl.dat 0.274 0.000
temperature  radiation
Eastward near-surface wind geshuasgl.dat 0.108 00.00

Appendix Table 34Lists of selected predictor variables from CanESh®orical model for station: Sinnana

Predictand Predictor full name Notations Parti.¢ovalue) p-value
Precipitation 850 hPa divergence ceshp8zhgl.dat 430.0 0.027
Mean sea level pressure ceshmslpgl.dat 0.148 0.000
Maximum  Unknown ceshpl_zgl.dat -0.154 0.000
temperature 500 hPa geopotential height ceshp500gl.dat 0.134 000o0.
850 hPa geopotential height ceshp850gl.dat -0.175 .0000
Surface specific humidity ceshshumgl.dat -0.192 00.0
Mean sea level pressure ceshmslpgl.dat -0.292 0.000
Minimum 500 hPa geopotential height ceshp500gl.dat 0.222 000o0.
temperature Surface specific humidity ceshshumgl.dat 0.108 ©@.00
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Appendix Table 35 Lists of selected predictor variables from GFDLME3/-historical model for
station: Sinnana

Predictand Predictor full name Notations Parti.cop-value
(r-value)
Precipitation geshprgl.dat -0.043 0.037
Precipitation Sea level pressure geshpslgl.dat 0.049 0.014
Surface downwelling longwave geshrldsgl.dat 0.059 0.010
radiation
Eastward near-surface wind geshuasgl.dat -0.041 390.0
Near-surface relative humidity geshrhsgl.dat -0.418 0.000
Maximum  Daily-mean near-surface wind speed geshsfcwindgl.da 0.089 0.000
temperature Daily maximum near-surface air geshtasmax.dat -0.139 0.000
temperature
Total cloud fraction geshcltgl.dat -0.060 0.000
Minimum  Surface downwelling longwave geshrldsgl.dat 0.378 0.000
temperature radiation
Daily-mean near-surface wind speed geshsfcwindgl.da-0.126 0.000
Near-surface air temperature geshtas.dat 0.080 00.00

Appendix Table 36 Lists of selected potential predictor variablesnir GFDL ESM2G-historical
model for station: Sinnana

Predictand Predictor full name Notations Parti.cop-value
(r-value)
Sea level pressure geshpslgl.dat 0.443 0.000
Precipitation Surface downwelling longwave geshrldsgl.dat 0.092 0.001
radiation
Eastward near-surface wind geshuasgl.dat -0.103 000.0
Near-surface relative humidity geshrhsgl.dat -0.624 0.000
Maximum  Daily-mean near-surface wind speed geshsfcwindgl.da 0.107 0.000
temperature Daily maximum near-surface air geshtasmax.dat -0.429 0.000
temperature
Surface downwelling longwave geshrldsgl.dat 0.523 0.000
Minimum  radiation
temperature Daily-mean near-surface wind speed geshsfcwindgl.da-0.289 0.000
Near-surface air temperature geshtas.dat 0.193 00.00

Note: The partial correlation coefficient (r) shows thepkanatory power that is specific to each predicialt are
significant at p< 0.05. hpa: is a unit of pressure, 1 hPa = 1 mba06 Pa = 0.1 kPa. Correlation matrix was used to
investigate intervariable correlations for spedfgib—periods (annual, seasonal or monthly).

Appendix Table 37Morphological characteristics for the major soifdVeyib River basin

Soil group Depth Colour Texture Structure Consistency Drainage
Cambisols Shallow to very Dusky red to Clay loam. sandy Moderate, fine and medium, . . - . s
i o = 2 age 7 granular and sub-angular Friable moist Well/excessive
(cM) deep yellowish brown loam. silty loam R
= = blocky structure

Leptosols Very shallow Dark brown to Saniiviciay loam Moderate. medium and Very friable. slightly Excessive/well

@ap) Ty very dark brown Y y coarse, granular structure  sticky andslightly plastic

Moderately Fine to medium moderate to

Luvisols rop Darkredto very dark R g ., Friable to firm, N
@ deep to Very greyish brown Clay/clayloam loam, strong.sub-angular blocky sticky and plastic Moderate to well

deep structure
Regosols R Dark brown to dark Sand}i clay loamv Weak, very fine, granular Very friable. non-sticky Excessive/some
= Shallow = loamy sand/ sandy = ¥ : = =
RG) yellowish brown - 7 structure and non-plastic what excessive
i Moderately Fine to coarse moderate to -Firm moist -Poorly drained
Vertisols 4 J,._. Black to very dark . R R o o -Poor
eep to Very A Heavy clay/clay loam strong sub-angular and -Very firm moist
(VR) 4 brown. = : N -Moderate
eep angular blocky structure -Friable moist

-Imperfect

Source: Federal Democratic Republic of Ethiopia, Ministsff Water Resources, Genale-Dawa River Basin
Integrated Resources Development Master Plan|IPaector Reports
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Appendix Table 38 Detail descriptions of soil physical and chemicladracteristics of Weyib River
basin used as an input for SWAT model

Profile Soil Depth Sand Silt Clay Texture pH pH EC CEC BS ESP 0.C OM.
No. Type cm Y Class H,0 KCl ms/cm Y
0-25 17.02 347 483 C 5.9 48 0.06 486 69.3 04 7.0 12
GSP001 LVx 25-110 294 17.0 80.1 HC 5.1 5.0 0.07 464 95.8 15 11 2.
110-200 2.09 102 87.7 HC 78 5.8 0.05 509 1102 22 0.3 0.
GSP003 Rg 0-50 5242 254 22 SCL 6.1 49 0.05 18.1 86.1 15 16 2
0-15 23.16 25.6 312 C 6.1 47 0.06 518 713 0.6 41
15-80 745 16.8 75.7 HC 6.6 5.0 0.05 418 93.0 16 16 2
SEENG L¥h 80-110 373 144 818 HC 71 6.0 0.07 522 87.8 2.1 0.5 0.
110-200 10.13 121 713 HC 71 54 0.07 49.0 914 22 04 0.
0-15 27.08 571 15.5 SIL 8.1 72 0.18 394 1114 03 35 5
N 15-50 22.16 54.7 231 SIL 83 72 0.15 520 130.5 04 15 2
CSE0L2 e 50-80 3439 470 186 L 85 3 0.16 479 133.0 10 0.6 1
80-120 25 524 26 SIL 8.6 0.17 372 1446 20 03 0.
0-30 62.29 102 21.5 SCL 6.8 6.0 0.04 99 76.3 03 12 2
GSe0e e 30-60 4838 113 40.1 SC 6.5 5.1 0.02 123 452 08 0.9 1
0-25 28.04 319 40.1 C 6.1 49 0.05 12.1 719 0.9 0.6 13
GSP063 CMx 25-90 26.04 312 427 [ 6.2 5.0 0.08 145 746 16 0.5 0.
90-200 532 354 115 SL 85 73 0.09 22 833 15 02 0.
0-15 13.35 19.6 67.0 HC 86 7.08 0.19 87.7 102.5 34 22 3
GSP146 YRe 15-80 113 15.5 834 HC 85 7.0 0.67 95.0 97.0 92 23 3¢
80-200 T 178 822 HC 83 71 118 87.0 104.0 103 18 32
0-15 21.53 417 308 CL 13 6.1 0.06 320 917 0.5 19 33
15-100 11.57 426 459 SC 15 5.8 0.06 453 953 19 16 23
L Me 100-170 6.76 345 58.7 C 82 69 0.59 70.0 93.0 i ) 11 1¢
90-200 743 114 S1.1 HC 85 74 117 586 1238 15.7 1y 23
GSP205 LIp 0-20 414 3453 2407 L 8.64 7.64 0.20 40.7 983 1.6 0.58 1
0-20 1351 3351 5297 [ 834 744 0.15 614 940 0.6 1.95 335
GSP218 YRk 20-80 248 2492 726 C 833 749 0.58 57.8 108.8 49 1.54 265
80-180 742 23.15 69.44 C 847 747 045 545 105.6 5 124 2.13

LVv: Vertic Luvisol, RG: Regosol, LVh: Haplic Luwid, CMc: Calcaric Cambisol, CMd: Dystric Cambisol,
CMx: Chromic Cambisol, VRe: Eutric Vertisol, CMeutEic Cambisol, Lp: Leptosol, VRk: Calcic Vertisol,
Source: Federal Democratic Republic of Ethiopia, Ministsff Water Resources, Genale-Dawa River Basin
Integrated Resources Development Master Plan|IPagctor Reports

Appendix B
Appendix Figures

Knowing an expected behavior of hydro-meteoroldgmacesses, mainly precipitation is

important for hydrological modelling. In this stydiromogeneity of long-term annual

precipitation series at different meteorologicadtisins has been checked using Rainbow
software. The rainfall data has been tested fordganeity at different significance levels (at

0.1, 0.05 and 0.01alpha levels).
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Appendix Figure 1 Homogeneity test of annual precipitation seriestaion Adaba (homogeneous)
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Sinana: Annual rainfall (mm)
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Appendix Figure 2 Homogeneity test of annual precipitation seriestaion Sinnana (homogeneous)

Agarfa: Annual rainfall (mm)
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Appendix Figure 3 Homogeneity test of annual precipitation seriestaion Agarfa (homogeneous)

Goba: Annual rainfall (mm)
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Appendix Figure 4 Homogeneity test of annual precipitation seriestation Goba (homogeneous)
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Goro: Annual rainfall (mm)
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Appendix Figure 5 Homogeneity test of annual precipitation seriestaion Goro (homogeneous)
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Appendix Figure 6 Homogeneity test of annual precipitation seriestaion Hunte (homogeneous)

Meliyu: Annual rainfall (mm)
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Appendix Figure 7 Homogeneity test of annual precipitation seriestaion Meliyu (homogeneous)
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Robe: Annual rainfall (mm)
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Appendix Figure 8 Homogeneity test of annual precipitation seriestaion Robe (homogeneous)

Homa: Annual rainfall (mm)
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Appendix Figure 9 Homogeneity test of annual precipitation seriestation Homa (non-homogeneous)

Dinsho: Annual rainfall (mm)
c =
u 99 % —
S e S——
a
t
i 4
W
e
d 2
e
v
i 1]
a
t
i
o 2
n
T T T T I T T T T ] T T T T I T T T T I T T T T
1980 1985 1930 19395 2000 2005
Time serie

Appendix Figure 10 Homogeneity test of annual precipitation seriest@ion Dinsho (non-homogeneous)
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Ginir: Annual rainfall (mm)
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Appendix Figure 11Homogeneity test of annual precipitation seriest@ion Ginnir (non-homogeneous)

Gasera: Annual rainfall (mm)
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Appendix Figure 12 Homogeneity test of annual precipitation seriestaion Gassera (hon-homogeneous)
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Appendix Figure 13Demonstration of ArcSWAT model for Weyib River Bas
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Appendix C
Appendix Photos

Some of the photos captured in side Weyib Rivembdisring field trip are presented here under.

Appendix Photo 1 Bread wheat varieties in Sinnana Research StaBate zone of southern
Ethiopia, in side Weyib River basin

Appendix Photo 3Shaya river section, a tributary of Weyib Rivesiba
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Appendix Photo 4Recent bale-robe flash flood, inside Weyib Rivasib

Appendix Photo 5 Mountain Nyala, Bale Mountains National park, Or@megional state, inside
Weyib River basin
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