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CHAPTER ONE 

1. INTRODUCTION 
1.1 Background of the study 

According to the Intergovernmental Panel on Climate Change (IPCC) report, climate change is a 

worldwide concern that poses a treat of the century and has resulted in significant damages, such 

as irreversible losses in terrestrial and marine ecosystems (IPCC, 2022). It is brought on by 

greenhouse gas emissions into the atmosphere, which warm the planet (Masson-Demotte, 2018). 

Beyond the fluctuation of the climate caused by nature, human-induced climate change has had 

significant detrimental effects on the nature and humans (IPCC, 2022). It causes extreme climatic 

events including droughts, floods, and landslides and modifies climate-related parameters like 

temperature, precipitation, soil moisture, and sea level (Dai, 2010). Extreme weather and climate 

events can have significant impacts on the environment, livelihood, and economy around the world 

(Akinsanola et al., 2021). Globally, extreme events are predicted to become more frequent and 

intense due to climate change (Seneviratne et al., 2012). It exacerbates other threats to social and 

natural systems, placing additional burdens particularly on the poor (IPCC, 2022). 
 
Worldwide and regional change in climate has been accelerated by rapid global warming, altering 

the frequency and intensity of extreme events. These changes have profound implications on 

human, biodiversity, and annual financial losses (Chen et al., 2020; Wu et al., 2021; Yengoh & 

Ardö, 2020). Millions of people are now at risk of serious shortages of food and decreased water 

security due to climate extremes and worsening weather. The largest effects have been seen in 

numerous regions as well as communities in Africa, Asia, Central and South America, the Small 

Islands, and the Arctic (IPCC, 2022). Africa is one of the most vulnerable continents to the 

consequences of climate change, including drought and floods caused by warming air temperatures 

and altered precipitation patterns that endanger economic development, agriculture, and water 

supply (Ayugi et al., 2020; Sime, 2023). Unfortunately, the majorities of African countries are 

extremely vulnerable to climate change and have limited adaptive capacity due to limited access 

to information, technology, finance, and capital assets to cope with the impacts of climate hazards 

(Dai, 2010; IPCC, 2018; Sylla et al., 2016). Vulnerable communities who have historically 

contributed the least to current climate change are disproportionately affected (Lee et al., 2023). 
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precipitation and temperature trends since they reflect different atmospheric processes of the 

global climate system (Pradhan et al., 2021).  

Analysis the spatiotemporal distribution and trends of climate variables are crucial for water 

resource management, agricultural productivity and climate change adaptation and mitigation 

options (Ayalew et al., 2012). From here, GCM that have contributed to the latest generation of 

the Coupled Model Inter-comparison Project phase 6 (CMIP6) (Eyring et al., 2016), include 

updates to existing parameterizations, the addition of new physical processes, and higher 

resolution relative to other CMIP generations. It was set up to assess the effectiveness of GCMs in 

simulating past, present, and future climate variables under various conditions. Recently, the 

CMIP6 has been released, which integrated the representative concentration pathways (RCPs) and 

shared socioeconomic pathways (SSPs) (population, technology, gross domestic product (GDP), 

and land-use scenarios) and made projections more authentic (Eyring et al., 2016; Tebaldi et al., 

2020). Therefore, exploring the changes in the hydrological processes of the UBNB under future 

climate scenarios could promote the sustainable development of the basin (Alaminie et al., 2021; 

Desta et al., 2021). In addition, projection as well as identification of past and future changes in 

climate extremes is important (AghaKouchak et al., 2012) to analyze heatwave duration, heat 

related illness, fire risk, livestock heat stress, agricultural productivity decline, and so on. Thus, 

this study focus on spatiotemporal analysis of past and future rainfall and temperature extreme 

indices over UBNB. 

1.2 Statement of the problem 

The IPCC AR6 recently reported that climate extremes, particularly drought and heavy rainfall 

events, impacts the livelihoods and well-being of millions of Africans (Adelekan et al., 2022; 

IPCC, 2022). Agriculture is the dominant economic activity in developing countries like in 

Ethiopia. It is very much sensitive to weather and climate variables like temperature, precipitation 

and affected by climate extremes, such as droughts, floods and severe storms (Alemitu, 2018; 

Demeke et al., 2011;Molua, 2002). This implies that any alteration in the variables, largely affects 

agricultural production. Ethiopia has ranked among the most vulnerable countries in the world to 

the adverse effects of climate change; mainly due to its high dependence on rain fed agriculture, 

low adaptive capacity and a higher reliance on natural resources base for livelihood, among others 

(Asfaw et al., 2018). The study done by Gelassie (2012) and Gidey et al. (2018) noted that major 
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Studies have been conducted in the study area on evaluating the performance of CMIP6 climate 

model outputs using GCM simulations and analysis of rainfall and temperature extremes. The most 

prominent ones include: Alaminie et al. (2021) evaluate the past and future climate trends under 

CMIP6 scenarios. They try to select the best model for temperature and precipitation projection 

based on its performance together with applied bias correction and analysis its trend. However, 

they did not include climate extreme indices in their study. Similarly, Desta et al. (2021) carried 

out on evaluation and comparison of CMIP5 and CMIP6 model. They are appreciated for 

analyzing rainfall extreme indices and evaluating the performance of climate models. 

Nevertheless, their research was limited to analyzing only rainfall extremes. They did not 

incorporate temperature extreme indices and not clearly depicted the spatial distribution of each 

model and scenarios in their study area. Mohammed et al. (2022) also analysis rainfall and 

temperature extremes in UBNB. However, their analysis was merely based on observed data. 

Alemu and Wubneh (2023) analyze climate extreme indices and trend variations under future 

climate models. They are strongly appreciated for their spatiotemporal analysis of climate 

extremes and future models. In addition, recently studies (Alemu et al., 2023; Berhanu et al., 2023; 

Feyissa et al., 2023; Gebisa et al., 2023; Gebresellase et al., 2022; Rettie et al., 2023; Sime & 

Dibaba, 2023) were conducted in different parts of Ethiopia on evaluating CMIP6 climate model 

and analysis the trend and variability of rainfall.  

In general, the reviewed literature showed the need for further studies to understand the future 

changes in climate extremes under CMIP6 climate models in different SSPs over the study area. 

Therefore, this study intends to fill this gap by analyzing historical and future trends of climate 

extreme indices and determining the onset and cessation of rainy season in the UBNB of Ethiopia. 

The alterations in future extremes predicted by climate models can also be evaluated using these 

indexes. Thus, this will enable the development of effective adaptation and mitigation measures 

for climate extreme hazards.  
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1.3 Objectives of the study 

1.3.1 General objective 

The main objective of the study was to evaluate the performance of CMIP6 climate models and 

simulating climate extreme indices over the UBNB, Ethiopia. 

1.3.2 Specific objectives  

The specific objectives of the study were to: 

1. Asses the performance of CMIP6 climate models for rainfall and temperature projections 

over the UBNB.  

2. Analyze the historical and future trends and variability of rainfall and temperature in the 

UBNB. 

3. Analyze the spatiotemporal distribution and trends of rainfall and temperature extreme 

indices in historical and future periods over UBNB. 

4. Asses the spatiotemporal distribution of historical and future onset, cessation and length of 

rainy season in UBNB. 

1.4 Research questions 

The research questions that guide this study were: 

I. Which CMIP6 climate model will perform well in the study area for rainfall and 

temperature projections?  

II. What is the trend and variability of rainfall and temperature conditions in UBNB? 

III. What characteristics of rainfall and temperature extreme indices will be observed in 

UBNB? 

IV. What will be the spatiotemporal distribution of historical and future onset, cessation, and 

length of rainy season in UBNB? 

1.5 Significance of the study 

The finding of this study could provide benefit for different stakeholders, such as, for local 

communities, administrators, researchers and for policymakers. It benefits to the local farming 

communities by providing the basic knowledge and awareness that can empower and enable them 

to make competitive and constructive efforts towards stoutly surviving extreme events through 

efficient management of the scarce water and other natural resources available.  It helps the 

administrators to get information about the future extreme events and its adverse impacts, as well 
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as it helps for selecting appropriate crop and livestock management systems. For the researchers 

the study findings are helpful to develop their knowledge gaps. This study can also be useful for 

policymakers to prioritize their actions based on the risk levels. It serves as a framework to 

facilitate and addressed future problems and used for planning purpose by providing information 

for planners and for administration to evaluate their development programs and strategies. 

1.6 Scope of the study 

Extreme climate events are occurred and affect all over the world, not usually limited in small 

administrative boundaries or basins. The study done in all Ethiopian regions and assessing the 

socio-economic aspects of the events are significant. However, the study was limited only to 

evaluating the performance of CMIP6 climate models in GCMs and simulating future climate 

extremes using selected indices consider only precipitation and temperature over UBNB, Ethiopia. 

1.7 Limitations of the study 

In conducting this study, various challenges were encountered. The predominant challenge was 

the political situation in the country, particularly in ANRS. In addition, some station data was 

found to be either entirely or partially missing, necessitating the application of filling techniques. 

Furthermore, the absence of internet connectivity and the hesitancy of officers to provide accurate 

data adversely affected data quality, however, extensive efforts were dedicated to engaging with 

officers over multiple days, and a trip to Addis Ababa was made to resolve internet connectivity 

issues. Moreover, the researcher took into account the ethical considerations to reach to asses the 

performance of CMIP6 climate models and simulating climate extreme indices over the UBNB. 

1.8 Structure of the thesis  

This thesis is organized into five chapters with a list of references and appendices. The first chapter 

includes background, statement of the problem, objectives, research questions, significance, scope, 

and limitations of the study. The second chapter is devoted to the review of related literature about 

basic concepts of climate change, climate model projections, and climate extreme indices. This 

chapter identifies the present level of knowledge and is used to fill literature gaps. The third chapter 

presents the location, climate, and LULC types to give general information about the area under 

investigation. The chapter also discusses about the methods used to collect and analyze the data. 

The fourth chapter covers the findings, results and discussions. Finally, chapter five presents a 

summary of the findings of the study and recommendations forward in light of the major findings. 
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Third, the terms "severe," "rare," "extreme," and "high-impact" are frequently used 

interchangeably. Extreme is usually taken to mean exceeding pre-established high thresholds or 

taking maximum levels. An extreme (climate or weather) event is typically described as the 

occurrence of a value of an atmospheric or climate variable that is greater than (or less than) a 

threshold value toward the upper (or lower) ends (the "tails") of the indicator's spectrum of 

observed values (Seneviratne et al., 2012). In other words, Stephenson et al., (2008) concluded 

that extreme events are events that have extreme values of certain important meteorological 

variables. Changes in many extreme weather and climate events have been observed since about 

1950 (IPCC, 2014; Pachauri et al., 2014). Weather and climate extremes have always played an 

important role in shaping the natural environment and pose significant challenges to society 

(AghaKouchak et al., 2012). Damage is often caused by extreme values of certain meteorological 

variables, such as large amounts of precipitation (e.g., floods), high wind speeds (e.g., cyclones), 

high temperatures (e.g., heat waves), etc. Climate change alters the frequency, severity, spatial 

extent, length, and duration of weather and climate extremes, potentially resulting in unexpected 

extremes (IPCC, 2014). Various climate and weather extremes are triggered by natural climatic 

variability (including occurrences like El Nio), and naturally decadal or multi-decadal climate 

oscillations serve as a context for human-caused changes in the climate (Haile et al., 2020). An 

extreme weather event tends to coincide with changing weather patterns, that is, within time 

intervals ranging from less than a day to a few weeks. On longer time scales, an extreme climate 

event occurs. It might be the result of multiple (severe or non-extreme) meteorological events (for 

example, the accumulation of considerably below-average rainy days across a season, resulting in 

significantly below-average accumulated rainfall and dryness) (Seneviratne et al., 2012). 

According to IPCC (2012) and Seneviratne et al. (2012) report changes in weather and climate 

events relevant to extreme impacts and disasters grouped into the following categories: first, 

extremes of atmospheric weather and climate variables (temperature, precipitation, wind). Second, 

weather and climate phenomena that either influence or are extremes in weather or climate 

variables (monsoons, El Niño and other modes of variability, tropical and extratropical cyclones). 

Thirdly, effects on the physical environment that occurs naturally (droughts, floods, high sea 

levels, waves, and coastal impacts, along with other physical effects including landslides, sand and 

dust storms, and impacts related to the cryosphere). 
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Dynamic downscaling (DD) approaches generate local or RCMs at a fine resolution, typically 50 

km, by utilizing local physical parameters, such as topographic features nested within a GCM 

(Endris et al., 2013). It is also time-consuming and resource-intensive (Trzaska & Schnarr, 2014). 

Conversely, the application of statistical downscaling (SD) techniques establishes a statistical 

correlation between large-scale GCM outputs and local-scale climate variables (Gebrechorkos et 

al., 2019b; Kaini et al., 2020). In addition, SD is easy to use, resource-efficient, and 

straightforward. Their resolution is higher than DD, and it is appropriate to do spatial downscaling 

and bias correction of numerous models. They are also extensively utilized in several industries 

(Brown et al., 2008).  

According to (Daniel, 2023; Fang et al., 2015; Tumsa, 2022) the statistical downscaling (SD) 

techniques include linear scaling (LS) of precipitation and temperature, local intensity scaling 

(LOCI) of precipitation, distribution mapping (DM) of precipitation and temperature, power 

transformation (PT) of precipitation, variance scaling (VARI) of temperature, and quantile 

mapping (QM) of precipitation.  While other techniques, such as distribution mapping and power 

transformation, correct the mean and frequency of model values with the statistical values of 

observations, linear scaling only modifies the mean of climate model simulations (Teutschbein & 

Seibert, 2012). Distribution mapping employs the Gamma and Gaussian distributions to fit the 

distribution of temperatures and rainfall of RCMs with data obtained from observations 

(Gudmundsson et al., 2012). According to (Leander & Buishand, 2007; Lenderink et al., 2007; 

Worku et al., 2018) the linear scaling approach can correct mean biases, however, it cannot correct 

biases in wet-day probability and intensity. In contrast to linear scaling, the power transformation 

method uses observed data to simulate the standard deviation, coefficient of variation (CV), wet-

day frequencies, and rainfall intensities. It also employs an RCM-specific rainfall threshold to 

modify the wet day frequencies of daily rainfall (Schmidli et al., 2006). Power transformation 

involves fitting the CV of the corrected daily RCM rainfall with the CV of the observed daily 

rainfall for each month to convert the daily rainfall of RCMs into a corrected rainfall. The 

distribution function (PDF) of the observed temperature values are used to modify the GCM-

simulated rainfall and temperature values in the distribution mapping approach. It modifies the 

GCM outputs' mean, standard deviation, extremes, and distribution of temperature occurrences 

(Teutschbein & Seibert, 2012). The method significantly reduced the biases between the GCMs 

output and the observation data and minimized the errors in the projections (Rettie et al., 2023b). 
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2.3.5 Climate extreme indices  

Climatic change induced by humans is already affecting various weather and climatic extremes in 

every region of the world. This has resulted in widespread negative consequences, as well as harm 

and losses to nature and humans (Lee et al., 2023). GCMs have been utilized as a main tool for 

analyzing past and future climatic extremes and understanding physical processes, and an in-depth 

assessment of GCM performance is required for an accurate assessment of the simulated outcomes 

(Eyring et al., 2016). Understanding the projected changes in climate is critical for disaster-prone 

areas in order to design adaptation and mitigation plans for the effects of climate change. This is 

especially crucial when utilizing the recently released CMIP6 global climate models (GCM) 

(Eyring et al., 2016; Shiru et al., 2022). Regional and local-scale information on the frequency, 

magnitude, and extent of climatic extremes is thus crucial for managing the extremes and devising 

long-term adaption strategies (Gebrechorkos et al., 2019a). To provide a consistent understanding 

of changes in climate and weather extremes at the regional and local levels, the World 

Meteorological Organization (WMO) has developed and recommended 27 indices that cover a 

wide range of climates (Zhang & Yang, 2004).  

Table 2.3: List of temperature and rainfall extreme indices 

ID Indicator Name                       Descriptions Units 
Temperature Indices   
FD0 Frost days Annual count when TN (daily minimum) <00C Days 
SU25 Summer day Annual count when TX (daily maximum)>25ºC  Days 
ID0 Ice days Annual count when TX (daily maximum) <00C Days 
TR20 Tropical nights Annual count when TN (daily minimum)>20ºC  Days 
GSL Growing season Length Annual (1st Jan to 31st Dec in NH, 1st July to 

30th June in SH) count between first span of at 
least 6 days with TG>5ºC and first span after July 
1 (January 1 in SH) of 6 days with TG<50C 

Days 

TXx Max Tmax Monthly maximum value of daily maximum temp ºC 
TNx Max Tmin Monthly maximum value of daily minimum temp ºC 

TXn Min Tmax Monthly minimum value of daily maximum temp  ºC 

TNn Min Tmin Monthly minimum value of daily minimum temp  ºC 

TN10p Cool nights Percentage of days when TN<10th percentile Days 
TX10p  Cool days Percentage of days when TX<10th percentile Days 
TN90p Warm nights Percentage of days when TN>90th percentile Days 
TX90p  Warm days Percentage of days when TX>90th percentile Days 
WSDI Warm spell duration 

indicator 
Annual count of days with at least 6 consecutive 
days when TX>90th percentile 

Days 

CSDI Cold spell duration 
indicator 

Annual count of days with at least 6 consecutive 
days when TN<10th percentile 

Days 



18 
 

DTR Diurnal temperature range Monthly mean difference between TX and TN  ºC 
Rainfall Indices   
RX1day Max 1-day precipitation 

amount 
Monthly maximum 1-day precipitation  mm 

Rx5day Max 5-day precipitation 
amount 

Monthly maximum consecutive 5-day 
precipitation 

mm 

SDII Simple daily intensity 
index 

Annual total precipitation divided by the number 
of wet days (defined as PRCP>=1.0mm) in the 
year  

mm/day 

R10 Number of heavy 
precipitation days 

Annual count of days when PRCP>=10mm 
Annual count of days when PRCP>=nn mm, nn is 
user-defined threshold Days 

Days 

R20 Number of very heavy 
precipitation days 

Annual count of days when PRCP>=20mm Days 

R25 Number of days >25 mm Annual count of days when PRCP>=25 mm Days 
CDD Consecutive dry days Maximum number of consecutive days with 

RR<1mm  
Days 

CWD Consecutive wet days Maximum number of consecutive days with 
RR>=1mm  

Days 

R95p Very wet days Annual total PRCP when RR>95th percentile  mm 
R99p Extremely wet days Annual total PRCP when RR>99th percentile  mm 
PRCPTOT Annual total wet-day 

precipitation 
Annual total PRCP in wet days (RR>=1mm) mm 

 
2.4 Rainfall distribution in Ethiopia 
Rainfall is the liquid form of precipitation and one of the most important processes in the 

hydrological cycle, with varying geographical and temporal distributions (Y. Wang et al., 2020). 

The position of the Inter-Tropical Convergence Zone (ITCZ) (the zone of converging winds from 

the two hemispheres) determines the origin and movement of southwest and southeast trade winds, 

which influence the amount and distribution of rainfall in Ethiopia (Korecha & Barnston, 2007). 

According to (Goshu et al., 2017; Lemma et al., 2022) in line with National Meteorological 

Agency (NMA) of Ethiopia, identified three predominant rainfall divisions. Regime one (1) covers 

the central and eastern divisions of the country and has bimodal rainfall cycles (two rainy seasons); 

February to May (Belg or smaller rainy season) and main rainy season or Kiremt (June to 

September). Regime two (2) includes the western regions of the nation and distinguished by a 

protracted unimodal rainfall trend from February to November. Regime three (3) includes the 

country's southeast and southern regions and characterized by bimodal rainfall patterns from 

October to November (short rainfall periods) and February to May (long rainfall periods). 
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CHAPTER THREE 
3. MATERIALS AND METHODS 

3.1 Description of the study area 
3.1.1 Location 

The study was undertaken in Upper Blue Nile Basin (UBNB), located in northwestern part of 

Ethiopia. Geographically, the basin is located between 7°45' and 12°45' N latitude and 34°05' and 

39°45' E longitude. The Basin is drained by Abay /Nile River. It has an estimated area of 200,718 

km2, it comprises 18 percent of the area of Ethiopia (1,112,000 km2). It has diverse topographic 

features with elevation ranging between 478 and 4260 meter above mean sea level (masl) (Fig.3.1). 

The UBNB contributes to around 70 percent (54.4 billion m3/year) of the total annual flow 

component of the main Nile (Conway, 2000; Nawaz, 2010). The DEM data was downloaded from 

the Alaska Satellite Facility (https://search.asf.alaska.edu) at 12.5m spatial resolution. 

 
Figure 3.1: Map of the study area. 

https://search.asf.alaska.edu/
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3.1.2 Climate  

The study area is endowed with five agro-ecological zones based on its altitudinal classification, 

namely, desert from the lowest altitude (478 masl to 500 masl), lowland (Kolla) from (500 masl 

to 1500 masl, midland (Woina-dega) 1500 to 2300 masl, highland (Dega) 2300 to 3200 masl and 

upper highland/cold (Wurch) 3200 to 4260 masl (Gorfu & Ahmed, 2012; MoA, 2000). More 

importantly, possess such different agro-ecology is very important for agricultural practices, which 

allows farmers to raise their production and diversify crop types (Silici, 2014). 

 
Figure 3.2: Agro-ecological zones of UBNB based on altitudinal values  

In addition to this, the study area has a mean annual rainfall, maximum, and minimum temperature 

of 1180.8 mm, 26.70C, and 12.10C, respectively in which the highest rainfall occurs during summer 

season; with about 77.7 percent occurring between June and September (Figure 3.3). The 

highlands having the highest rainfall (ranging from 1500 to 2200 mm) and the lowlands receiving 

less than 1500 mm (Bayissa et al., 2017).  
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Figure 3.3: Rainfall and temperature distribution of UBNB from 1990-2023. 

In addition, the UBNB experiences an extended single wet season in the south-west, a shorter 

single wet season further north and a bi-modal pattern in the east with a short wet season in March-

May preceding the main wet season (Bayissa et al., 2017; Conway, 2000). 

3.1.3 Land Use Land Cover Types (LULC) 

Land use/land cover (LULC) maps provide information on conservation planning, food security, 

environmental monitoring and hydrologic modeling, among other things (Karra et al., 2021). For 

this study purpose, LULC map of the study area was prepared from Sentinel-2 imagery at 10m 

resolution (https://scihub.copernicus.eu/).  
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Figure 3.4: LULC distributions of UBNB. 

The above figure indicated that about 74,468.1 km2 (37.2%) of the study area was dominantly 

covered by croplands followed by woodland about 35869.6 km2 (17.9%) of the area, whereas shrub 

lands, grasslands and forests cover about 29,706.7 km2 (14.9%), 24,773.5 km2 (12.4%), and 

21,340.4 km2 (10.7%) of the area, respectively. On the other hand, the smallest LULC class 

includes bare lands, waterbodies, wetlands, built-up areas and afro-alpine were covered about 

9,025.7 km2 (4.5%), 3,383.8 km2 (1.7%), 580.6 km2 (0.3%), 492.2 km2 (0.24%), and 375.1 km2 

(0.18%) of the study area, respectively (Fig.3.4). 

3.1.5 Economic activity 

The economic activity of the community in the basin is dominated in primarily economic activity 

i.e., mixed agriculture such as crop production and animal rearing. The area divided in to urban 

and rural community, the rural community engaged in agriculture, and urban community dominant 

in different business activities (CSA, 2013). 
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3.2 Research design and methods  
3.2.1 Research design 

To achieve the research objectives and address the research questions, the descriptive research 

design (Kumar, 2011) was applied to evaluate the performance of CMIP6 climate models and 

analyzing climate extreme indices. It describes systematically and accurately the facts and 

characteristics of a given area of interest or variables. Moreover, all models and extreme indices 

were computed quantitatively based on describing the existing and/or derived datasets.   

3.2.2 Data types and sources 

To create a database for evaluating the performance of CMIP6 climate models and analyze climate 

extreme indices in the UBNB, two datasets were primarily employed in this study. These are 

CMIP6 model product and meteorological station data (Table 3.1).  

Table 3.1: Data types and their sources 
No Data Types Purpose Source 
1. Station Rainfall  

and Temperature  
Data (2000-2020) 

Used to evaluate the performance of gridded 
rainfall and temperature data. 

National Meteorology  
Agency of Ethiopia  
(NMAE) 

2. Gridded Rainfall 
and Temperature 
Data (1995-2020) 

Used for correct the bias of  CMIP6 model 
data, compute historical rainfall and 
temperature trends and variability, climate 
extreme indices, and to determine the onset, 
and cessation of rainy season. 

National Meteorology  
Agency of Ethiopia  
(NMAE) 

3. CMIP6 Climate 
Model Data  
(1995-2100) 

Used for temperature and rainfall 
projection, analyzing future trends of 
extreme indices, and length of rainy season. 

WCRP-CMIP6 
(https://esgf-node.llnl.gov/ 
projects/cmip6/) 

 
3.2.2.1 Meteorological station data 

As previously stated by Alaminie et al. (2021), there are around 202 gauge stations in UBNB, with 

just 67 having more than a 30-year record span. From here, this study was considered first-stage 

stations. Therefore, ground-station daily rainfall and temperature data were collected from 20-

gauge stations for the period 2000-2020 from NMA. It mainly used for evaluate the performance 

of gridded data. However, due to short recorded period, low spatial resolution, and missing values 

of gauge-station data, the researcher was decided to use gridded data for 27 meteorological stations 

from 1995-2020. Gridded data is a dataset that observational data are assimilate with climate 

models/products to produce a full set of atmospheric variables. It has high spatial resolution (4km 

or 0.040) than observed (50 km or 5.50) datasets (NMA, 2007). 

file:///C:/Users/Piter%20computer/AppData/Roaming/Microsoft/Word/(https:/esgf-node.llnl.gov/%20projects/cmip6/)
file:///C:/Users/Piter%20computer/AppData/Roaming/Microsoft/Word/(https:/esgf-node.llnl.gov/%20projects/cmip6/)
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Figure 3.5: Spatial distribution of station points in UBNB. 

In addition, those stations and years were selected based on the low percentage of missing data, 

and their representativeness to the basin. The data is mainly used for bias correction as well as 

analysis of historical climate extreme indices, and length of rainy seasons. Therefore, the list of 27 

meteorological stations for rainfall, maximum and minimum temperature of UBNB are 

summarized (Table 3.2) in different agro-climatic zones. In this regard, Taye et al. (2020) were 

applied this agro-climatic classification in UBNB. 

Table 3.2: List of 27 meteorological stations and their location  

No Station Name Lat  Long Agro. Eco No Station Name Lat Long Agro. Eco 

1 Adet 11.3 37.5 Midland 15 Enjibara 11.1 36.9 Highland 

2 Ambo 8.98 37.8 Midland 16 Fiche  9.76 38.7 Highland 

3 Asossa 10.1 34.6 Midland 17 Gondar 12.5 37.4 Midland 

4 Ayehu 10.6 36.7 Midland 18 Jawe 11.5 36.49 Lowland 

5 Bahir Dar  11.6 37.3 Midland 19 Motta  11.1 37.89 Highland 

6 Bedele 8.5 36.3 Midland 20 Nefesgebiya 11.9 35.43 Lowland 

7 Bullen 10.6 36.1 Midland 21 Nejo  9.5 35.5 Midland 

8 Chagni 10.9 36.5 Midland 22 Pawe 11.3 36.4 Lowland 



(https:/esgf-node.llnl.gov/projects/cmip6/)
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average (SAA) technique using XLSTAT. In this regard, Wassie et al. (2022) concluded that the 

arithmetic mean method is more appropriate and commonly used for filling missing values.  

3.4.2 Bias correction of climate model simulations 

Bias correction is a statistical approach employed to rectify data that exhibits systematic errors or 

biases, thereby bringing it to its proper values (Rettie et al., 2023a). It is common that GCM 

simulations possess systematic error or bias due to model assumptions, resolutions, model 

representations, discretization, spatial averaging, and other factors (Gunavathi & Selvasidhu, 

2021; Worku et al., 2018). It is used to correct for the propensity to underestimate or overestimate 

the mean value of downscale variables and the factors are calculated using the statistics of observed 

and historical simulated variables for the same time period (Daniel, 2023). Thus, the outputs of 

GCMs mostly cannot be directly used for climate change impact assessments (Desta et al., 2023). 

Therefore, the bias correction can be done through linear scaling (LS), power transformation (PT) 

(for rainfall), local intensity scaling, distribution mapping (DM), variance scaling (for 

temperature), delta change, and quantile mapping (QM) (Gunavathi & Selvasidhu, 2021; 

Teutschbein & Seibert, 2012). Of these methods, PT and DM are the most recommended and 

potentially valid methods for precipitation and temperature GCMs model correction, respectively 

(Daniel, 2023; Fang et al., 2015; Teutschbein & Seibert, 2012). Similarly, the findings of (Dibaba 

et al., 2020; Mengistu et al., 2021; Tumsa, 2022) concluded that compared to other bias correction 

methods, PT and DM are a better bias correction techniques in adjusting frequency of precipitation 

and temperature events, respectively. In addition, the study done by Daniel (2023) on performance 

assessment of bias correction methods in different watersheds of Ethiopia concluded that the PT 

method performed better for precipitation, while the DM method performed better for maximum 

and minimum temperature.  

Therefore, this study was applied power transformation (PT) (for precipitation) and distribution 

mapping (DM) (for temperature) bias correction methods to correct the bias of seven (7) CMIP6 

models using CMhyd tool. The CMhyd tool (Rathjens et al., 2016) is used to execute the bias 

correction techniques. The tool compares the raw GCM output with observed data, calculates the 

variation between observed and GCM simulated data and applies different bias correction methods 

to correct historical and future model output. CMhyd was designed to offer climatic data 
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Figure 3.7: Methodological framework 
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CHAPTER FOUR 

4. RESULTS AND DISCUSSIONS 
4.1 Performance evaluation of gridded rainfall and temperature data 

Rain gauges are in limited availability in Ethiopia (Taye et al., 2020). To address this limitation, it 

is preferable to use gridded rainfall and temperature data with high spatial resolution and a longer 

record period. In this work, the evaluation of the gridded rainfall and temperature products have 

been carried out over the period from 2000 to 2020 using station data from 20 meteorological 

stations (the remaining seven stations have short recorded period and totally missing values). 

Statistical techniques such as, Pearson correlation coefficient (R), coefficient of determination 

(R2), mean error (ME), mean absolute error (MAE), root mean square error (RMSE), normalized 

root mean square error (NRMSE) and percent of bias (PB) were employed to evaluate the 

performance of gridded rainfall and temperature data (Table 4.1). The result of the study reveals 

that the correlation coefficient (r) was strong for both rainfall and temperature, which ranges from 

0.72 to 0.99 and 0.6 to 1.00, respectively. It shows a good agreement between the station and 

gridded rainfall and temperature data in UBNB. In addition, the ME for both variables were also 

computed and it results negative and positive values. This implies in line with  Taye et al. (2020) 

positive value indicates an overestimate of the gridded rainfall, whereas a negative value indicates 

an underestimate as compared to the observed rainfall. Similarly, the highest and lowest percentage 

of bias (PBias) were registered in Wereilu (13.0) and Shahura (-35.9) stations for rainfall as well 

as (24.6) in Yetnora and (-11.3) in Chagni stations for temperature, respectively (Table 4.1). In 

general, the bias values for most stations were approaches to one. Moreover, the negative and 

positive bias values demonstrates underestimation (bias value < 100 percentage) and 

overestimation (bias value > 100 percentage) of gridded rainfall, respectively. The MAE also 

shows the smallest error (close to zero) have registered between the two measurements particularly 

in temperature data across all stations. It indicates a good agreement between station and gridded 

estimates. The comparisons of RMSE and NRMSE for rainfall and temperature data again shows 

variation in error values from station to station (Table 4.1). Therefore, greater central tendency and 

small extreme errors have been observed relatively in temperature data. A lower RMSE value 

means greater central tendencies and smaller extreme errors. 
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Table 4.1: Statistical evaluation results of rainfall and temperature data in mm-1month  
Stations Variable ME MAE RMSE NRMSE% R R2 PBias 

Adet Rainfall -2.9 55.3 83.8 78.2 0.72 0.4 -3 
Temp 0.18 1.06 1.55 98.5 0.70 0.3 0.9 

Ambo Rainfall -2.3 24.6 42.5 49.2 0.87 0.76 -2.8 
Temp -0.63 1.14 1.41 94.2 0.6 0.11 -3.3 

Asossa Rainfall -12.2 42.7 75.9 68.6 0.75 0.53 -11.7 
Temp -0.32 1.08 1.42 87.3 0.68 0.23 -1.5 

Ayehu Rainfall 9.2 28.4 45.6 47.1 0.91 0.78 9.2 
Temp 0.35 0.70 1.08 60.5 0.82 0.63 1.70 

Bahir Dar Rainfall -14.1 32.4 71.5 40.7 0.92 0.83 -10.8 
Temp -0.06 0.62 0.97 58.0 0.85 0.66 -0.30 

Bullen Rainfall 13.1 35.7 59.6 45.3 0.91 0.79 10.9 
Temp -0.25 0.85 1.12 66.2 0.85 0.56 -1.20 

Chagni Rainfall -0.1 36.2 57.8 40.1 0.93 0.84 -0.1 
Temp -2.37 2.54 2.88 184.7 0.67 0.64 -11.3 

Dangila Rainfall -9.4 25.4 40.1 27.3 0.96 0.93 -6.9 
Temp 0.82 1.14 1.36 99.1 0.78 0.57 4.6 

Debre Birhan Rainfall 1.1 9.3 31.2 27.5 0.96 0.92 1.4 
Temp 0.31 0.32 0.53 36.4 0.96 0.87 2.3 

Debre Markos Rainfall -5.1 9.1 17.1 15.2 0.99 0.98 -4.5 
Temp -0.01 0.04 0.09 6.3 1.00 1.00 0.00 

Debre Tabor Rainfall -10.2 14 27.1 18.3 0.99 0.97 -8.3 
Temp 0.24 0.25 0.25 19 1.00 0.96 1.5 

Enewari Rainfall -6.9 13.1 30.3 23.9 0.97 0.94 -7.1 
Temp 0.01 0.02 0.15 11 0.99 0.99 0.10 

Fiche Rainfall 0.36 7.9 14.2 11.2 0.99 0.99 0.4 
Temp -0.43 0.46 0.47 34.3 0.99 0.88 -3.0 

Gondar Rainfall -5.6 11.1 21.9 17.9 0.98 0.97 -5.5 
Temp 0.01 0.03 0.11 6.5 1.00 1.00 0.00 

Motta Rainfall -7.1 28.2 47.1 39.9 0.92 0.84 -6.7 
Temp 1.13 1.54 1.91 72.3 0.77 0.69 6.6 

Nejo Rainfall 14.3 47.5 77.5 57.9 0.86 0.66 11.5 
Temp 0.33 0.96 1.42 83.5 0.76 0.59 1.7 

Pawe Rainfall -3.2 30.3 55.2 36.0 0.93 0.87 -2.5 
Temp -1.93 2.25 3.16 144.7 0.84 0.47 -7.8 

Shahura Rainfall -38.1 44.4 75.8 57.8 0.91 0.66 -35.9 
Temp 1.57 1.65 1.92 107.2 0.80 0.54 8.2 

Wereilu Rainfall 9.9 24.1 47.4 40.3 0.95 0.84 13.0 
Temp -0.40 0.54 0.73 56.8 0.88 0.68 -2.5 

Yetnora Rainfall 4.1 24.8 39.5 38.7 0.93 0.85 4.4 
Temp 4.24 4.24 4.47 246.2 0.68 0.5 24.6 
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Table 4.2: Performance evaluation of selected CMIP6 models for monthly precipitation 
Climate Zones GCM Models ME MAE RMSE r R2 PBias 

Lowland BCC-CSM2-MR -2.4 29.9 60.1 0.87 0.72 -2.5 
CMCC-ESM2 0.00 31.8 55.2 0.89 0.77 0.00 
INM-CM4-8 0.00 28.9 48.5 0.91 0.82 0.00 
INM-CM5-0 0.00 28.8 47.3 0.91 0.83 0.00 
MPI-ESM1-2-HR 0.00 36.7 61.7 0.86 0.71 0.00 
MRI-ESM2-0 0.00 32.7 55.3 0.89 0.77 0.00 
NORESM2-MM 0.00 39.7 68.0 0.84 0.65 0.00 

Midland BCC-CSM2-MR -2.5 26.9 50.3 0.91 0.80 -2.3 
CMCC-ESM2 0.00 30.5 43.4 0.93 0.85 0.00 
INM-CM4-8 0.00 26.8 39.1 0.94 0.88 0.00 
INM-CM5-0 0.00 26.7 38.3 0.94 0.88 0.00 
MPI-ESM1-2-HR 0.00 30.6 45.8 0.92 0.83 0.00 
MRI-ESM2-0 0.00 29.5 43.5 0.93 0.85 0.00 
NORESM2-MM 0.00 38.5 60.3 0.88 0.72 0.00 

Highland BCC-CSM2-MR -2.5 35.1 58.3 0.89 0.75 -2.3 
CMCC-ESM2 0.00 38.9 55.6 0.89 0.77 0.00 
INM-CM4-8 0.00 35.8 52.8 0.90 0.79 0.00 
INM-CM5-0 0.00 33.4 48.6 0.91 0.82 0.00 
MPI-ESM1-2-HR 0.00 36.6 54.9 0.89 0.78 0.00 
MRI-ESM2-0 0.00 37.7 55.8 0.89 0.77 0.00 
NORESM2-MM -0.01 54.1 88.2 0.79 0.44 0.00 

For precipitation, model INM-CM5-0 shows the statistical values of (r=0.91) and (R2=0.83) 

performance in lowland part of the study area. Similarly, in midland part of the study area INM-

CM5-0 model registered highest statistical values of r and R2 of 0.94 and 0.88 with lowest mean 

error values, respectively. In addition, the model scored the highest values of (r=0.91) and R2 

(0.82) in highland part of UBNB (Table 4.2). A negative PBIAS value indicates that the model 

underestimates precipitation, and a positive PBIAS value indicates overestimation. As a result, 

model BCC-CSM2-MR show the highest bias in the range of (-2.3 % and -2.5 %), hence depicting 

underestimated (negatively biased) a monthly precipitation and contains a large percentage bias of 

compared to other GCMs over the study area. Moreover, a smaller absolute value of RMSE and 

BIAS indicates better model performance. RMSE evaluates the variations between the observed 

and modeled climate variables and a value of zero RMSE represents the best performance model. 

Similarly, relatively greater central tendency and small extreme errors have been observed in all 

agro-climatic zones having RMSE values of 1.7 mm, 0.99 mm, and 1.1 mm for monthly time steps, 

respectively. Whereas, for maximum temperature model INM-CM4-8 gives a performance of 0.85 

for r , 0.70 for R2 and 0.89 for r , 0.77 for R2, and 0.86 for r ,0.72 for R2 in lowland, midland and 
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highland parts of the study area, respectively (Table 4.3). BCC-CSM2-MR underestimates the 

monthly maximum temperature in the study area. On the other hand, Alaminie et al. (2021) 

reported MRI-ESM2-0 for temperature have highest agreement with the baseline period 

observational datasets over the Upper Blue Nile Basin. 

Table 4.3: Performance evaluation of selected CMIP6 models for maximum temperature 
Climate Zones GCM Models ME MAE RMSE r R2 PBias 

Lowland BCC-CSM2-MR -0.11 1.4 2.3 0.75 0.44 -0.3 
CMCC-ESM2 0.00 1.4 1.8 0.83 0.67 0.00 
INM-CM4-8 0.00 1.3 1.7 0.85 0.70 0.00 
INM-CM5-0 0.00 1.4 1.7 0.84 0.70 0.00 
MPI-ESM1-2-HR 0.00 1.6 2.0 0.80 0.58 0.00 
MRI-ESM2-0 0.00 1.4 1.8 0.83 0.67 0.00 
NORESM2-MM 0.00 1.4 1.8 0.83 0.66 0.00 

Midland BCC-CSM2-MR -0.1 0.78 1.85 0.71 0.19 -0.40 
CMCC-ESM2 0.00 0.82 1.0 0.88 0.75 0.00 
INM-CM4-8 0.00 0.77 0.99 0.89 0.77 0.00 
INM-CM5-0 0.00 0.81 1.1 0.88 0.76 0.00 
MPI-ESM1-2-HR 0.00 0.92 1.2 0.84 0.66 0.00 
MRI-ESM2-0 0.00 0.71 0.93 0.90 0.80 0.00 
NORESM2-MM 0.00 0.86 1.1 0.87 0.73 0.00 

Highland BCC-CSM2-MR -0.1 0.86 1.85 0.70 0.17 -0.40 
CMCC-ESM2 0.00 0.90 1.1 0.85 0.69 0.00 
INM-CM4-8 0.00 0.84 1.1 0.86 0.72 0.00 
INM-CM5-0 0.00 0.92 1.2 0.85 0.69 0.00 
MPI-ESM1-2-HR 0.00 0.92 1.2 0.84 0.66 0.00 
MRI-ESM2-0 0.00 0.85 1.1 0.86 0.71 0.00 
NORESM2-MM 0.00 0.88 1.2 0.85 0.70 0.00 

In addition, the performance metrics for minimum temperature calculated for all GCMs and the 

ranking of GCMs derived using different statistical parameters. All the models exhibit a positive 

correlation with observed values except BCC-CSM2-MR, which reveals a negative correlation. 

For minimum temperature model INM-CM4-8 weights best performance of 0.62 for r , 0.31 for 

R2 and 0.72 for r , 0.41 for R2, and 0.76 for r ,0.56 for R2 in lowland, midland and highland parts 

of the study area, respectively (Table 4.4). In line with this finding Gebisa et al. (2023) found that 

INM-CM4-8 was performed well for minimum temperature projection. On the other hand, a study 

done by Shiru and Chung (2021) found that INMCM4-8 were ranked 5th in simulating minimum 

temperature from 13 GCMs used for evaluation. In terms of PBias, model BCC-CSM2-MR 

underestimate (negatively biased) monthly minimum temperature in all agro-climatic zones. 

Furthermore, the study showed that the total percent of biases were slightly highest in minimum 
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relationships. The Figure below shows the performances of the precipitation, maximum 

temperature, and minimum temperature GCMs in lowland (a1-a3), midland (b1-b3), and highland 

(c1-c3), respectively, relative to their observed data using the diagram. However, the standard 

deviations are all different, the correlation between the modelled and observed ranges from 0.4 to 

0.95. Model INM-CM5-0 showed the shortest distance which indicated a highest correlation (>0.9) 

and the lowest standard deviation compared to the observed ground for precipitation variable while 

INM-CM4-8 indicates the highest correlation (>0.7) for maximum and minimum temperature in 

all agro ecological zones. However, the BCC-CSM2-MR products either displayed a bigger 

standard deviation or a lower CC, indicating that they performed poorly in capturing the temporal 

variations in temperature and precipitation over the study area. The highest-ranking GCMs were 

seen to have higher correlations. Thus, both fitted models were used in this study for temporal and 

spatial projection of precipitation and temperature analysis.  
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Figure 4.3: Taylor diagram performance evaluation of seven CMIP6 models with gridded 
precipitation, maximum and minimum temperature in lowland (a1-a3), midland (b1-b3), and 
highland (c1-c3) for the baseline period (1995-2014). 

Moreover, the best performing GCMs in one region or study area did not rank equally in other 

regions. A performance evaluation is crucial for carrying out an exhaustive examination of climate 

models. In conclusion, model INM-CM5-0 and INM-CM4-8 produced a lowest RMSE with a 

smaller bias together with a good correlation (>0.7) in precipitation and temperature variables, 



43 
 

respectively. In addition, after the selection of well-performed model; climate projections, extreme 

indices, onset and cessation of rainy season were conducted from 1995 to 2100 for precipitation 

and temperature for the all-grid points under the socioeconomic pathway of SSP1-2.6, SSP2-4.5, 

and SSP5-8.5 over the UBNB. 

4.3 Temporal distribution of observed and future GCM models 
Temperature and precipitation are the fundamental climate factors; changes in these variables 

impact other hydro-climatic systems directly or indirectly (Seleshi & Zanke, 2004). Analyzing the 

spatiotemporal distribution of precipitation and temperature and identifying its trends are critical 

for sustaining agricultural productivity, controlling droughts and floods, utilizing water resources 

sustainably, and maintaining healthy ecosystem functions (Bellu et al., 2016; Brunsell et al., 2010; 

Terêncio et al., 2018). Future climate variables (precipitation and temperature) were projected 

using the outputs of CMIP6-GCM bias-corrected models through power transformation and 

distribution mapping, respectively. Temporal distribution of total annual precipitation and 

temperature data was utilized for this study from 1995 to 2100 under socioeconomic pathways of 

SSP1- 2.6, SSP2-4.5, and SSP5-8.5 across different agro-climatic zones of the study area.  

4.3.1 Temporal distribution of precipitation  
The temporal distribution of observed (1995-2014) and CMIP6 model (2015-2100) precipitation 

in lowland, midland, and highland parts of the study area was depicted in Figure 4.4. The observed 

value of maximum rainfall of the study area reaches 2877mm in 1998 in midland parts of the study 

area (Fig.4.4). Whereas, the minimum amount of observed rainfall (891mm) was recorded in 

lowland parts of the study area during 2001. Similarly, maximum and minimum future 

precipitation under SSP1-2.6 scenario was observed during 2098 in midland and lowland parts of 

the study area, which accounts 2391.5mm and 782.8mm, respectively. In addition, under SSP2-

4.5 scenario maximum and minimum future precipitation was registered during 2021 and 2017 in 

highland and lowland parts of the study area, which accounts 2557.7mm and 814mm, respectively.  
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Figure 4.4: Annual mean rainfall of the entire data from 1995 to 2100 under SSP1-2.6, SSP2-4.5 
and SSP5-8.5, of each climatic zones of UBNB. 
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Similarly, under SSP5-8.5 future scenario maximum precipitation was observed during 2094 in 

midland parts of the study area, which accounts 2492mm while minimum precipitation was 

observed during 2024, which accounts 1018.7mm in lowland parts of the study area. In general, 

maximum amount of precipitation was observed in midland and highland parts of the study area 

whereas lowland parts of the study area characterized as smaller distribution of precipitation in all 

observed and future scenarios. In this regard, Cheung et al. (2008) concluded that the spatial 

distribution of rainfall and temperature in Ethiopia is influenced by altitude and its diverse 

landscapes, which influences both the spatial and temporal patterns of drought. 

4.3.2 Temporal distribution of temperature 
Bias-corrected mean annual maximum temperature over the study area for the observed and future 

periods are presented in Figure 4.5 under SSP1-2.6, SSP2-4.5, and SSP5-8.5 scenarios. The figure 

showed that mean annual maximum temperature was recorded in lowland parts of the study area 

from 1995-2100 under all scenarios. On the other hand, the highland parts of the study area was 

characterized as lowest mean maximum temperature throughout the study period under all 

scenarios. Specifically, in observed time scales, maximum and minimum temperature was 

registered during 2008 and 1996; it consists of 35.50C and 22.50C in lowland and highland parts 

of the study area. In case of SSP1-2.6 scenario, mean annual maximum temperature (36.250C) was 

recorded during 2048 in lowland part of UBNB. Similarly, under SSP2-4.5 the highest and lowest 

mean annual maximum temperature was recorded during the year 2089 and 2018, which accounts 

37.50C and 22.90C, respectively. On the other hand, highest and lowest mean annual maximum 

temperature was observed in the year 2096 and 2034, which consists of 39.60C and 23.30C under 

SSP5-8.5 scenario, respectively (Figure 4.5). 
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Figure 4.5: Annual mean maximum temperature of the data from 1995 to 2100 under SSP1-2.6, 
SSP2-4.5 and SSP5-8.5, of each climatic zones of UBNB. 

On the other hand, Figure 4.6 showed that the mean annual minimum temperature distribution of 

the study area in different agro-climatic zones under each scenarios. In the case of observed time 

scales, a highest and lowest mean annual minimum temperature was recorded in lowland and 

highland parts of the study area during 2008 and 1999, which accounts 19.50C and 8.60C, 

respectively. Under SSP1-2.6 scenario, mean annual minimum temperature showed highest during 

2073 in lowland parts while lowest minimum temperature was observed in the highland of UBNB 

during 2026. Similarly, in SSP2-4.5 scenario, the highest and lowest mean annual minimum 

temperature was recorded in the year of 2089 and 2033 in lowland and highland parts of UBNB, 

which accounts 21.30C and 9.20C, respectively. Finally, under scenario SSP5-8.5, highest and 

lowest amount of mean annual maximum temperature was registered in lowland and highland parts 

during 2099 and 2016, respectively. 
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Figure 4.6: Annual mean minimum temperature from 1995 to 2100 under SSP1-2.6, SSP2-4.5 and 
SSP5-8.5, of each climatic zones of UBNB.  
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climate, the future temperature projections indicate enhanced warming over the UBNB under all 

future scenarios. The authors also concluded that the warming is more pronounced in the 

northeastern parts of UBNB basin relative to the southwestern part.  The highest annual average 

maximum temperature was observed around the lowland parts of the study area under each 

scenarios. On the other hand, the lowest maximum temperature under both SSPs was projected 

around the midland and highland parts of UBNB. The area, which has lowest elevation 

characterized as highly warmer while the higher elevation around midland and highland parts were 

attribute to low temperature under each scenarios. 

Like maximum temperature, spatial distribution of the observed and projected minimum 

temperature show increases in annual average temperature under SSP1-2.6, SSP2-4.5, and SSP5-

8.5 scenarios. The annual average minimum temperature shows the highest increase around the 

lowland parts of the study area in all scenarios and the lowest minimum temperature under each 

scenarios is projected around the highland of the basin. The lowest elevation part of the study area 

was recorded warmest temperature than the higher elevation around highland of UBNB under 

SSP1-2.6, SSP2-4.5, and SSP5-8.5 scenarios. This suggests that the geography of the research area 

affects temperature. There is an inverse association between altitude and temperature (Gurara et 

al., 2022). High temperatures are common in low-altitude locations and low-altitude regions have 

the lowest temperatures. Moreover, the projected rise in temperatures and the anticipated 

fluctuations in precipitation will affect the hydrological cycle, thereby influencing future planning 

and development of the basin. 
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scenarios. In this regard Almazroui et al. (2020) reported similar trends of precipitation projection 

in North East Africa stating, increasing precipitation in SSP5-8.5, but SSP2-4.5 have no uniform 

trend of precipitation. Similar studies such as (Alaminie et al., 2021; Gebisa et al., 2023; Getachew, 

2021) have reported an increasing trend of annual precipitation in the future period. Similarly, the 

study conducted by Mekonnen and Disse (2018) concluded that an increasing trend of 

precipitation, and temperature over the Upper Blue Nile River Basin using the ensemble mean of 

five GCMs. In addition, Moges and Bhat (2021) point out that the rainfall projection in the Rib 

watershed is expected to increase for both RCPs. Therefore, as concluded by Moges and Bhat 

(2021) any variation in rainfall amount, distribution, and trends will have a direct impact on 

agricultural production and thus significantly affect the lives of rural smallholder farmers in more 

frequent flood events and soil erosion, thereby posing a threat to agricultural production. 

Likewise, this study demonstrated that the projected maximum temperature shows an increase in 

annual mean maximum temperature under SSP1-2.6, SSP2-4.5 and SSP58.5 scenarios in all future 

periods. The mean annual maximum temperature is expected to increase by 1.8, 2.1 and 2.8 0C 

under SSP1-2.6, SSP2-4.5 and SSP58.5 scenarios, respectively, compared with baseline 

(historical) from 2015-2100 in UBNB. More specifically, at the end of this century (21th) the mean 

annual maximum temperature is projected to increase by 2.2, 3.3, and 4.80C under SSP1-2.6, 

SSP2-4.5 and SSP58.5 scenarios, respectively. Agreed with this finding, Alaminie et al. (2021) 

reported that the increasing trend in temperature over the UBNB (Abay) under SSP1-2.6, SSP2-

4.5, SSP3-3.7, and SSP5-8.5 is projected to be 1.32 0C, 1.73 0C, 2.02 0C, and 2.6 0C, respectively. 

For the near (long)-term period, projected warming under SSP1-2.6, SSP2-4.5, SSP3-3.7, and 

SSP4-8.5 scenario is 1.50C, 2.20C, 2.80C, and 3.80C respectively. Similarly, Gebisa et al. (2023) 

concluded that the mean annual maximum temperature is projected to increase by 1.43 and 1.81 

°C under SSP2-4.5 and SSP58.5 scenarios, respectively, compared with baseline (historical) in 

Baro river basin. 
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(2022) in the Awash basin, higher precipitation intensities, more rainy days, and longer dry spells 

are caused by anticipated changes in future temperature and precipitation. Similarly, Gebisa et al. 

(2023) noted that as temperatures rise, the atmosphere may change, changing rainfall patterns and 

causing more intense rainfall events to occur. 

On the other hand, like maximum temperature, a projected minimum temperature show increases 

in annual average minimum temperature under SSP1-2.6, SSP2-4.5, and SSP5-8.5 scenarios. In 

the long-term future (2015-2100), the annual average minimum temperature is estimated to 

increase by 1.5, 2.1 and 3.1 0C under SSP1-2.6, SSP2-4.5, and SSP5-8.5 scenarios, respectively. 

Similarly, in the near future (2015-2044) period, the mean annual minimum temperature is 

projected to rise by 1.7, 1.8, and 2.10C under SSP1-2.6, SSP2-4.5, and SSP5-8.5 scenarios, 

respectively. Likewise, in the minimum temperature change in the mid future (2045-2074) period 

is estimate to increase by 2.0, 2.8, and 4.10C under SSP1-2.6, SSP2-4.5, and SSP5-8.5 scenarios, 

respectively. Similarly, in the far future period (2075-2100), the minimum temperature is expected 

to increase by 1.7, 3.2, and 5.80C under SSP1-2.6, SSP2-4.5, and SSP5-8.5 scenarios, respectively. 

Moreover, an increase in minimum temperature is larger than the increase in maximum 

temperature projected under both SSP2-4.5 and SSP5-8.5 scenarios. In this regard (Gebisa et al., 

2023; Getahun et al., 2020) in Awash and Baro river basin, concluded that the increase in minimum 

temperature under SSP2-4.5 and SSP5-8.5 scenarios was generally higher than the maximum 

temperature increase. Similarly, the recent IPCC sixth assessment report (IPCC, 2022) in line with 

Pradhan et al. (2022) and Almazroui et al. (2020) concluded that overall increasing trends in 

temperature were observed in North East Africa. In addition, Stocker et al. (2013) reported that 

global mean temperatures will continue to rise over the 21st century under all of the RCPs. 

Generally, as concluded by (Gebisa et al., 2023; IPCC, 2007, 2014, 2022) the projected rise in 

temperatures and the anticipated fluctuations in precipitation will impact the hydrological cycle, 

thereby influencing future planning and development of the watershed. In addition, the variation 

in the amount, distribution, and trends of rainfall and warming temperature could have a direct 

implication for the productivity of rain fed agriculture and the livelihoods of rural farmers who 

depend largely on agriculture (Gebisa et al., 2023; Hadgu et al., 2015; Moges & Bhat, 2021). 
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4.6 Analysis of climate extreme indices  
A changing climate can be expected to lead to changes in climate and weather extremes 

(Seneviratne et al., 2012). Thus, changes in climate events in terms of length, frequency, and 

intensity have pervasive and irreversible impacts for people and ecosystems (Pachauri et al., 2015; 

Seneviratne et al., 2012). The Expert Team on Climate Change Detection and Indices (ETCCDI) 

were developed twenty-seven rainfall and temperature extreme indices (Zhang & Yang, 2004). 

According to various IPCC assessment reports in line with (Lee et al., 2023; Stocker et al., 2013) 

reported that both maximum and minimum temperature extremes have warmed over most land 

areas since the mid-20th century. Extreme rainfall and temperature occurrences are measured by 

these extreme indices, which also show their frequency, magnitude, and persistence. In this study, 

the precipitation as well as temperature extreme indices were computed based on 15 extreme 

indices over the basin under three pathway scenarios: SSP1-2.6, SSP2-4.5, and SSP5-8.5 from 

1995-2100. The figure (Fig. 4.8) depicts under SSP1-2.6 scenario cool days (TX10p) and cool 

nights (TN10p) were highest from 1995-2014 reached its peak in 2000, but it decreases in the 

future while warm days (TX90p) and warm nights (TN90p) were lowest in the observed period. 

The maximum days of cold spell duration (CSDI) and warm spell (WSDI) were recorded in 2000 

and 2000-2014, respectively. Similarly, the highest number of CDD and CWD was 147 and 199 

days in 2031 and 2000, respectively. The highest number of heavy rain days (R10), very heavy 

rain days (R20), and number of days >25mm rainfall was registered during 2038, 2074, and 2019, 

respectively. Similarly, maximum days of very wet (R95p) and extreme wet (R99p) days were 

registered in 2074 and 2050. In addition, the maximum average annual Rx1day and Rx5day 

rainfall was recorded in 2050 (Fig.4.8). 














































































