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ABSTRACT

Climate change (CC) and Land Use/Land Cover (LULC) changes present significant threats to
global water resources and socio-economic systems. This study aimed to evaluate the impact of
climate change and LULC changes on the availability of surface water resources in the Wosha
watershed, located in the Rift Valley Lakes Basin (RVLB) of Ethiopia. The available water
resources were assessed using the Soil and Water Assessment Tool (SWAT), a semi-distributed,
physically-based hydrological model. Calibration and validation of computed stream flow were
conducted using SWAT-CUP with the SUFI-2 algorithm. Bias-corrected data from three climate
models output from Coupled Model Intercomparison Project Phase 6 (CMIP6) models such as
CANESM5, MIROC6, and NESM3 were used to assess baseline (1985-2014), mid-term (2041-
2070), and long-term (2071-2100) periods under the Shared Socioeconomic Pathways (SSP2 4.5
and SSP5 8.5) climate scenarios. The SWAT model's performance was robust, achieving R2 values
of 0.88 and NSE values of 0.75 during calibration, and R2 values of 0.83 and NSE values of 0.72
during validation for monthly simulations. The projections indicate that both rainfall and
temperature will increase under SSP2 4.5 and SSP5 8.5 scenarios in the mid-term period, with a
temperature rise of 1.2°C expected under SSP5 8.5. Precipitation is also expected to increase by
1% to 10% in the long term for both scenarios. Therefore, the primary objective of this study was
to assess the impact of climate and LULC changes on the availability of surface water resources
in the Wosha watershed. The results underscore the importance of understanding surface water
availability and mitigating the impact of climate change to ensure future water resources for the

region.

Keywords: Climate Change; CMIP6; Copernicus; Wosha watershed; SSP; SWAT-CUP; Water
Availability
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1. INTRODUCTION

1.1. Background
Climate change refers to the long-term patterns of atmospheric conditions (Boru et al., 2019).
While it can change over time, human activities such as burning fossil fuels and deforesting have
accelerated these changes in recent decades. These activities have increased greenhouse gas
(GHG) levels in the atmosphere, trapping heat and causing the Earth's temperature to rise. The
impact of climate change on the hydrology of the globe is observed in different basins of the world.
The hydrology of Africa is shaped by complex interactions between the atmosphere, land, and
ocean. Freshwater availability is highly seasonal and influenced by both local and distant rainfall
patterns, resulting in significant variability across the continent.
Surface water is a crucial resource for sustaining life on Earth (Von Uexkull & Buhaug, 2021). It
supports ecosystems in lakes, rivers, and wetlands and provides essential water for human use.
Surface water also plays a vital role in global water and climate cycles. Variations in surface water
extent affect these global cycles and impact water resource availability, which has significant
implications for both human societies and ecosystem sustainability. In Ethiopia, climate change
poses a serious threat to surface water resources. The country’s dependence on unpredictable
annual rainfall makes it highly vulnerable to water scarcity. Climate change is exacerbating this
problem, intensifying the challenges of water security. Effective and sustainable management of
water resources requires addressing the impacts of climate change.
Climate change represents a significant threat to global water resources, impacting both the
availability and quality of surface water. In regions like the Rift Valley Lakes Basin in Ethiopia,
the effects of climate change are becoming increasingly evident, manifesting in altered
precipitation patterns, shifts in temperature, and intensified hydrological extremes. These changes
have profound implications for water resource management, agricultural productivity, and
ecosystem sustainability.
The Wosha watershed, a critical component of the Rift Valley Lakes Basin, exemplifies the
vulnerability of surface water resources to climate variability. This watershed, characterized by its
unique hydrological and ecological attributes, has experienced noticeable changes in recent
decades. According to recent studies, shifts in rainfall patterns and increased temperatures have

led to significant alterations in stream flow regimes and water availability in this region (Tadese



et al., 2020). The resultant hydrological stress not only affects local communities but also threatens
the broader ecological balance of the basin.

Assessing the impact of climate change on surface water resources in the Wosha watershed is
crucial for developing effective adaptation and management strategies. Understanding these
impacts can help in formulating policies that mitigate adverse effects and enhance the resilience
of both human and natural systems. This study aims to provide a comprehensive evaluation of
these impacts, focusing on changes in precipitation, temperature, and their implications for surface
water dynamics in the Wosha watershed.

This study was used SWAT model to simulate surface water availability under climate change to
understand changes in baseline (1985-2014), mid-term (2041-2070), and long-term (2071-2100)
periods under SSPs. Climate Model for Hydrological model (CMhyd) tool was applied to reduce
bias from climate models. The fundamental objective of this study is to assess the impact of climate

change on water availability in Wosha watershed RVLB, Ethiopia.

1.2. Statement of the Problem

Water is a vital resource for sustaining ecosystems, agricultural activities, human consumption,
and industrial processes (Edamo, Bushira, et al., 2022). The availability of surface water is
particularly crucial in regions like Ethiopia's Rift Valley Lakes Basin (RVLB), where agriculture
dominates the economy and livelihoods. In recent years, the Wosha watershed within the RVLB
has experienced significant environmental changes, which are exacerbating the already complex
issues related to water availability. These changes, driven by climate variability, land use
alterations, and population growth, pose substantial challenges to the sustainability of water
resources in the region (Ukumo, Edamo, et al., 2022).

Despite the critical importance of water resources in the Wosha watershed, there is a noticeable
gap in the literature regarding a comprehensive assessment of surface water availability in this
specific area. Globally, numerous studies have examined the impacts of climate change on water
resources, with findings indicating significant reductions in surface water availability, altered
hydrological cycles, and increased frequency of extreme weather events (Boru et al., 2019; Edamo,
Bushira, etal., 2022; Orke & Li, 2021; Ukumo, Edamo, et al., 2022). However, these studies often
focus on larger watersheds or global models that may not capture the nuances of smaller, regional

watersheds like Wosha watershed. Consequently, there is limited understanding of how global



climate models translate to local impacts, particularly in under-researched areas like the Wosha
watershed.

Moreover, while global literature has addressed the implications of climate change on water
resources in various parts of the world, there is a scarcity of research that integrates local socio-
economic factors with hydrological changes in Ethiopia’'s RVLB under Shared Socio-Economic
Pathways (SSPs). The existing studies in the region often focus on Representative Concentration
pathways (RCPs) on broader scales, such as the entire RVLB or other large river basins, thereby
overlooking the unique characteristics and challenges faced by the Wosha watershed under SSP
4.5 and 8.5. This gap in the literature highlights the need for a focused study that assesses surface
water availability in this watershed, considering both the physical and socio-economic dimensions.
Understanding the specific impacts of climate change on surface water availability in the Wosha
watershed is essential for developing effective water management strategies that can mitigate the
potential adverse effects on agriculture, human settlements, and biodiversity. Additionally, such
an assessment can provide valuable insights into the regional variations within the RVLB,
contributing to more targeted and sustainable water management practices across Ethiopia.

This study seeks to fill the identified gap by providing a comprehensive assessment of surface
water availability in the Wosha watershed. Doing so will contribute to the global discourse on
climate change and water resources and offer practical solutions for enhancing water security in

one of Ethiopia's most vulnerable regions.

1.3. Objectives of the Study
1.3.1. General Objective

The main objective of this study is to evaluate climate change impacts on surface water resources
in the Wosha watershed and improve our understanding of how these changes are likely to affect
these resources.

1.3.2. Specific objectives
e To evaluate the spatial and temporal distribution of rainfall and discharge in Wosha watershed
e To assess the impacts of climate change on the surface water resources in the watershed

e To identify the biophysical and socio-economic problems of the watershed



1.4. Research Questions

1. What is the spatial and temporal distribution of rainfall and discharge in Wosha watershed?
2. How much water is available in Wosha watershed under climate change?

3. What are the biophysical and socio-economic problems of the watershed?
1.5. Scope of the study

The scope of this study encompasses a detailed examination of both climatic variables and LULC
changes and their combined effects on water availability in the Wosha watershed, part of the Rift
Valley Lakes Basin in Ethiopia. The study involved the use of historical climate data, future
climate projections, and satellite imagery to analyze changes in precipitation patterns, temperature
variations, and land use dynamics over time. SWAT model was employed to simulate how these
changes impact surface water with a focus on understanding the temporal and spatial distribution
of water availability. By integrating climate models, LULC analysis, and hydrological
assessments, this research aims to provide a holistic understanding of the future of water resources
in the watershed and offer evidence-based recommendations for adaptive management strategies
to mitigate adverse impacts. Due to time and resource constraints, groundwater is not considered

in this study.

1.6. Significance of the Study

The effects of climate change and land use/land cover (LULC) changes on water availability are
critical to understanding the sustainability of water resources in the context of a rapidly changing
environment. As global temperatures rise and weather patterns become more unpredictable, the
hydrological cycle is significantly altered, affecting precipitation, evapotranspiration, and runoff
patterns. These changes can lead to more frequent and severe droughts or floods, directly impacting
water availability. Additionally, human-induced LULC changes, such as deforestation,
urbanization, and agricultural expansion, further exacerbate these effects by altering the natural
infiltration and runoff processes. This study is significant because it provides a comprehensive
analysis of these intertwined factors, offering valuable insights for policymakers and water
resource managers to develop adaptive strategies that ensure sustainable water availability.

Understanding these dynamics is crucial for maintaining ecological balance, securing water for



human consumption, agriculture, and industry, and mitigating the adverse effects of climate
change on vulnerable communities, particularly in regions like the Rift Valley Lakes Basin in

Ethiopia, where water resources are already under stress.

1.7. Overview of thesis

The thesis contains five chapters and is organized according to guidelines. Chapter one contains
the background of the study, a statement of the problem, objectives, scope, and significance of
the study. Chapter two is a literature review that summarizes the previous studies regarding climate
change impacts on surface water availability. Chapter Three materials and methods that describe
the types of data used in this study, climate models, remote sensing images, future predictions, and
models used. Chapter four represents the outcomes of the model, calibration, validation, and
sensitivity analysis. Chapter Five last chapter concludes the results and give recommendations for

future research.

2. LITERATURE REVIEW



2.1. Overview of Climate Change and its Effects on Surface Water Availability

Climate change refers to the changes in the Earth's temperature that humans are bringing about
through the burning of fossil fuels, the clearing of forests, and other actions that raise the
atmospheric concentration of greenhouse gases (GHG) (Abdollahbeigi, 2020). Climate change can
be defined as a long-term, ongoing change in the range of weather conditions, such as more
frequent and severe extreme storms, or as an increase or decrease in average weather conditions,
such as maximum and minimum temperatures. The increased global warming, rising average
temperatures, shifting rainfall patterns, widespread melting of snow and glaciers, and rising sea
levels all of which have been documented for at least 30 years can be used for global climate

change analysis (Kim et al., 2014).

Climate change poses a significant threat to surface water availability in the Wosha watershed. As
temperatures rise and precipitation patterns become more erratic, the hydrological cycle is
expected to undergo significant changes. Studies by Edamo et al. (2022) predict that the
watersheds in the Rift Valley Lakes basin will experience more frequent and intense droughts,
reducing the amount of water available for both ecological and human needs. The increasing
frequency of extreme weather events, such as floods and droughts, further complicates water
management in the watershed. According to Ukumo et al. (2022), these events can lead to sudden
changes in water availability, with periods of excess water followed by severe shortages. This
variability poses challenges for water storage, distribution, and allocation, particularly in a region

already facing water stress (Nica et al., 2019).
2.1.1. Climate Change in Ethiopia

There are several climate change events and repercussions of climate change on the environment
and human societies. There is also an emerging consensus that Eastern Africa, and particularly
Ethiopia, is one of the most vulnerable countries due to its great reliance on climate-sensitive
sectors, particularly in agriculture (Kundzewicz et al., 2014). Ethiopia's contribution to global
greenhouse gas emissions is negligible, but it is frequently affected by the adverse impacts of
climate change brought by the carbon-intensive development paths of rich countries over the past
century. The annual average temperature is projected to increase by 3.84 °C compared to that of
1960- 1990 while, the average annual rainfall will reduce by 3.5% at the end of the 21% century
(Dalle et al., 2023). Similarly, the trend of mean annual temperature and annual rainfall variability



were observed over the country from 1951 to 2000. The result showed that there has been a
warming trend in the annual temperature over the past 55 years. It has been increasing by about
0.37°C every 10 years, case of this; the country has also experienced both dry and wet years over
the same period (Ukumo, Lohani, et al., 2022).

2.1.2. Climate Models

Climate models are mathematical representations of the climate system, expressed as computer
codes and run on powerful computers (Pielke et al., 2022). Different kinds of climate models
range from simple energy balance models to complex earth system models (Stewart-Koster et al.,
2023). The General circulation model (GCM) is a mathematical description of the Earth’s climate
system that is broken into several grid boxes and levels in the atmosphere, ocean, and land. Each
of the grid boxes serves as a model calculation unit at which equations are solved that describe the
large-scale balances of the momentum, heat, and moisture (Chen et al., 2021). GCMs are the only
credible tools currently available for simulating the response of global climate systems. It is
standard practice to use observed data in the form of daily or monthly time series representing the
current baseline period and to apply changes derived from GCM information to these observed
data (30 years as a standard baseline by WMO) (IPCC, 2023b).

2.1.3. Climate Scenarios

Scenarios are indicators of how levels of emission might increase in the future and analyze how
driving forces such as natural and human activities may influence emission outcomes for the future
and estimate related uncertainties (Boru et al., 2019). They can help to understand the effect as
well as the impact of climate change and also its adaptation and mitigation mechanism (IPCC,
2023a). A set of scenarios was developed to show the level of driving agents and emissions to
reflect the present-day climate patterns, the recent past climate, and the changes of climate for long
periods. It can be used to estimate future atmospheric situations for decades or centuries in the
future, but never predict the local weather condition on a particular day (IPCC, 2023a).

Scenarios have long been used by climatologists and researchers to analyze and understand the
effect as well as the situations in which outcomes are uncertain (Kopp et al., 2023).

A range of scenarios can be used for climate researchers, climatologists, and policymakers to make
decisions and identify sensitive parameters that induce future climate change (IPCC, 2023a). These

future scenarios of driving agents such as greenhouse gasses and aerosols are fed into the climate



models as input, and the output of these climate models is further used in climate change analysis
and hence, the assessment of impacts, effects, adaptation, and mitigation mechanisms. The
scenarios from the Special Report on Emission Scenarios (Aversa, 2023) and more recently, the
Shared Socioeconomic Pathways (IPCC, 2023a) are used in climate research.

2.14. The Representative Concentration Pathways (RCPs)

The RCPs (Representative Concentration Pathways) used in CMIP5 are a set of scenarios that
describe possible future trajectories of greenhouse gas emissions and concentrations, land use, and
socioeconomic factors (Tariq et al., 2023). These scenarios were developed to provide a common
framework for climate modeling and to facilitate the comparison of different models' projections
of future climate change (Asempah et al., 2024).

The RCPs were chosen to represent a broad range of possible future climate outcomes, from a peak
and decline in radiative forcing (RCP2.6) to a continued rise in radiative forcing (RCP8.5). Each
RCP has a specific level of radiative forcing by 2100, which is a cumulative measure of human
emissions of greenhouse gases (GHGs) from all sources expressed in Watts per square meter. In
summary, the RCPs in CMIP5 are a set of scenarios that describe different possible future
trajectories of greenhouse gas emissions and concentrations, which are used to drive climate

models and generate projections of future climate change.

2.15. The Shared Socioeconomic Pathways (SSPs)
SSPs are the most, latest climate change scenarios. The SSPs are used in the 6th IPCC Assessment
Report (AR6). The implications of climate change for the environment and society will depend
not only on the response of the Earth system to changes in irradiation forcing but also on how
humankind responds to changes in technology, economics, lifestyle, and policy (Kc, 2024). The
main reasons for developing the new SSP scenarios were as a result of SRES scenarios do not
consider climate policy; the latest developments in climate models require detailed information on
emissions by source type and allow consistent usage of scenarios through the collaboration of
various disciplines. The new scenarios are thus intended to connect work on climate change,
impacts and adaptation, and mitigation (IPCC, 2023a). Unlike Special Report on Emission
Scenarios (SRES), SSPs start with pathways of radioactive forcing (the change in the balance
between incoming and outgoing radiation to the atmosphere caused primarily by changes in

atmospheric composition), not with detailed socioeconomic narratives or scenarios (Samir, 2024).



2.1.6. The Comparison of CMIP5 and CMIP6

The RCPs (Representative Concentration Pathways) used in CMIP5 and the SSPs (Shared
Socioeconomic Pathways) used in CMIP6 are both sets of scenarios that describe possible future
trajectories of greenhouse gas emissions and concentrations, land use, and socioeconomic factors
(He et al., 2023). RCPs only specify the radiative forcing pathway, while SSPs also include
socioeconomic narratives and challenges to adaptation and mitigation (He et al., 2023). There are
4 RCPs (RCP2.6, RCP4.5, RCP6.0, RCP8.5) that span a range of radiative forcing levels in 2100
and There are 5 SSPs (SSP1 to SSP5) that describe different socioeconomic challenges to
mitigation and adaptation. Each SSP can be combined with a radiative forcing pathway to create
a scenario, e.g. SSP1-2.6, SSP2-4.5, SSP3-7.0, SSP5 8.5, etc.

So, in summary, the SSPs in CMIP6 build upon the RCPs from CMIPS5 by adding socioeconomic
context, while still maintaining comparable radiative forcing levels. This allows for a more

comprehensive exploration of the uncertainties in future climate projections.

2.1.7. Downscaling Techniques

Because of their coarse resolution, global climate models (GCMs) are unable to accurately depict
important sub-grid-scale characteristics including terrain, clouds, and land use (Casanueva et al.,
2016). The spatial and temporal resolution gaps between what impact assessors need and what
climate modelers can currently provide are filled by using climate downscaling approaches (Keller
et al., 2022). The regional and local watershed processes and the large spatial resolution of GCMs
differ greatly. This scale mismatch causes a considerable problem in the assessment of climate
change impact using hydrological models. Therefore, the development of downscaling techniques
for extracting high-resolution climate or climate change information from relatively coarse-
resolution global climate models (GCMs) should receive a great deal of attention (Yersaw &
Chane, 2024).

Large spatial resolution GCM outputs can be downscaled to a finer spatial resolution using two
primary methods: statistical and dynamic downscaling. The goal of dynamic downscaling is to
identify a few local and large-scale climate dynamics. Higher-resolution regional climate models
(RCMs), which react to GCM output, are used to achieve this. Boundary conditions, or the values
at the boundaries of the RCM's spatial domain, are supplied by the GCM output. The majority of

RCMs have horizontal resolutions of tens of kilometers, which allows them to include crucial



details about physical topography and orography in their simulations. RCMs are often best adept

at monthly or coarser timeframes in terms of temporal resolution (Paranunzio et al., 2023).

Statistical downscaling consists of modeling the relationship between GCM output and
observations to produce results that are useful as inputs to sector models or for direct use in
decision-making. The overall idea is to establish empirical connections between predictors and
values that have been seen historically, and then use those connections to inform projections for
the future. Compared to dynamical downscaling, statistical models are simpler, considerably easier

to build and maintain, and require a lot less computing time (Jin et al., 2023).

2.2. Surface water resources and its availability in Ethiopia

Surface water availability in watersheds is critical for sustaining ecosystems, agriculture, and
human livelihoods, especially in regions like Ethiopia, where water resources are under increasing
pressure due to climate variability and anthropogenic activities. The Wosha watershed, part of the
Rift Valley Lakes Basin (RVLB) in Ethiopia, presents a unique case for assessing surface water
availability due to its geographical location, climatic conditions, and socio-economic dynamics.
Understanding the factors influencing surface water availability in this watershed is essential for
developing sustainable water management strategies (Edamo et al., 2022).

The assessment of surface water availability in the Wosha watershed of Ethiopia's RVLB is a
critical area of research, given the region's susceptibility to water stress. The literature highlights
the complex interplay of factors, including climate change, land use changes, and hydrological
processes, that influence water availability in the watershed. To ensure sustainable water
management, it is essential to adopt integrated approaches that consider the watershed's unique
characteristics and the socio-economic needs of its inhabitants. Future research should focus on
developing adaptive management strategies that can mitigate the impacts of climate change and
human activities on the watershed's water resources.

Ethiopia is often referred to as the "Water Tower of East Africa” due to its significant water
resources, including numerous rivers, lakes, and wetlands. However, the distribution of these
resources is highly uneven, with the central highlands receiving most of the rainfall, while lowland
areas like the RVLB experience water scarcity. According to studies by Haile et al. (2021) the
variability in rainfall patterns, combined with increasing water demands from agriculture, industry,

and domestic uses, has led to significant challenges in managing surface water resources.
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The RVLB, which encompasses several critical watersheds, including Wosha, is particularly
vulnerable to water stress due to its semi-arid climate, fluctuating rainfall patterns, and growing
population. The region's hydrological cycle is complex, influenced by both natural and
anthropogenic factors. Understanding these dynamics requires detailed studies on the hydrology

of specific watersheds like Wosha.

2.3. Hydrological Characteristics of the Wosha Watershed

The Wosha watershed is a sub-basin within the RVLB, characterized by diverse topography and
climatic conditions. It plays a crucial role in feeding into the larger water bodies of the basin, which
are vital for the region's water supply. The hydrological processes within the watershed, including
precipitation, evapotranspiration, infiltration, and runoff, determine the availability of surface
water.

The hydrology of the Wosha watershed is influenced by both natural factors, such as topography
and soil type, and human activities, including land use changes and water abstraction for irrigation.
The study emphasizes the need for integrated watershed management approaches that consider
these diverse factors.

In recent years, climate change has emerged as a critical factor affecting surface water availability
in the Wosha watershed. Studies by Sulamo et al. (2021) indicate that changes in precipitation
patterns, increased temperatures, and altered evapotranspiration rates are likely to exacerbate water
scarcity in the region. These changes necessitate adaptive water management strategies to ensure

sustainable water use in the watershed.

2.4. Impact of Land Use and Land Cover Changes

Land use and land cover (LULC) changes have significant implications for surface water
availability in watersheds like Wosha. Deforestation, agricultural expansion, and urbanization alter
the hydrological processes by increasing surface runoff, reducing infiltration, and altering the
timing and quantity of water flow. According to Moges et al. (2021), these changes can lead to
reduced base flow in rivers, increased sedimentation, and higher flood risks, all of which
negatively impact water availability.

In the Wosha watershed, LULC changes have been driven primarily by agricultural expansion and
population growth. Between 1985 and 2015, the watershed experienced significant deforestation,
with forested areas decreasing by nearly 30%, while agricultural lands expanded by 40%. These
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changes have had profound effects on the watershed's hydrology, leading to increased surface

runoff, reduced groundwater recharge, and diminished river flows during dry seasons.
2.5. Hydrological models

Hydrological models are a simplified, conceptual representation of the components of the
hydrologic cycle. There are different forms of hydrological models and are primarily developed
for better understanding of the hydrologic processes and prediction of hydrologic phenomena in a

watershed.

2.5.1. Types of hydrological models

According to Chow et al. (1988), stochastic and deterministic models are often considered to be at
the top level of the classification tree, in accordance with the way they treat the randomness of
hydrologic phenomena. Stochastic models use local hydrometric data to predict flows. These
models allow for some randomness that results in different outputs and based on analysis of past
events, commonly rainfall and river discharge (Ahmad et al., 2001). Deterministic models
generally produce a single output of runoff for a given rainfall under identical physical
environments. Without going to too much detail, deterministic hydrologic models can be classified

into three main categories (Cunderlik, 2003).

Lumped models: lumped hydrologic model simulation evaluated only at outlet of the basin that
is without explicitly accounting for the response of individual sub-basins and parameters do not
vary spatially within the basin. Parameters of lumped models often do not represent physical
features of hydrologic processes and usually involve certain degree of empiricism. According to
Haan et al. (1994), the impact of spatial variability of model parameters is evaluated by using
certain procedures for calculating effective values for the entire basin and the most commonly
employed procedure is an area-weighted average. Lumped models are not usually applicable to
event scale processes. If the interest is primarily in the discharge prediction only, then these models
can provide just as good simulations as complex physically based models (Beven K. , 2000). Water
Balance model (WATBA), Snowmelt Runoff Model (SRM), Identification of unit Hydrograph
and Components from Rainfall, Evaporation and Stream flow data (IHACRES) are examples of

lumped hydrological models
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Distributed models: distributed hydrological model parameters are fully allowed to vary in space
at a resolution usually chosen by the user. Distributed modeling approach attempts to incorporate
data concerning the spatial variation of parameters together with computational algorithms to
evaluate influence of this distribution on simulated precipitation-runoff behavior. Distributed
models require large amounts of data for parameterization in each grid cell (Beven, 2000).
However, the governing physical processes are modeled in detail, and if properly applied, they can
provide the highest degree of accuracy. For instance, HYDROTEL, MIKE11l/SHE and
WATFLOOD are distributed models.

Semi-distributed models: parameters of semi-distributed models are partially allowed to vary in
space by dividing the basin into a number of smaller sub-basins. Semi-distributed model structures
are more physically based than the structure of lumped models and less demanding input data than
fully distributed models. Semi-distributed model can be grouped Kinematic Wave theory models
and probability distributed models. According to Beven (2000), the Wave theory models are
simplified versions of surface and/or the subsurface flow equations of physically based hydrologic
models. In the case of the probability distributed models, spatial resolution is considered by using
probability distributions of input parameters across the basin. Examples of semi-distributed models
are SWAT (Arnold et al., 1993), HEC-HMS (US-ACE, 2001), HBV (Bergstrom, 1995), and
TOPMODEL (Cunderllk, 2003).

2.5.2.  Hydrological model selection

The choice of a suitable hydrological model depends on the function that the model needs to serve.
There are several hydrological models simulating the hydrological process at different spatial and
temporal scales. There are various criteria which can be used for choosing the proper hydrological
model for a specific problem. Further, some criteria are also user-dependent and subjective, such
as the personal preference for graphical user interface, computer operation system, input-output

management and structure and clarity for users.

The selection of hydrological model taking into consideration the following four fundamental

selection criteria (Cunderlik and Simonovia, 2007):

+ Does the model predict the variables required by the project? (Required model outputs

important to the project and therefore to be estimated by the model)
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+ |s the model capable of simulating single-event or continuous processes? (Hydrological
processes that need to be modeled to estimate the outputs adequately)

+ Can all the inputs required by the model be provided within the time and cost constraints
of the project? (Availability of input data)

+ Does the investment appear to be worthwhile for the objectives of the project? (Price)

For this study, SWAT model was selected since it fulfills the above criteria. Besides, the model
was selected because, it is physically based, semi-distributed and belongs to the public domain,
computationally efficient and it requires specific information about weather, soil properties,
topography, vegetation, and land management practices occurring in the watershed and identify

erosion prone areas and adopt best management practice for the watershed.

2.6.General description of SWAT model

The SWAT (Soil and Water Assessment Tool) model is one of the river basin or watershed scale
model developed by United State Department of Agriculture - Agricultural Research Service
(USDA-ARS) in Temple, Texas during the 1970’s (Arnold et al., 1998). SWAT model is
physically based, semi-distributed, and can continuously simulate stream flow, sediment yield,
nutrient, pesticides and agricultural management in watersheds with varying soils, land use and

management conditions over long periods of time (Neitsch, et al, 2011).

In SWAT model simulation, the specific watershed information such as hydrology, weather,
topography, soil, vegetation, and land use practices are required. Based upon drainage areas of the
attributes, the model divides the watershed in to a number of sub-basins. And also, the sub-basins
are further divided in to a number of Hydrologic Response Units (HRUSs) based on land use/ cover,

soil and slope characteristics.

The hydrologic processes that can be simulated using the SWAT model contains precipitation,
evapotranspiration, evaporation, surface runoff, percolation, lateral flow, ground water flow and
channel routing (Arnold et al., 1998). The model routes the maximum amount of sediment in reach
as a function of the peak channel velocity and estimates sediment yield for each HRU using
MUSLE (Williams, 1995).

2.7.Limitations of SWAT model
SWAT model has the following limitations (Arnold et al., 1998):
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+ Flow and sediment routing equations used by SWAT are simplistic and the model assumes
channel dimensions are static throughout the simulation (may be unrealistic since
simulations may be made for 100 years or more). The simplistic description of channel
bed does not account for cohesive, non-cohesive or armored channels.

+ SWAT model is popular due to the multi-disciplinary coverage of processes representing
the hydrology, soil science, sediment transport, crop growth, in-stream water quality and
the agricultural management, but it has limitation on its non-spatial representation of the
HRU inside each sub catchment.

+ The user is responsible for ensuring that any physical parameters entered are correct and
meaningful since model is not able to check meaningfulness of values entered by user.

+ Sensitivity analysis, manual and auto-calibration tools in the SWAT model is time
demanding when modeling complex catchments with several HRUs. This tool should be
upgraded at least with visual and objective functional representation of the results. The
SWAT-CUP tool is significant improvement for the calibration procedures, however

coupling SWAT and SWAT-CUP is needed to increase the efficiency of the modeling.

2.8. Previous Studies Related to this Study

Numerous studies have examined the effects of climate change on water availability, focusing on
how shifts in precipitation patterns, temperature increases, and changes in evaporation rates impact
surface and groundwater resources under RCPs (Krinner et al., 2013). Research has shown that
regions with existing water stress are particularly vulnerable to these changes, as they may
experience further reductions in water availability based on RCPs forecasting. For instance, studies
in the Mediterranean and Sub-Saharan Africa have highlighted significant decreases in rainfall and
runoff, leading to reduced water levels in rivers, lakes, and reservoirs. Additionally, increased
temperatures exacerbate evaporation rates, compounding the effects of reduced precipitation and
further straining water resources (Folland et al., 1990). These changes are still remained vacant
under SSPs.

Despite these insights, there remains a gap in the literature concerning the nuanced impacts of
climate change on specific watersheds, particularly those in under-researched regions such as the
Wosha watershed in Rift Valley Lakes Basin in Ethiopia. Most studies tend to generalize findings
across broader geographic areas or focus on regions with more extensive data availability, leaving

localized effects underexplored. Moreover, there is limited research integrating the socio-
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economic implications of these changes on water management practices, which are critical for
developing adaptive strategies. This gap is evident in areas like the Wosha watershed, where the
combined effects of climate change and human activities on water availability are not yet fully
understood.

Study of Ukumo et al. (2022) was utilized a combination of down-scaled climatic data to anticipate
forthcoming rainfall and capacity for evapotranspiration for the 2050s, and 2080s while employing
three distinct climate circumstances: RCP2.6, RCP4.5, and RCP8.5. Subsequently, the
hydrological model, SWAT2012, was used to simulate the stream flow in the basin under every
climate scenario. The outcomes of this investigation indicate that the hydro meteorological
attributes of the middle Abbay basin are expected to be considerably influenced by the climate
change. The forthcoming precipitation is anticipated to rise in all three climate scenarios, whereas
the potential evapotranspiration is estimated to increase further. As a result, an escalation in stream
flow within the basin is expected, yet the degree of the escalation may differ depending on the
climate scenario. Discoveries hold significant consequences for the management of water
resources in the middle Abbay basin under RCP 4.5 and RCP 8.5. It is vital that those responsible
for planning and policymaking consider the expected variations in precipitation, potential
evapotranspiration, and stream flow to create sustainable approaches for water management. The
research gap observed here is the avoidance of the new Coupled Model Intercomparison Project

Phase Six (CMIP6) models under shared Socioeconomic pathways (SSPs).

The study by Edamo et al. (2022) indicated that the hydrology of the Bilate Basin is significantly
affected by climate change. There is an opposite trend in stream flow for the upstream and
downstream segments of the river, and climatic indices are demonstrating an upward trend,
particularly for cold-month precipitation. These results have noteworthy implications for Bilate
River Basin water resource management. To design sustainable water management strategies,
planners and policymakers must consider the predicted changes in stream flow and precipitation.
Moreover, the study discovered that the increase in stream flow in the upstream area of the Bilate
River Basin is primarily due to increased precipitation during cold months. This rise in
precipitation is likely a result of climate change because many parts of the world are experiencing

wetter cold months. The increase in stream flow is a positive impact of climate change as it can
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boost water availability in the region. These variabilities aren’t investigated under SSPs in Wosha

watershed.

Addressing this research gap is essential for formulating effective water management strategies
that consider both current and future climate scenarios. A more detailed understanding of how
climate change specifically affects water availability in the Wosha watershed, for instance, would
help stakeholders develop targeted interventions to enhance water security. By focusing on
localized studies, researchers can provide more precise recommendations for policy and practice,
ensuring that adaptation strategies are tailored to the unique environmental and socio-economic

conditions of each watershed.

3. MATERIALS AND METHODS

3.1.  Description of Study area
Wosha watershed is one of the tributaries in Rift Valley Lakes Basin (RVLB). It is Situated in
Sidama regional state at 270 km from the capital Addis Ababa. It Lies between with latitude and
longitude of 6°30°N to 7°30’N and 38°15’E to 38°45’E respectively. The watershed covers an area
of 2848.3 km? (Figure 3.1). The elevation range of the watershed is from 1538 to 3079 a.m.s.l. The
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agricultural land in and around the study area is used for cultivating crops consisting of chat and

sugarcane, Enset, Coffee, and Mango.
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Figure 3.1: Location Map A) Ethiopia Basins B) Rift Valley Lakes Basin C) Wosha watershed

3.1.1. Hydro-meteorological property of study area

The climate characteristics of watersheds are varying from tropical to alpine (Edamo, Bushira, et
al., 2022). The inter-tropical convergence zone (ITCZ) is responsible for the bimodal rainfall
system bringing humid wind from the Indian Ocean. Apart from the ITCZ, the rainfall distribution
in the area is affected by the effects of altitude. According to traditional classification of climate
zones, with based on elevation there are five climate zones in RVLB (Table (3.1). Most of the
study area is characterized by Wogna Dega and Kola especially in southern and central part of
basins, also the northern and north western of part of basin is Dega and wurch. Wosha watershed
has all climate zones based on the traditional classifications in RVLB because of the elevation of
the watershed ranges from 1538-3079.
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Table 3.1: RVLB climate zones classifications based on elevation and percentage coverages

No Altitude range (m) Zone % covered
1 less than 500 Bereha 1.83

2 500 - 1500 Kola 38.06

3 1500 - 2500 Wogna Dega 50.15

4 2500 - 3000 Dega 7.50

5 3000 - 4213 Wurch 2.47

Rainfall distribution in the study area is bimodal with a long rainy season from the beginning of
March to the end of May with maximum rainfall around May (300.6 mm Hawassita and 273.5 mm
Hawassa). The minimum monthly rainfall is recorded in December (24.45 mm Wondo-Genet).
The highest annual rainfall of the study area is recorded as 2107.2mm/year for Hassawita station.

Figure 3:2 shows the continuous time series of the precipitation data in the watershed.
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Figure 3.2: Observed Average Annual Rainfall of all Station (1988-2023)

In warm season the maximum temperature in the watershed is approximately 30°C and exceeds.
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Figure 3.3: Mean Annual maximum (Tmax) and minimum (Tmin) Temperature (1988-2023)

The minimum temperature of the watershed may exceed 15°C in January (Figure 3.3). The

maximum streamflow was recorded in August (102.2m%/s) (Figure 3.4).
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Figure 3.4: Mean Monthly flow data of Wosha watershed (2001-2015)

20



3.2. Data collection and analysis
A. Meteorological data

Data required as input to the SWAT model and daily observed meteorological data of rainfall,

maximum and minimum temperature, humidity, sunshine hours and wind speed data used for the

analysis was obtained from the National Meteorological Agency of Ethiopia (NMAE). The SWAT

model required meteorological data as an input, which was the precipitation depths as a function

of the return period. Meteorological stations used in this study are, Shashemene, Hawassa, Wondo-

Genet, and Hassawita (Table 3.2).

Table 3.2: List of station names and locations of selected meteorological stations

SN Station code Latitude Longitude  Elevation (ma.sl)
1 Shashemene 38.60017 7.200167 1927
2 Hawassa 38.48306 7.065 1694
3 Wondo-Genet 38.61556 7.082222 1742
4 Hassawita 38.56167 6.901944 2267

B. River flow data

Stream flow data was obtained from Ministry of Water and Energy of Ethiopia (MoWE). Which

used for sensitivity analysis, calibration and validation of the SWAT model.

C. Climate model datasets

Table 3.3: Description of CMIP6 models used in this study

Attribute CanESM5

MIROC6

NESM3

Fifth Generation Canadian Model for Interdisciplinary

Full Name Earth System Model

Research on Climate, Version 6

Nanjing University
of Information
Science and
Technology Earth
System Model,
Version 3

The University of Tokyo, Japan
Agency for Marine-Earth
Science and Technology

Canadian Centre for Climate (JAMSTEC), and National

Modelling and Analysis
Institute (CCCma)

Institute for Environmental
Studies (NIES)

Nanjing University
of Information
Science and
Technology
(NUIST), China

Atmospheric: ~2.8° x 2.8° Atmospheric: ~1.4° x 1.4° (T85

Resolution (T63 grid)

grid)

Atmospheric:
~1.125° x 1.125°
(T106 grid)
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Atmosphere, Ocean, Sea Atmosphere,

Coupled Ice, Land Surface, Carbon Atmosphere, Ocean, Sea Ice, Ocean, Sea Ice,
Components  Cycle Land Surface, Carbon Cycle Land Surface
Historical (1850—
2014), SSP
Time Periods  Historical (1850-2005), Historical (1850-2014), SSP Scenarios (2015—
Simulated RCP Scenarios (2006—2100) Scenarios (2015-2100) 2100)
Improved
atmospheric
Improved cloud schemes, convection,
better representation of the updated cloud
carbon cycle, coupled model Advanced cloud microphysics, schemes,
with atmosphere-ocean- better aerosol processes, interactive
Key Features  land-ice interaction improved land model biogeochemistry
Climate Change
Primary Climate Change Projections, Climate Change Projections, Projections, Earth
Usage Carbon Cycle Feedbacks Earth System Interactions System Modeling

The climate model data used were obtained from outputs of high-resolution regional climate
models of CMIP6 SSPs. CMIP6 data project is formed under world climate research program
(WCRP) to improve regional climate projection worldwide during sixth assessment report of
IPCC. Nowadays, the CMIP6 data is applicable in most parts of the world including the African
continent. For this study, only rainfall and air temperature datasets were used form climate models
(Table 3.3).

D. Spatial data

Digital elevation model and Land Use/Cover (LULC) were downloaded from United States
Geological Survey (USGS) earth explorer (https://earth explorer.usgs.gov/). DEM was used to
delineate watershed in order to determine hydrological parameters such as, topographic map and
slope map of the watershed. Land use land cover was downloaded from Landsat images for years
of 1997, 2008 and 2017 (Table 3.4), because these years are cloud free years. Supervised
classification with support vector machine was used to classify LULC. FAO soil data was
downloaded and used in this study.

Table 3.4: LULC Images used this study

Satellite ID Obtaining Date Resolution Source
Landsat 4-5 TM C2 L2 Jan-1-1997 30 USGS
Landsat 4-5 TM C2 L2 Jan-1-2008 30 USGS
Landsat 8-9 OLI/TIRS C2 L2 Dec-30-2017 30 USGS
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3.3. Data processing and analysis
In order to construct detailed climate change scenarios for the Wosha watershed and assess their
impacts on stream flow response, a hydrological model, SWAT was used.

3.3.1. Bias correction of climatic variables

Bias correction was applied to reduce overestimate or underestimate the mean of downscaled
variables (i.e., temperature and precipitation) (Ayehu et al., 2018). Bias correction factors were
computed from the statistics of observed and historical variables.

Distribution mapping (DM)
The DM method corrects the distribution shape of the daily precipitation based on cumulative

distribution functions (CDFs) was constructed for both the observed and the SSPs simulated for

all days within month. The daily precipitation for reference and future periods is obtained by Eq.
(3.1) and (3.2) in terms of the Gamma CDF (Fy) and its inverse (Fy‘l). It is also the same for

temperature (Edamo, Bushira, et al., 2022).

P’ref = F_ly (Fy (Pref(d)laref,mﬁref,mﬂ aobs‘m‘ﬁobs,m) (3-1)

leut (d) = Fy_1 (Fy( Pfut(d)laref,m, Bref,m) | aobs,m,ﬁobs,m) (3-2)

In this research the software Climate Model Data for Hydrologic Modeling (CMhyd) was used for
bias correction. It is essentially made for imagining effects of weather changes on water resources

as well as hydrological systems.

3.3.2. Estimating and filling missing data
Inverse distance or weighting method is most commonly used for estimation of missing

precipitation (Ly et al., 2011).

D.
p, = ——1— (3.3
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where, P,=is rainfall of the missing station, n =is the number of index stations.
Df:[(x—xi)er(y—yi)z} (3.4)

Where D; be the distance of the estimator station from the estimated station, x and y are the
coordinates of the station whose data is estimated and x; and y; are the coordinates of stations
whose data are used in estimation. Consistency for some stations will be tested by computing non-
dimensional sing of rainfall data by dividing the monthly time series data by the average rainfall
amount of the respective month (Birhanu, 2015).

D, =100x% (3.5)

Where: p; is the non-dimensional value of rainfall for month i, p; is the over monthly rainfall at

the station i and p is the over yearly rainfall of the station (Figure 3.5).
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Figure 3.5: Precipitation homogeneity test

3.3.3. Checking consistency of the data
Inconsistency may result from unreported shifting of the rain gauge in gauging station. Double
Mass Curve Analysis used to adjust inconsistent data (Figure 3.6). The change in the regime of the

curve of the inconsistency was adjusted using Equation (3.6).
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b =2 x(p,) (3.6)
a

0

where, P,= adjusted precipitation, p,= Observed precipitation, b,= Slope of graph at time p,is

observed, b,= Slope of graph to which records are adjusted.
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Figure 3.6: Double mass curve analysis of precipitation
Thiessen polygon method was used to calculate areal rainfall due to its simplicity to apply. This is
in the principle of n-number of stations and n-polygons (Figure 3.7). The areal depth of
precipitation over the total area (A) is given by:

l n

P==xY(pxA) (3.7)

A i=1
where: P is catchment areal rainfall, p; is Rainfall measured at station ‘i’,A;: Area of subregion for

stations ‘i’ and A is the total area of sub-regions in the catchment. Catchment areal rainfall

computed was used as input to the model.
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Figure 3.7: Thiessen polygon created using stations in the Wosha watershed

3.3.4. Calculation of evapotranspiration
Penman Monteith method is used to estimate Potential evapotranspiration (PET), which has been
applied successfully in different parts of the world was compared with other methods and is
accepted as the preferred method for computing potential evaporation from meteorological data.
The FAO Penman-Monteith equation is given by:

0.048A(R, ~G)+7 220, (e, —e,)

ETO — T+273 (38)
A+y(1+0.34U,)

where; ET,= reference evapotranspiration [mm day™], Rn= net radiation at the crop surface [MJ
m2day?], G = soil heat flux density [MJ mday™], T = mean daily air temperature at 2 m height

[°C], U, = wind speed at 2 m height [ms™], es= saturation vapor pressure [kPa], ea= actual vapor

pressure [kPa], A= slope vapor pressure curve [kPa °C™], y = psychometric constant [kPa °C™].
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3.3.5. Trend analysis

Trend analysis is important tool used in various fields. To identify patterns, forecasting and
predicting for future values. Mann Kendall analysis was used to test consistency. Annual and
seasonal data were corrected using this formula (Bekele et al., 2019).

Xi = f(ti) + &i (3.9)

Where, F (ti) is a continuous monotonic increasing or decreasing function of time and «i is

assumed to be from the same distribution with zero mean.
S =Y X, sing[Tj — Ti] (3.10)

where, Xi is annual values of years, J and i, j>i respectively

Lif Tj > Ti

sing=3 0if Tj=Ti (3.11)
1if Tj<Ti

Var(s) = 1i8 |n(n —1)(2n+5) — ¥p=; tp(tp — D(2tp + 5) | (3.12)

Where p is the number of tried groups and t, is the number of data values in the P group. The
values of S and Var(s) is to compute the test statistics Z. if ties are not occurred the variance can

be calculated using Equation (3.13).

n(n-1)(2n+5)

Var (s) = "

(3.13)

Where, n is the number of tied grouping the time series data and ti is denotes the number of ties
up the number of sample i, when n is greater than 10, the standard normal z test statistics is

calculated in Mann-Kendall as follows.

s—1

,—Var(s),lf5> 0
Z=4 0IfS=0 (3.14)
S+1
m’1f5< 0

Z value is used to evaluate a statistically significant, a positive and negative values of z values

indicates negative and positive upward and downward trend respectively.
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3.3.6. Land use land cover classification and accuracy assessment

Accuracy assessment is the final step of classification process. The purpose of accuracy
assessment is to quantitatively evaluate how pixels are effectively sampled in the correct of
LULC classes. Kappa coefficient was used

_(TS*TCS)-Y (Column total*Row total)
TS2-Y(Column total—Row Total)

Kappa Coefficient (T) =

* 100 (3.15)

Total Number of correctly classified Pixels(diagonal)

Overall Accuracy =

* 100 (3.16)

Total Number of Reference Pixels
3.4. Hydrological modeling

3.4.1. SWAT model performance evaluation

The accuracy, consistency, and adaptability of a model's performance must all be considered. A
forecast efficiency criterion is also required to assess the model's performance. Nash Sutcliff

(ENS) is a measure of the fit between the pattern of simulated and actual stream flows.

NSE =1--

(3.17)

‘MZTMZ

Where; Qg ;= simulated flow (m3s™); Q,;= observed flow (m®™); @, =mean of observed flow

(m3s™).

R? (Coefficient of determination); it is the squared ratio between the covariance and the multiplied
standard deviations of the observed and simulated values (Girma, 2012). It ranges between 0 and
1. A value of zero means no correlation whereas a value of 1 means strong correlation or that

means the dispersion of the simulation is equal to that of the observation. It is calculated as;

R? =1— 1t

>[(Q. 0.

i=1

(3.18)

Q- @)(@ @))Z
Ip

Where; Qg ;= simulated flow (m3s™), Qs = mean of simulated flow (m3s?), Q,;= observed flow

(m3s), @, =mean of observed flow (m3s?).
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3.5.Accuracy of rainfall simulations from climate models
Statistical methods such as, PBias, RMSE, Correl and Coefficient of Variation (CV) are used in

this study to evaluate the model simulation outputs of rainfall data.

Percent bias can be estimated

( Reew — §°b5 )

RCM

x100 (3.19)

PBIAS =

Where, PBias= Bias; RRCM = Climate rainfall data over the catchment; Ry, = Average

rainfall data of the climate; Rons= Average observed rainfall data
The coefficient of variation (CV) can be estimated by

CV = %R x100 (3.20)

Where, CV= Coefficient of Variation; R = is average rainfall over the catchment; § = indicates

standard deviation

The Root Mean Square Error of a model prediction with respect to the estimated variable Rgcp iS

defined as the square root of the mean squared error:

N

Z( RR(:M - Robs )2

RMSE = {|-=— (3.21)

Where, RMSE= Relative Mean Square Error; Rrem = climate rainfall data over the catchment;

Robs= Observed rainfall data over the catchment; N = Number of years that rainfall observed

Correlation Coefficient (Correl) can be estimated by using Equation (3.23).

n

Z( Rops — Robs )(RRCM — Rrem )

correl = = (3.22)

J[i(Rm Rue)' 3 (Rugy R )Zj

i=1 i=1
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Rreum= Historical rainfall (mm), Rreym = Mean of historical rainfall (mm), R,p,s = Observed rainfall

(mm), R,,s = Mean of observed rainfall (mm).

3.6.  Rainfall-runoff modeling using SWAT
SWAT applied the hydrological water balance which is the driving force for every hydrology study
to analyze the essential characteristics of the watershed. The fundamental hydrology of a

watershed in SWAT is based on the following water balance equation
t
SWt = SWo + Z( Rday _qurf - Ea _Wseep - ng) (323)
t=0

Where; SWi= final soil water content (mm water); SWO i = initial soil water content on day i (mm
water), t is the time (days); Rday= amount of precipitation on day i (mm water); Qsurf= amount
of surface runoff on day i (mm water); Ea= amount of evapotranspiration on day I (mm water),

Wseep = amount of water entering the vadose zone from the soil profile on day i (mm water), and
Qgw=amount of return flow on day i (mm water).

Surface runoff occurs whenever the rate of water application to the ground surface exceeds the
rate of infiltration. SWAT offers two methods for estimating surface runoff: the SCS curve number

procedure and the Green &Ampt infiltration method as cited in (Neitsch et al., 2011).

- ) 524
RCRERD) -

Where; Q = accumulated runoff or rainfall excess (mm H20); Raay = rainfall depth for the day
(mm H20); I.= initial abstractions which includes surface storage, interception and infiltration

prior to runoff (mm H20), and S is the retention parameter (mm H20).

The retention parameter varies spatially due to changes in soils, land use, management and slope

and temporally due to changes in soil water content. The retention parameter is defined as:

S= 25.4(@ —10) (3.25)
CN

Where; CN is the curve number for the day and it is a function of land use, soil permeability and
antecedent soil water condition.

Commonly Ia is approximated by 0.2S and the above equation rewrite as follow: -
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— (Rday _0'28)2
Q —W (3.26)

SWAT calculates CN using soil classes and land uses classifications data.

The peak runoff rate is the maximum runoff flow rate that occurs with a given rainfall event. The
peak runoff rate is an indicator of the erosive power of a storm and is used to predict sediment
loss. SWAT calculates the peak runoff rate with a modified rational method.

o, Qsur.Area
3.6t

conc

Qpeak = (3 27)

Where; Qpeak = peak runoff rate (m3s?); ow.= fraction of daily rainfall that occurs during the time
of concentration; Qsur = surface runoff (mm), Area is the sub basin area (km?), tconc is the time of
concentration for the sub basin (hr) and 3.6 is a unit conversion factor. The general conceptual

framework of this study is presented in Figure 3.8.
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Figure 3.8: Conceptual frame work of thesis

4. RESULTS AND DISCUSSION
4.1. Climate Change Scenario

The baseline climate scenario is a representation of the current state of the climate. This study used
daily precipitation and temperature of observed data from 1988 to 2023. In the future scenario, the
surface water availability was simulated, and stream flow was estimated using CanESMD5,
MIROCS6, and NESM3 of CMIP6 models under SSP2-4.5 and SSP5-8.5 scenarios. The models
were analyzed for three periods: the baseline period (1985-2014), mid-term forecasts 2050s or
(2041-2070), and long-term projections 2080s or (2071-2100). For comparison, a baseline period
covering the years 1985 to 2014 was employed. Temperature (Tmax and Tmin) and precipitation
have been forecasted for the mid-term (2041-2070) and long-term (2071-2100) periods.

4.1.1. Uncorrected Rainfall and Temperature Analysis
Rainfall and temperature projections have been frequently derived from hydrological models
powered by the Global Climate Models (GCMS) in recent years. The watershed's observed rainfall
was overestimated, underestimated, and overlayed to the simulation rainfall (Figure. 4.1). The
MIROC6 model underestimated observed rainfall for November and December. The model
CanESM5 was overestimated in November. The model NESM3 was underestimated in February

to April, and overestimated in November and December.

200
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o

Figure 4.1: Baseline monthly uncorrected rainfall (1985-2014)

The watershed's observed maximum temperature was overestimated and understated by the

climate models (Figure 4.2). The measured maximum temperature was slightly overestimated by

33



CanESMS5 in March. MIROC6 and NESM3 were underestimated in all months. Also, the model
CanESM5 was underestimated in all months except for March. The observed minimum
temperature of the watershed was underestimated and slightly overlayed by the climate models
except the model NESM3 in the January, November, and December months underestimated
(Figure 4.3).
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Figure 4.2: Baseline monthly uncorrected maximum temperature (1985-2014).
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Figure 4.3: Baseline monthly uncorrected minimum temperature (1985-2014).

4.1.2. Performance Analysis of Climate Models
Climate models in hydrology modeling involve evaluating the accuracy of the models in
simulating hydrological processes such as precipitation, temperature, runoff, and stream flow. This
analysis typically includes comparing model outputs with observed data to assess the model's
ability to capture the spatiotemporal variability of hydrological processes. The results of the
performance analysis can be discussed in terms of various metrics such as statistical measures
(e.g., correlation coefficient, Nash-Sutcliffe efficiency), graphical comparisons (hydrographs,
scatter plots), and spatial patterns (spatial distribution of simulated vs. observed variables). The
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Wosha watershed's yearly average rainfall predicted by climate models was compared. Table 4.1
shows the watershed's simulated and observed yearly average rainfall. A negative bias indicates
that the model underestimates the rainfall compared to observations, while a positive bias indicates
an overestimation. For example, CanESMS5 has a bias of -2.62%, meaning it underestimates the
rainfall by 2.62% compared to the observed data. The CV % represents the variability of the data
relative to its mean. A higher CV % indicates higher variability. MIROC6 has the highest CV %
at 30.88%, suggesting that its annual average rainfall data has higher variability compared to the
other models. The RMSE represents the square root of the average of the squared differences
between model predictions and observed values. A lower RMSE indicates better model
performance in replicating the observed data. In this case, NESM3 has the lowest RMSE at 203.68

mm/year, indicating that it is closest to the observed data in terms of rainfall prediction accuracy.

The strength and direction of a linear link between two variables are determined by the correlation
coefficient. A correlation value closer to 1 or -1 indicates a strong positive or negative relationship,
respectively. MIROCS6 has a high positive correlation of 0.69, suggesting a strong positive linear
relationship between its predicted rainfall and observed data. In summary, when discussing the
annual average rainfall data for each model: CanESM5 underestimates rainfall with a moderate
bias and low correlation. MIROC shows higher variability but a strong positive correlation with
observed data. NESM3 has the lowest RMSE, indicating better accuracy in predicting annual
average rainfall compared to other models. The accuracy of simulated and observed rainfalls
varies. CanESM5 has the lowest bias (-2.62%), indicating higher performance, while NESM3 has
the highest value (2.58%). The model performed better in terms of (Corr = 0.69). There is less
fluctuation between the observed and simulated rainfall, as evidenced by the CV value of NESM3
(11.58%), which is near the observed value (11.15%). The CanESM5 (1097.9 mm/year) model

attempted to replicate the 1333.5 mm/year average yearly rainfall that was recorded.

Table 4.1: Rainfall's annual cycle performance.

Observed and Annual average Bias (%) CV (%) RMSE (mm/ Corr (-)
GCM-RCM rainfall (mm/year) year)

Observed 1333.5 11.15
CanESM5 1097.9 -2.62 27.36 209.18 -0.07
MIROC 1011.8 1.62 30.88 213.87 0.69
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NESM3 1059.7 2.58 11.58 203.68 0.51

The performance of the climate model in capturing the highest temperature is shown in Table 4.2.

It demonstrates that the ensemble mean (corr = 0.49) has outperformed the other models run by
the CanESM5 model. However, the NESM3 model did not perform well in terms of CV (CV =
0.87%) and bias (bias = 9.12%).

Table 4.2: Performance of the climate model in capturing the maximum temperature (yearly
statistics) from 1985 to 2014

Observed and Average annual RMSE (°C) Corr(-) Bias (%) CV (%)
climate models Tmax (°C)

Observed 25.6 1.20 - - -
CanESM5 24.5 1.49 -0.05 -5.02 1.43
MIROC6 23.4 1.41 0.31 -4.98 0.67
NESM3 25.3 2.32 0.39 9.12 0.87
Ensemble mean 24.7 0.81 0.49 -1.89 0.5

Table 4.3 displays the results of the simulated average lowest temperature. The performance of the
CanESM5 and MIROC6 models was good (corr = 0.52). Out of all the models, the NESM3 model
displayed the least bias (bias = 43.12%). In terms of RMSE, the MIROC6 model did the poorest
(RMSE = 12.02 °C). The observed minimum temperature was overestimated by all climate
models. The performance evaluation criterion verified the minimum temperature and the ensemble

mean ultimately satisfied the criteria.

Table 4.3: Accuracy of annual minimum temperature (1985-2014)

Observed and Average annual RMSE (°C) Corr(-) Bias (%) CV (%)
climate models Tmin (°C)

Observed 13.1 - - - 14.11
CanESM5 18.9 11.12 -0.03 35.80 13.89
MIROC6 20.8 12.02 0.32 41.98 15.22
NESM3 22.3 13.11 0.39 43.12 8.94
Ensemble mean 10.98 9.22 0.52 14.97 13.13

4.1.3. Bias-Corrected Climate Model
The large systematic errors in the climate model simulations were corrected with the bias
adjustment. After bias correction, the observed rainfall was caught in the model CanESMD5,
MIROCS6, and NESM3 (Figure 4.4). Therefore, bias-corrected climate model output should come
before hydrological modeling. Following bias adjustment, the observed maximum, and minimum
temperatures were recorded by the model CanESM5, MIROC6, and NESM3. Now that the

observed and simulated data were identical following systematic error reduction, we may utilize
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the model output with confidence in the rainfall-runoff modeling of the watershed. Trends in the
observed minimum temperature were captured by the models' bias-corrected minimum
temperatures (Figure 4.5).
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Figure 4.4: Monthly bias-corrected rainfall (1985-2014)

—=—QObserved (Tmax) —=— Observed (Tmin) CanESM5 (Tmax) MIROCG6 (Tmax)

—+—NESM3 (Tmax) —e—CanESM5 (Tmin) —a— MIROC6 (Tmin) —=—NESM3 (Tmin)

32
26
20

14

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 4.5: Monthly bias-corrected max. and min. Temperature (1985-2014)

4.1.4. Assessment of climate models performance
The climate model simulations underestimated and overestimated the observed annual rainfall
(Table 4.4). Accuracy of dynamically downscaled rainfall from three climate models over

overlapping period (i, e., observed rainfall and historical rainfall of the watershed) (1987-2005) is
shown in Table 4.4.
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Table 4.4:Downscaled rainfall from three climate models historical and observed

Annual
Bias Ccv RMSE Correlation
rainfall
Coefficient
(mm) (%) (%) (mmyear-1) (-
Observed 1391.83 - 16.8 - -
CANESM5 1136.78 -0.46 25.38 8.49 0.16
MIROC6 1099.16 -8.86 73.94 2.77 0.21
NESM3 1219.14 0.23 24.34 8.78 0.46
Ensemble mean 1151.69 -3.03 20.14 2.46 0.49

4.2. SWAT model inputs analyzed and discussed

SWAT requires daily or sub-daily meteorological data and the model can either read these
meteorological data from previously measured data stored in tables or can be arranged using a
pcpSTAT and Dew02 model. The climate data is among the most prerequisite parameter of SWAT
model, those are daily rainfall, maximum and minimum temperature, wind speed, relative

humidity, solar radiation and arranged on a daily basis.

4.2.1. Digital elevations model

DEM well define the topography of the area by describing the elevation of any point at a given
location and specific spatial resolution as a digital file. It is one of essential spatial input for SWAT
to delineate the watershed in to a number of sub watersheds or sub basins based on elevation.
Drainage pattern, slope, channel width and stream length with in the watershed were processed
using DEM. Figure 4.6 shows DEM of Wosha watershed.
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Figure 4.6: Wosha watershed Digital Elevation Model (DEM) used for SWAT model
development

4.2.2. Soil data

Soil, land use and rainfall are the major physical watershed characteristic that governs runoff
generation. The infiltration capacity of the soil depends on the porosity of the soil, which
determines its storage capacity and affects the resistance of the water to flow into deep layers.
Since the soil infiltration capacity depends on the soil texture, the highest infiltration rates are

observed in sandy soil.

SWAT model requires different soil textural and physio-chemical properties, soil texture, available
water content, hydraulic conductivity, bulk density, and organic carbon content for different layers
of each soil type. The major soil groups of the Wosha watershed as per FAO soil groups found in
the study area were Dystric Nitisols, Pellic Vertisols, Chromic Luvisols, Vitric Andosols,
Leptosols, Eutric Nitisols, Eutric Fluvisols, Eutric Rapticsols and Orthic Acrisols (Table 4.5 and
Figure 4.7).
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Table 4.5: Major soil types and their area coverage in the Wosha watershed

Soil types Area in (km?) Area in (%) SWAT code
Pellic Vertisols 265.01 9.30 Pellicv
Eutric Fluvisols 127.01 4.46 Eutricf
Leptosols 1400.25 49.2 Leptosol
Chromic Vertisols 371.01 13.01 Chromiv
Chromic Luvisols 335.57 11.8 Chromicl
Orthic Acrisols 116.8 4.1 Orthics
Dystric Nitisols 30.28 1.06 Dystricn
Vitric Andosols 20.53 0.72 Vitrica
Eutric Nitisols 18.07 0.63 Eutricn
Eutric Rapticsols 110.78 4.13 Eutricr
Calcic Chernozem 41.01 1.44 calcicx
Luvic Phaeozem 12.05 0.42 luvicph
Total 2848.31 100
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Figure 4.7: SWAT soil classes used in analysis and development in Wosha watershed
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4.2.3. Land use/Land cover used for SWAT development

LULC it is spatial data set in the model defines the densities and types of land use found within a
given area. Land use is one of the most important factors that affect runoff, Evapotranspiration and
surface runoff in a watershed. Land use land cover data which is very essential for SWAT input
for determining the watershed characteristics, and also used for comparison of impacts on runoff
and sediment yield of the watershed.

Land cover and soil are factors greatly influencing the hydrological properties of a watershed that
are required by SWAT to describe a sub-basin or HRU. Once watershed topographic parameters
have been computed for each sub basin, the interface uses land cover and soils data to generate
multiple hydrologic response units (HRUs) within each sub basin by GIS overlay process to assign
soil parameters and SCS curve numbers. HRUs were lumped land areas within the sub watershed
that are comprised of distinctive land cover, soil, and management combinations (Neitsch et al.,
2002). Such subdivision of sub-basins in to HRUs enables the SWAT model to reflect the spatial
variations of the hydrologic conditions for different land cover and soil distributions within the

sub-basins.

Land use and land cover of the Wosha watershed was downloaded from USGS website as shown
in Table 4.6 and Figure 4.8. The data contain the redefined land use of the area. In the land use

attribute table integer values interred for the same land covers.

Table 4.6: Major Land Use/Land Cover and their area coverage in the Wosha watershed

Major land use land cover Areain (Km2) Areain (%) SWAT code
Agricultural Land-Generic 354.57 12.44979 AGRL
Agricultural Land-Row Crops 7.54 0.264747 AGRR
Shrubland; Dense (>50% woody cover) 52.87 1.85639 RNGB
Water 51.19 1.797402 WATR
Summer Pasture 145 0.509129 SPAS
Urban Agriculture 1240 43.53933 URBN
Range-Grasses 375 13.16713 RNGE
Forest-Mixed 354 12.42978 FRST
Wetlands-non-forested 274 9.620787 WETN
Pasture 124.5 4371489 PAST
Total 2848.17 100.006
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Figure 4.8: Land use land cover used for SWAT development in Wosha watershed

4.2.4. Data preparation and sub-basin discretization for SWAT model developed

The required spatial data sets were projected to the same projection called Adindan UTM Zone
37, which is the transverse Mercator projection parameter for Ethiopia, using Arc GIS 10.7 The
land use / Land cover special data were decalcified in to SWAT land cover/plant types. A user
lookup table was created that identified the SWAT code for different categories of Land
cover/Land use on the map as per the required format. The soil map is linked with the soil data

base which is designed to hold data for soils not included in the U.S.

4.2.5. Watershed delineation

The watershed and sub watershed delineation were done using DEM data. The watershed
delineation process includes some major steps such as, DEM setup, stream delineation, outlet and
inlet definition, watershed outlet selection and definition and calculation of sub basin parameters.
For the stream definitions the threshold-based stream definition option was used to define the
minimum size of the sub basins. The Arc SWAT interface allows the user to fix the number of sub

basins by deciding the initial threshold area. The threshold area defines the minimum drainage
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area required to form the origin of a stream. Sub dividing the sub watershed in to areas having
unique land use, soil and slope combinations makes it possible to study the differences in
evapotranspiration and other hydrological conditions for different land covers, soil and slopes. The
land use, soil and slope data sets were imported, overlaid and linked with SWAT 2017 data base.

The monitoring points are added manually and the numbers of sub basin were adjusted
accordingly. Finally, the watersheds were delineated and its area of 2848 km?and 73 sub basins

were generated for the watershed as shown on Figure 4.9.
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Figure 4.9: Wosha sub basins used in SWAT model development and model simulations

4.2.6. Hydrologic response unit (HRU) definition

After watershed delineation, the watershed was partitioned into a hydrological response unit. The
Hydrologic Response Units (HRUSs), are combinations of land use, soil, and slope within the
watershed. The HRU analysis tool in Arc SWAT helps to load land use, soil layers, and slope maps
to the project. The delineated watershed by Arc SWAT and the prepared land use and soil layers
were overlapped 100%. Process based on a certain threshold values of soil/land use combinations.
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In this study multiple HRUs was selected. The soil and land use classes in the input soil and land
use map were decoded using a lookup table, a table created by the user in txt format according to
SWAT input file format. Table 4.4 shows lookup table of land use and soil type of the study area.
There for four classes of land use and soil map was renamed into twelve classes of SWAT database

as shown in the (Figure 4.7 and Figure 4.4).

Table 4.7: Lookup table of land use and Soil type

Value Land Use Value Soil Class
24 AGRL 1 Pellicv
18 AGRR 2 Eutricf
131 RNGB 3 Leptosol
142 WATR 4 Chromiv
155 SPAS 5 Chromicl
160 URBN 6 Orthics
162 RNGE 8 Eutricn
167 FRST 9 Vitrica
170 WETN 11 Dystricn
178 PAST 12 Eutricr

HRU analysis in SWAT includes divisions of HRUs by slope classes in addition to land use and
soils. The multiple slope option was selected for this study. In this particular study, the slope of
the watershed was discretized in to recommended slope classes as shown in Figure 4.10. The slope
of the watershed was necessary spatial data required by SWAT model integrated with Hydrologic

Response Unit.
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Figure 4.10: Slope classes of Wosha watershed

The HRU analysis section takes land use, soil and slope data, and divides each sub basin in to
HRU with specific combinations of the three-layer respective characterization. The layer produced
by this process is crucial to the ultimate analysis performed by the SWAT model, because it
determines the land use, soil and slope category assigned to each HRU. This category determines
how land will respond to precipitation, run off, infiltration and other hydrologic processes during
the simulation. Each sub basin can then have one or more major HRUs defined within it. Finally
total of 157 HRUs for 73 sub basins were created (Figure 4.11). And then subdividing the sub
watershed into areas having unique land use land cover, soil and slope combinations makes it
possible to study the differences in evapotranspiration and other hydrologic conditions for different

land covers, soils and slopes.

The land use, soil and slope datasets were imported overlaid and linked with the SWAT 2017
databases. To define the distributions of HRUs multiple HRU definition options were tested. For

multiple HRU definition 20 percent land use, a 10 percent soil and 10 percent slope threshold were

45



used as an adequate for most applications. After fulfilling the entire above requirement obtain full

HRU map of the watershed as indicated below.
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Figure 4.11: Full hydrologic response unit (HRU) of Wosha watershed

4.3. SWAT model sensitivity analysis, calibration and validation

After all the required inputs for the model were analyzed and prepared according to the model
format, the watershed delineation was conducted from 30 by 30 DEM resolution and the model
delineates an area of 2848 km?, provided that the outlet location is at lowest point of the river. The
land use/land cover, soil and slope map of Wosha watershed was overlay to produce a hydrologic
response group by setting a thresh hold value of 5, 20 and 20% for land use/land cover, soil and
slope respectively.. The land use, soil and slope

domination to which land use percentage over the sub basin, soil over the land use and slope class
percentage over the land use respectively selected by considering the effect of on the formulation
of hydrologic response in the final water balance results and for making the HRU formulation in
a manageable amount. Accordingly, 73 sub basins having 157 HRUs created in the watershed.
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4.3.1. SWAT model sensitivity analysis

Sensitivity analysis was carried out before calibrating the model to save time during calibration.
In this study, identifying sensitive parameters enables to focus only on those parameters which
affect most the model output during calibration since SWAT model has a number of parameters to
deal with. Some parameters do not have any influence on the model output while some may have
little effect.

4.3.2. Parameters sensitive to streamflow

Water availability assessments were done by soil and water assessment tool (SWAT) hydrological
model with different sensitivity parameters. Even though there were more than 26 sensitivity
parameters those were used for flow calibration, around 11 parameters were selected for this study.
Those 11 parameters are sensitive, were used to calculate the amount of runoff from the watershed.
The parameter identification was done by using the monthly flow data from 1987 to 2006.

According to the result from the global sensitivity analysis, base flow recession constant

(ALPHA_BF) was found to be the most sensitive parameter followed by available water capacity
(mm water/mm soil) (SOL_AWC), initial Soil Conservation Service (SCS) runoff curve number
for moisture condition 11 (CN2), Deep aquifer percolation fraction (RCHRG_DP) and Average
slope length (SLSUBBASIN) ranking up to fifth position. Based on the analysis result, Average
slope steepness (HRU SLP), Groundwater "revap" coefficient (GW_REVAP), Soil evaporation
compensation factor (ESCO) was relatively less sensitive parameters in runoff simulation. On the
other hand, parameters such as Depth from soil surface to bottom of layer (SOL_Z), threshold
depth of water in the shallow aquifer required for return flow to occur (GWQMN) were found to

be least sensitive in flow simulation.

4.4. Flow calibration and validation

4.4.1. Flow calibration

Most models are provided with default values of the parameters. However, in this case initial
values of the model parameters were defined. The minimum and maximum acceptable values were
provided based on the information of related pervious works and literatures (Ayele et al., 2022).
The best parameters obtained were compared to the predicted flows. Then SWAT_CUP calibration
was run for the periods of the hydrological year 2001-2010 while 2011-2015 for flow validation

and 2001 and 2002 for model warm-up. The calibrated and validated values of the parameters were
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used in the iteration of calibration and validation (Table 4.8). The calibrated and validated

parameters are within the range of the suggested values of SWAT.

The calibration and validated result indicate good agreement between monthly measured and
simulated flows Figure 4.12. The scatters plot of the values of the measured and the simulated
monthly stream flows data has also shown a fair linear correlation between the two data sets. The
trend and the magnitude of the two data set values are shown in Figure 4.12 and Figure 4.13 for

calibration and validation respectively.

Table 4.8: Summary of calibrated flow parameters

Parameter Rank SWAT-CUP range Fitted Values
RCHRG_DP 1 0-1 0.86018
CN2 2 -0.25-0.25 0.118
SLSUBBSN 3 -0.5 0.249112
SOL Z 4 -0.5 0.2396
Gw-Delay 5 0-500 438.18
GW_REVAP 6 0.02-0.2 0.1933
ALPHA BF 7 0-1 0.9268
HRU SLP 8 -0.5 0.056
SOL_AWC 9 -0.5 0.223
GWQMN 10 0-5000 498.34
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Figure 4.12: Comparison of observed monthly flow with a simulated (calibrated) monthly flow
of Wosha watershed at the outlet (2001-2010).

The calibration and validation results in Table 4.9 show that there is a good agreement between
the simulated and gauged monthly flows. This is demonstrated by the goodness-of-fit measures
correlation coefficient (R? = 0.77), and the Nash-Sutcliffe Simulation efficiency (NSE=0.75). The
result fulfilled the requirement suggested by (Santhi et al., 2001).

Table 4.9: Calibration and validation statistics of average monthly simulated and gauged flows at
the outlet of Wosha watershed.

. i Calibration Validation
Obijective function
(2001-2010) (2011-2015)
NSE 0.75 0.72
R? 0.77 0.80

4.4.2. Flow validation

As it is mentioned above the purpose of model validation is to establish whether the model has an
ability to estimate output hydrology for other time periods or conditions than those for which the
parameter values were adjusted to fit. Model validation involves re-running the model using input
data independent of data used in calibration (e.g., differing time period), but keeping the calibrated
parameters unchanged. In this case, flow data from a period from January 1, 2001 to December

31, 2006 at outlet of Wosha watershed were used to validate the model for a monthly time-period.
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Figure 4.13: Comparison of observed monthly flow with a validated monthly flow of Wosha
watershed (2011-2015).

A good agreement between monthly observed and simulated flows at the outlet of the watershed
during validation processes is shown in Table 4.9 and the goodness-of-fit measures the coefficient
of correlation (R? =0.83), and Nash-Sutcliffe simulation efficiency (NSE=0.72).

Generally, this validation/calibration check illustrates the accuracy of the model for simulating
periods outside of the calibration period. Since the model performed as well in the validation period
of 2011-2015, as for the calibration period of 2001-2010 at the outlet of Wosha as indicated in the
above Tables 4.6 and Figures 4.9 hence the set of sensitive parameters listed in Table 4.3 during
calibration process for the watershed can be taken as the representative set of parameters for the
Wosha watershed.

4.5. Assessment of the spatial and temporal distribution of rainfall and discharge in Wosha

watershed

Trend analysis is used to detect long-term changes in the pattern of precipitation and temperature
in this watershed. Such changes in the pattern of precipitation and temperature over a region are
the most important indicators of climate change. Trend analysis is used to understand where and
to what extent climate is changing. Streamflow trends provide valuable information for water
resources management. Predicting changes in streamflow can assist in future water management
plans as well as responses to drought or flood conditions. Mann-Kendall trends show the highest
peak occurs 2015 reaching above 700mm. There are other noticeable peaks 1997 and 2019 could

be considered as an outlier as it is very different from the other values.
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4.5.1. The Baseline Period's Rainfall and Temperature Variability (1985-2014)

From January to March, the entire climate model showed an increasing sign. However, from
September to December, the models displayed a decline (Figure 4.6). The lowest rainfall (8.56 to
15.32 mm/month) was recorded by the MIROC6 models in November and December,
respectively. From October to December, all climate models simulated monthly rainfall declined
marginally. In August, high rainfall was recorded by the CanESM5 and MIROC6 models (184.11
and 183.79 mm/month, respectively) (Figure 4.14).
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Figure 4.14: Baseline monthly rainfall change (1985-2014).

The monthly maximum and minimum temperatures showed an increasing trend across all climate
models from January to March and from September to December (Figure 4.15). However, the
models indicated a decline from April to August. In March and November, respectively, the
monthly maximum temperature (28.82°c + 1.5°c and 28.38°c + 1.5°c) was recorded by the NESM3
models. In March, the MIROC6 model recorded 27.33°c +1.5°, while the CanESM5 models
recorded a high maximum temperature of 28.26°c + 1.5°c (Figure 4.15).
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Figure 4.15: Baseline Maximum Temperature Change (1985-2014)

In August, the minimum temperature predicted by all climate models for the Wosha watershed
was a low 9.9°C + 0.5°C (Figure 4.16). Conversely, the MIROC6 model indicated a high minimum
temperature of 16.35°c + 0.92°c for November, and also, the high minimum temperature for March

was 14.97°c = 2.1°c recorded for the CanESM5 model (Figure 4.16).
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Figure 4.16 Baseline Minimum Temperature Change (1985-2014)

4.5.2. Projected Variation in Temperature and Rainfall in Mid-Term Scenarios.
The simulation of monthly rainfall in the mid-term periods by the climate models shows a mixed
signal (Figure 4.17). Monthly rainfall in the Wosha watershed will shift from 23.7% to 9.87%
under SSP2-4.5 for CanESMD5 in the 2050s. In contrast, SSP5-8.5 will see a change from 23.95%
to 3.9% over the same period. For SSP2-4.5, the predicted rainfall from the MIROC6 model
showed a change of 32.8% to 12.9% in the 2050s. But under SSP5-8.5, it will shift by 26.1% to
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4.2% in the 2050s. The NESM3 model projected that in the 2050s, rainfall would change from
30.3% to 3.9% under the SSP2-4.5 scenario. At the same time, the model showed 31.4% to 2.9%
under SSP5-8.5. However, the results show that a climate model is necessary.
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Figure 4.17: Annual Rainfall Change in Mid-Term Scenarios.

The mid-term signals of the simulated monthly maximum temperature have been inconsistent. The
monthly maximum temperature of the Wosha watershed will fluctuate by 1.3°c £ 0.1°c from
January to December in the 2050s under the MIROC6 and SSP2-4.5 scenarios. On the other hand,
throughout the same period, it will rise by 1.4°c £+ 0.2°c under SSP5-8.5. The CanESM5 model
projected that in the 2050s, the maximum temperature would increase by 1.3°c £ 0.1°c under the
SSP2-4.5 scenario. Under SSP5-8.5, it will rise by 1.5°¢ & 0.6°¢ in the 2050s. The 2050s maximum
temperature was expected by the NESM3 model to increase by 1.4°c = 0.2°c under SSP2-4.5.
Under SSP5-8.5, the model anticipated 1.5°c + 0.2°¢ in the 2050s during the same period (Figure
4.18).
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Figure 4.18: Mid-Term Maximum Temperature Change Scenarios.

In the 2050s, the SSP2-4.5 scenario will cause a 1.3°c + 0.8°c monthly minimum temperature
change for MIROCS6 in the Wosha watershed from January to December. However, throughout
the same period, it will change by 1.2 °c = 0.2 °c under SSP5-8.5. The CanESM5 model projected
that in the 2050s; there would be an increase in minimum temperature of 1.3°c = 0.4°c, under
SSP2-4.5. Under SSP5-8.5, it will also alter by 1.6°c + 0.6°c in the 2050s. According to the
NESM3 model, with SSP2-4.5, the lowest temperature would increase by 0.85°C to 0.2°C in the
2050s. On the other hand, the model anticipated 1.6°c + 0.2°c under SSP5-8.5 (Figure 4.19).
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Figure 4.19: The Minimum Temperature in the Mid-Term Change Scenarios.

4.5.3. Long-Term Projected Changes in Annual Rainfall and Temperature.

In the 2080s, the Wosha watershed's monthly rainfall will increase from 27.9% to 31.8% for
MIROCS6 under SSP2-4.5 (Figure 4.20). In contrast, under SSP5-8.5, it will decrease from 31.6%
to 22.8% throughout the same time frame. In the 2080s, under SSP2-4.5, the simulated rainfall
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from the CanESM5 model showed a decrease from 44.6% to 36.8%. In the 2080s, it will likewise
shift from 34.7% to 28.6% under SSP5-8.5. According to the NESM3 model, rainfall in the 2080s
will change from 36.9% to 34.6% under SSP2-4.5. Additionally, it demonstrated a decrease under
SSP5-8.5 in the 2080s from 38.9% to 24.9%. Additionally, the results obtained here concur with
those of other research conducted near the study in the catchment (Edamo, Ukumo, et al., 2022).

This study will be a valuable source of knowledge for the Wosha watershed water resource

management.
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Figure 4.20: Annual Rainfall Change in Lon-Term Scenario

For the model CanESMS in the 2080s, the Wosha watershed's monthly maximum temperature will
vary by 1.4°C £ 0.3°C under SSP2-4.5. Conversely, under SSP5-8.5, it will vary by 1.6 °c + 0.20
°c in the same time from January to December. The MIROC6 model's simulated maximum
temperature showed that, under SSP2-4.5, there would be a 1.7°c + 0.8°c shift in the 2080s.
Additionally, under SSP5-8.5, it will shift by 1.5°c + 0.26°c in the 2080s. Under SSP2-4.5, the
NESM3 model predicted a maximum temperature change of 1.4°c + 0.2°c in the 2080s.
Conversely, the model indicated 1.8°c +0.12°c within the same time frame under SSP5-8.5 (Figure

4.21). In the future, the watershed's maximum temperature will climb.
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Figure 4.21: Maximum Temperature Change Long-Term Scenario.
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The monthly minimum temperature in the Wosha watershed under the SSP2-4.5 scenario, the
MIROC6 model projected a shift in the minimum temperature of 1.4°c + 0.2°c in the 2080s.
According to the SSP5-8.5 climate change scenario, it will likewise change by 1.79°c = 0.2°¢ in
the 2080s. The CanESM5 model projected a 1.6°c & 0.2°c shift in the 2080s under SSP5-8.5. The
model estimated a change of 1.24°c + 0.6°c under SSP2-4.5 in the 2080s. The NESM3 model
projected a minimum temperature increase of 1.8°C to 0.5°C in the 2080s under SSP2-4.5.
Additionally, under SSP2-4.5, it displayed a 1.9°c + 0.2°c increase in the 2080s (Figure 4.22). The

watershed's minimum temperature is expected to rise in the medium and long term.
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Figure 4.22: Minimum Temperature Change in Long-Term Scenarios.

The Wosha watershed's minimum temperature will rise in the medium and long term. Although it

wasn't mentioned specifically for the Wosha watershed, a previous study (Edamo, Ukumo, et al.,
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2022), also noted an increase in Ethiopia's minimum temperature. The analysis of monthly &
annual climatic change relative to baseline results is shown in Appendix A.

4.6. Assessment of the impacts of climate change on the surface water resources in the

Wosha watershed

During the baseline period (1985-2014), the analysis of the three climate models—CANESMD5,
MIROCS6, and NESM3—indicates a consistent trend in precipitation and temperature patterns
within the Wosha watershed. The models show slight variations in annual precipitation, with
CANESMS5 predicting the highest average annual precipitation, followed by MIROC6 and
NESM3. Temperature trends across all models show a gradual increase, aligning with global
warming trends observed in recent decades. These baseline results serve as a critical reference for

understanding future climate scenarios and their potential impacts on surface water resources.

4.6.1. Projected seasonal change of precipitation in the Mid-Term Period (2041-2070)

The mid-term projections (2041-2070) demonstrate a significant shift in both precipitation and
temperature patterns across the Wosha watershed. CANESMD5 predicts a noticeable increase in
precipitation during the wet season, which could exacerbate flood risks, while MIROCG6 suggests
a more moderate increase. MIROCG, however, indicates a potential decrease in precipitation,
particularly during the Autumn season (Figure 4.23), which could lead to increased water stress.
The temperature rise across all models is more pronounced in this period, with potential

implications for evapotranspiration rates and water availability.
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Figure 4.23: Projected precipitation changes in the mid-term period (2041-2070)
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In the long-term projections (2071-2100), the models display a more divergent range of outcomes.
CANESMS5 continues to project a significant increase in precipitation, with potential risks of
extreme weather events becoming more frequent. NESM3 shows a stabilization in precipitation
levels, suggesting that the changes might not be as severe as other models predict (Figure 4.24).
MIROCS, on the other hand, indicates a further decline in precipitation, potentially leading to
prolonged drought periods. The temperature increase is consistent across all models, with the most
extreme changes predicted by CANESMD5, indicating a possible escalation in the challenges posed

by climate change on water resources.

4.6.2. Projected seasonal change in precipitation in long-term period (2071-2100)

m CANESMS5 (SSP2 4.5) m CANESMS5 (SSP5 8.5) m MIROC6 (SSP2 4.5)
MIROCG6 (SSP58.5)  mNESM3 (SSP24.5)  mNESMS3 (SSP5 8.5)

40.00
30.00
B
£ 20.00
c
o
S 10.00 II I I I I
3
=3
S 0.00 mil
a Autumn Spring ummer Winter Annual
-10.00
-20.00
Seasons

Figure 4.24: Projected precipitation changes in long-term period (2071-2100)

4.6.3. Projected seasonal streamflow changes in Mid-term 2050s (2041-2070)

The projected seasonal streamflow changes in the mid-term period are shown in Figure 4.25.
Almost all the models showed a decline in streamflow in the 2050s. The highest available

streamflow is simulated by the CanESM5 model in the summer season (14.222 m”3/s).
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Figure 4.25: Projected stream flow changes in the mid-term period (2041-2070)
4.6.4. Projected changes in stream flow in long-term 2080s (2071-2100)
The stream flow change in the long-term or 2080s is shown in Figure 4.26. CanESM5 model

estimated 26.97 m”3/s stream flow in the summer season under SSP5 8.5.
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Figure 4.26: Projected stream flow changes in a long-term period (2071-2100)
Comparative Analysis of Models

When comparing the three models, CANESMS5 tends to project the most extreme changes in both
precipitation and temperature, suggesting a scenario with higher variability in water resources.

MIROCS6 provides a more conservative estimate, with changes being less drastic, which could
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imply a more manageable adaptation scenario. NESM3, with its predictions of decreasing
precipitation, especially in the long term, highlights the potential for significant drought-related
challenges. This variability across models underscores the uncertainty inherent in climate
projections and the need for flexible and adaptive management strategies.

4.7. Biophysical and socio-economic problems of the watershed for different land uses classes
4.7.1. Accuracy Assessment

The most common way to assess the accuracy of a classified map is to create a set of random points
from the ground truth data and compare that to the classified data in a confusion matrix (Table
4.10). Although this is a two-step process, you may need to compare the results of different
classification methods or training sites, or you may not have ground truth data and are relying on

the same imagery that you used to create the classification.

Table 4.10: Accuracy Assessment

water Grasses | Shrubland | Forest | Wetland | Pasture | Agricultural | Total
land user

Water 4 0 0 0 0 0 0 4
Grasses 0 6 1 0 0 0 0 7
Shrubland | 0 2 7 0 0 1 1 8
Forest 0 0 0 4 0 0 0 4
Wetland 0 0 0 0 2 1 0 2
Pasture 0 1 1 0 1 5 3 9
Agricultural | 0 1 0 0 4 5 8
and
Total 4 9 7 4 2 9 7 35
Producer

The area coverage changes in LULC for years 1997, 2008 and 2017 is described in Table 4.11.
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Table 4.11: Area of Land use Land cover of (1997, 2008, 2017)

Class name Area Class name Area Class name Area (%)
1997(%) (%0)2008 2017
Agricultural 10.51 Agricultural 9.84 Agricultural 15.92
land land land
Pasture 14.20 Pasture 16.05 Pasture 10.73
Wetland 3.91 Wetland 14.48 Wetland 3.40
Forest 6.66 Forest 14.72 Forest 7.34
Shrubland 6.23 Shrubland 4.68 Shrubland 3.22
Grasses 58.07 Grasses 39.58 Grasses 59
Water 0.42 Water 0.64 Water 0.38
Total 100%0 100% 100%

The land use land cover maps of the Wosha watershed are shown in Figure 4.27.
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Figure 4.27: Land Use/ Cover changes over the period a) 1997, b) 2008, and c¢) 2017 in Wosha
watershed

4.7.2. Prediction of Land Use Land Cover

After classification of land use land cover of three decades in this study 2067 was used prediction
of future of LULC in order to compare the previous maps. MOLUSCE tool in QGIS (3.14.16) is
used for this purpose. In our future climate projection long term is 2050s and 2080s, so we want
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to compare the future impacts of land use land cover in surface water availability. The watershed's
water resources were found to be increasingly scarce, particularly during the dry season. Changes
in land use, coupled with altered precipitation patterns due to climate change, contributed to
reduced surface water availability.

The significant projects changes in LULC for the period 2080 is shown in Figure 4.28.
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Figure 4.28: Land Use/ Cover changes over the projected period of 2080 in Wosha watershed

The biophysical and socio-economic problems identified in the Wosha watershed are interrelated
and reflective of broader issues related to land use changes and climate variability. The findings
highlight the critical need for integrated watershed management strategies that address both
environmental and socio-economic dimensions. The degradation of soil and vegetation, coupled
with increased water scarcity, underscores the importance of implementing sustainable land
management practices. Soil conservation measures, reforestation, and improved land use planning
are essential to mitigate erosion and enhance water retention. Additionally, adaptive measures to

cope with changing precipitation patterns can help improve water resource management.

The adverse effects on agriculture and health indicate a pressing need for community-based
adaptation strategies. Training programs for farmers on sustainable agricultural practices and the

development of infrastructure for improved water supply and sanitation can help alleviate some of
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the socio-economic challenges. Furthermore, economic support mechanisms and policy
interventions are necessary to assist affected communities in coping with the financial impacts of
climate change and land use changes. Overall, addressing the biophysical and socio-economic
problems in the Wosha watershed requires a holistic approach that integrates environmental

conservation with socio-economic development to ensure sustainable and resilient communities.

4.8. Comparison of the findings of this thesis with previous studies

There is no previous study in Wosha on water availability under climate change impacts. But we
try to compare results in thesis of climate change and land use land cover changes on surface
hydrology in Ethiopia and across the globe.

The findings of this thesis on the Wosha watershed in the Rift Valley Lakes Basin of Ethiopia
reveal significant impacts of climate change on water availability. Using advanced hydrological
models and climate projections, the study demonstrates that rising temperatures and changes in
precipitation patterns are leading to increased evapotranspiration and altered streamflow regimes.
This results in reduced water availability during critical periods, such as the dry season, affecting
both agricultural productivity and water supply for local communities. The study also highlights
an increase in the frequency and intensity of extreme weather events, such as droughts and floods,

further complicating water management strategies in the region.

Comparatively, previous studies in similar watersheds within Ethiopia and other parts of Sub-
Saharan Africa have also identified climate change as a significant factor impacting water
resources (Ayele et al., 2022; Edamo, Bushira, et al., 2022; Ukumo, Edamo, et al., 2022). However,
earlier research often emphasized general trends in precipitation and temperature changes without
providing detailed insights into specific hydrological processes (Dagnachew et al., 2024). This
thesis adds value by focusing on the Wosha watershed, employing high-resolution climate data
and state-of-the-art modeling techniques to produce more localized and accurate predictions of
water availability under SSP2 4.5 and SSP5 8.5. Unlike some earlier studies that predominantly
relied on historical data, this research integrates both historical observations and future climate
scenarios, providing a more comprehensive understanding of potential changes in water resources
(Dalle et al., 2023).

Moreover, this thesis aligns with and expands upon recent studies that have begun to examine the

compound effects of climate change and land use changes on water resources. While previous
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research has often treated these factors independently, the findings here underscore the importance
of considering their combined impact. The study reveals that land degradation and deforestation,
coupled with climate change, exacerbate water scarcity issues. This comprehensive approach
provides a more nuanced understanding of water resource challenges in the Wosha watershed ,
emphasizing the need for integrated management strategies that address both climate change and

human-induced factors (Idrissou et al., 2022).

A research made by Negash (2014) shows that the hydrology of the Bilate watershed is greatly
impacted by changes in land use and land cover (LULC). Agricultural and urban areas increased
by 8.75% and 4.58%, respectively, between 1994 and 2009, whereas woodland and forest lands
decreased by 6.29% and 4.08%, in line with this trend. Surface runoff (Qs) and evapotranspiration
(ET) rose by 11.97% and 0.51%, respectively, as a result of these modifications. RCP4.5 and
RCP8.5 climate change scenarios predicted increases in temperatures of 1.87°C and 2.29°C,
respectively, and decreases in rainfall of 9.5% and 12.17%, respectively. As a result,
evapotranspiration rose by 4.7% and surface runoff reduced by 14.59%. The combined effects of
climate change and LULC showed a 5.39% drop in surface runoff and evapotranspiration. The
authors focused on RCPs to forecast future climate changes and avoided SSPs. The studies'
calibration and validation procedures showed good model performance, with high R? and NSE
values indicating trustworthy simulations of the hydrological processes occurring in the
corresponding watershed. The future climate scenarios would likely result in higher temperatures
and precipitation than baseline times, highlighting the necessity of better water management
strategies to prepare for these changes. The contribution lies of changes with climate projections
to evaluate their combined influence on water resources is a significant contribution to the
discipline. With a more thorough understanding of the various elements influencing water
availability, this holistic approach offers stakeholders and policymakers insightful information for
creating sustainable water management plans. A practical component of the study is further added
by the in-depth seasonal examination of streamflow fluctuations, which addresses practical

implications for managing water resources in the face of climate change.

5. CONCLUSION AND RECOMMENDATION
5.1. CONCLUSION
The interconnectedness of hydrology, climate science, and predictive modeling underscores the

need for comprehensive and forward-thinking approaches to water resource management. This
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research utilized climate models such as CanESM5, MIROC6, and NESM3 to analyze climate
change effects over three distinct periods: the baseline (1985-2014), the 2050s, and the 2080s. By
employing the SWAT model for rainfall-runoff simulations, we generated projections of future

stream flow and assessed potential variations in rainfall and temperature.

Based on SWAT model watershed delineation, the Wosha watershed the catchment area is 2848.3
km?. Overlaying land use, soil and slope were performed to generate HRUs. Climatic data from
January 1988 - December 2023 were inputs during SWAT model simulation. The calibration and
validation carried out from January 2001 to December 2010 and January 2011 - December 2015
respectively on monthly basis of stream flow data using automatic calibration with Sequential
Uncertainty Fitting (SUFI-2) in SWAT- CUP.

Model performance efficiency was checked by coefficient of determination (R?) and Nash-
Sutcliffe model efficiency (NSE). Accordingly, the values of R? and NSE were 0.77 & 0.75 and
0.8 and 0.72 respectively during calibration and validation period for stream flow.

These the mentioned results depicted that model was well reasonably simulated the discharge and
sediment yield from Gidabo watershed.

The findings indicated that climate change could significantly impact water availability in the
Wosha watershed. In the 2050s, annual rainfall is projected to vary by +25.38% under the SSP2
4.5 scenario and by +£8.3% under the SSP5 8.5 scenario. By the 2080s, these projections change to
+11.12% for SSP2 4.5 and +33.43% for SSP5 8.5. Correspondingly, annual stream flow is
expected to change by £12.97% under SSP2 4.5 and £5.10% under SSP5 8.5 in the 2050s, with
further changes of +37.30% and +22.7% anticipated by the 2080s, respectively.

Utilizing multiple climate models allowed for a robust comparison of hydrological estimates at the
watershed level, enhancing the reliability of our projections compared to single-model approaches.
However, it is important to note that while the use of multiple model ensembles is promising, their
application in assessing water resource potential in key catchments under changing climate
scenarios remains largely unexamined in both Ethiopia and globally. This study highlights the
necessity for further exploration in this area to fully understand and address the implications of

climate change on water resources.
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5.2. Recommendation
Based on the findings regarding the impacts of climate change on water availability in the Wosha
watershed, the following recommendations are proposed to enhance resilience and ensure
sustainable water resource management:
+ Implement Integrated Water Resources Management (IWRM)
Adopting an IWRM framework will facilitate coordinated management of water, land, and related
resources. This approach should involve all stakeholders, including local communities,
government agencies, and NGOs, to ensure equitable and sustainable use of water resources.
+ Promote Rainwater Harvesting and Storage Solutions
Encouraging the construction of rainwater harvesting systems can significantly enhance water
availability during dry periods. Additionally, developing small-scale reservoirs and water storage
facilities will help manage seasonal variations in water supply and mitigate the impacts of extreme
weather events.

+ Enhance Agricultural Resilience
Supporting farmers in adopting climate-smart agricultural practices is crucial. This includes
promoting drought-tolerant crop varieties, implementing agroforestry, and providing training on
sustainable farming techniques that improve soil health and water retention.

+ Strengthen Soil Conservation Practices
To combat soil erosion and enhance agricultural productivity, practices such as terracing, contour
farming, and cover cropping should be promoted. These methods will improve water infiltration
and reduce runoff, contributing to better water management.

+ Restore and Protect Ecosystems
Restoration of wetlands and reforestation of degraded areas within the watershed will improve
biodiversity and enhance ecosystem services, such as natural flood control and water purification.
These initiatives should be integrated into land use planning.

+ Community Engagement and Education
Building local capacity through educational programs on climate change impacts and sustainable
practices is essential. Engaging communities in decision-making processes will ensure that
adaptation strategies are culturally relevant and effectively implemented.

+ Establish Continuous Monitoring Systems
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Implementing a robust monitoring system for hydrological changes and climate impacts will
provide valuable data to inform adaptive management strategies. This system should include the
use of technology for real-time data collection and analysis.

+ Support Research and Development Initiatives
Investing in research focused on the specific challenges of the Wosha watershed is vital. This
includes developing and validating hydrological models that incorporate climate change scenarios
and assessing their implications for water resource management.

+ Develop Adaptive Policies and Secure Funding
Creating flexible policies that can be adjusted according to new climate data and hydrological
assessments is critical. Furthermore, securing funding for adaptation projects will ensure the
sustainability and resilience of water resources in the watershed.
By implementing these recommendations, stakeholders in the Wosha watershed can effectively
address the challenges posed by climate change, enhance water resource management, and

promote sustainable development in the watershed.
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APPENDICES

Appendix A The analysis of monthly & annual climatic change relative to baselines.

‘ Model ‘ Period ‘ SSP ‘ Element ’ Monthly ’ Annual
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CanESM5 2050s 2-4.5 Rainfall (%) 8.9 5.3
Tmax (°C) 1.4 1.72
Tmin (°C) 1 1.2
5-8.5 Rainfall (%) 0.9 14.9
Tmax (°C) 1.6 0.8
Tmin (°C) 1.1 1.3
2-4.5 Rainfall (%) -2 -1.9
2080s Tmax (°C) 0.8 1.07
Tmin (°C) 1.16 1.41
5-8.5 Rainfall (%) 25.7 16.6
Tmax (°C) 0.7 0.4
Tmin (°C) 1.15 2.6
MIROC6 2050s 2-4.5 Rainfall (%) 18.8 5.8
Tmax (°C) 0.5 0.53
Tmin (°C) 1.2 0.42
5-8.5 Rainfall (%) 11.4 9.3
Tmax (°C) 1.2 0.34
Tmin (°C) 1.28 2.7
2080s 2-4.5 Rainfall (%) 11.2 4.3
Tmax (°C) 1.01 0.7
Tmin (°C) 1.32 2.9
5-8.5 Rainfall (%) 15.9 7.3
Tmax (°C) 1.6 0.2
Tmin (°C) 1 2.7
NESM3 2050s 2-4.5 Rainfall (%) 24.6 20.3
Tmax (°C) 1.13 0.5
Tmin (°C) 1.43 0.7
5-8.5 Rainfall (%) 26.2 21.1
Tmax (°C) 1.63 1.7
Tmin (°C) 1.3 0.9
2080s 2-4.5 Rainfall (%) 12.4 3.2
Tmax (°C) 1.42 0.3
Tmin (°C) 1 0.6
5-8.5 Rainfall (%) 12.4 6.3
Tmax (°C) 1.21 0.3
Tmin (°C) 1.33 0.5

Mann Kendall Trend Test

Rainfall
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