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Executive summary 

This study evaluates future rainfall and temperature projections over Ethiopia under medium and 

worst shared socioeconomic pathways (SSPs) using CMIP6 climate models, integrating high-

resolution ENACTS observational data for model validation. The study assesses climate model 

performance using statistical metrics such as RMSE, MAE, IOA, and CC against ENACTS 

observational data for Ethiopia from 1985-2014. CMIP6 models, particularly the top 10 best-

performing models, are used for future rainfall and temperature projections under SSP2_4.5 and 

SSP5_8.5 scenarios. Model bias correction, including distribution mapping and variance scaling, 

enhances the accuracy of rainfall and temperature simulations. Ensemble modeling through 

simple arithmetic mean (SAM) effectively combines multiple GCM outputs, reducing 

uncertainty in projections. Temperature indicates clear and pervasive warming across all regions 

and seasons, with Tmax and Tmin rising more strongly under SSP5-8.5. Lowland and arid zones 

exhibit the largest Tmin increases, contributing to greater diurnal temperature ranges in some 

areas. Although rainfall shows spatially heterogeneous changes such as Kiremt (JJAS) rainfall 

generally increases, especially under higher emissions, while Belg (FMAM) and Bega (ONDJ) 

show more variable responses across zones. Expect amplified inter-annual variability and 

regional contrasts by 2041–2100. Bias correction (distribution mapping and variance scaling) 

with ENACTS validation improves model fidelity, but residual uncertainty remains at the zone 

level due to model spread and regional climate heterogeneity.  The implications of this rainfall 

and temperature variability on agriculture were warming and shifting rainfall patterns could alter 

growing seasons, water demand, and crop suitability. Drought-resilient varieties and Climate 

smart agriculture (CSA) practices become critical in high-variability zones; on water and 

infrastructure also due to increased rainfall variability and higher temperatures necessitate 

enhanced storage, flood/drought risk management, and zone-tailored water allocation and on 

health and urban resilience results Rising Tmin and Tmax imply heightened heat exposure, 

especially in lowlands; urban heat mitigation and heat-health planning are warranted. Finally as 

recommendations based on the results are: Use zone-level adaptation plans with scenario 

comparison (SSP2-4.5 vs. SSP5-8.5) and time horizons, updating with new ENACTS/CMIP6 

data; Invest in climate-smart agriculture, irrigation where feasible, and water storage with 

attention to shifting seasonal timing (notably Kiremt vs. Belg/Bega); Strengthen early warning 

systems for heat and extreme rainfall; integrate heat-health strategies for vulnerable populations 

and Augment analyses with climate extremes indices (heavy rainfall days, drought frequency) to 

complement mean changes. 
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1. Introduction 

1.1. Background 

Climate change is a disaster that will cause the frequency and severity of climatic extremes to increase. Sea 

level rise, warming oceans, increased rainfall unpredictability, global temperature increases, and extreme 

drought and flood events could all be directly impacted by this problem (Kandji et al., 2006). One of the 

main causes of the climate change issue is human activity (Oreskes, 2004). According to Kisakye et al., 

2018, the issue of water scarcity is exacerbated by climate change, which has a detrimental impact on 

rainfall reliability and savings, with more disastrous outcomes during the dry season. Transportation safety 

is also impacted by the unpredictability of rainfall intensity and duration, which raises the incidence of 

accidents and congestion during peak hours (Koetse & Rietveld, 2009). Africa is among the continents 

most affected by climate change and is particularly susceptible to its effects, such as drought and floods 

brought on by rising air temperatures and shifting precipitation patterns, which threaten agriculture, water 

security, and socioeconomic development (Obsi Gemeda & Dafisa Sima, 2015). 

The changing climate has manifested itself in higher climate extremes events (Madakumbura et al., 2021; 

Myhre et al., 2019). Extreme weather events typically have more catastrophic impacts than average climate 

change. Situations that could cost nations a great deal include droughts brought on by extended periods of 

exceptionally low precipitation or expected increases in flash flood events after more frequent and extreme 

precipitation events (Rettie et al., 2023). 

Climate change and global warming have emerged as some of the world's most significant environmental 

issues. It has been demonstrated to searchers and scientists in recent decades that the weather patterns in 

many parts of the planet have changed (Solomon et al., 2007). Climate change has altered not only the 

overall magnitude of rainfall but also its seasonal distribution and inter-annual variability worldwide 

(Easterling et al., 2000). The frequency of extremes in temperature, precipitation, and/or wind speed on 

fine temporal and/or spatial scales has a significant impact on a number of sectors and risks, including 

agriculture, coastal flooding, drought, power distribution, public health, transportation, and urban planning 

(Huang et al., 2020; Macintyre & Heaviside, 2019). 

The average global temperature is predicted to rise by 2 degrees Celsius above pre-industrial levels by 2050, 

according to scientists. The global maximum temperature has increased simultaneously since the beginning of the 

industrial revolution (Forster et al., 2023). This warming will result in more intense rainfall as well as more frequent 

and severe heat waves, droughts, floods, and other extreme weather events (Abbasnia, 2016; Dokken, n.d.).  



2 | P a g e  

 

Africa, like many parts of the world, is highly vulnerable to the growing impacts of extreme high 

temperature events. The continent has witnessed a noticeable increase in the frequency and intensity of 

climate extremes, particularly in recent decades (Dosio et al., 2022; Iyakaremye et al., 2021).  In East 

Africa, where the economy is predominantly reliant on rain-fed agriculture and water-sensitive sectors, 

countries like Ethiopia are experiencing more frequent and severe droughts and floods, significantly 

affecting food security, water availability, and energy production (Hamed et al., 2022; Tegegne et al., 

2021). 

Ethiopia’s economy is heavily dependent on rainy season agriculture, which is extremely susceptible to the 

impact of climate change, particularly variations in precipitation trends (Sinore & Wang, 2024). Future 

climate projections further indicate a likely intensification of EHT events in East Africa under continued 

global warming (Das et al., 2023).  

Future climate projections further indicate a likely intensification of extreme high temperature events in 

East Africa under continued global warming (Ayugi et al., 2022; Babaousmail et al., 2022)(Ayugi et al., 

2022; Babaousmail et al., 2022). However, despite these alarming trends, there remains a critical research 

gap in understanding the historical and projected characteristics of EHT events in this region, particularly 

in relation to large-scale atmospheric circulation mechanisms such as the Intertropical Convergence Zone 

(ITCZ) (Akinsanola et al., 2021; El Kenawy et al., 2020). 

The year 2017 demonstrates up-to-date evidence for climate change as it was the warmest year on record 

for the global ocean (Cheng & Zhu, 2018). It is well accepted that climate change will have a far more 

detrimental effect on developing countries compared to developed countries, mainly because the capacity 

to respond to such changes is lower in developing countries (G. Feyissa et al., 2018). Studies show that the 

effects of climate change are severely affecting people in East African nations including Burundi, Kenya, 

Sudan, and Tanzania (Hassaan et al., 2017; Mwangi & Mutua, 2015).  

The ensemble's models are generally consistent, showing that "heavy" occurrences result in higher total 

precipitation as well as larger one-day and five-day rainfall maxima (McSweeney et al., 2008). In Kenya, 

Ethiopia, and Somalia, climate-related extremes have been the dominant trigger of natural disasters (Wilby 

& Dawson, 2013). Overall, warm days and nights are projected to become more frequent in the entire Great 

Horn of Africa, while the occurrence of cold nights is likely to decrease (Omondi et al., 2014). 

Climate projections are vital for planning adaptation in Ethiopia, guiding intervention in agriculture, water, 

disaster risk management, and infrastructure (Gebrechorkos et al., 2019). CMIP6 models form a reliable 

basis for policy development (Debela et al., 2015), while climate zone studies strengthen regional risk 
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estimation. Globally, Climate projections like CMIP6 models help to predict future temperature, rainfall, 

and extreme weather under different emission scenarios (Eyring et al., 2016). They guide climate policy 

and adaptation at global, regional, and national levels. 

Agriculture, energy, and water are the main sectors that derive developing country's economy. The 

precipitation and temperature are the two major hydrologic variables used to measure the extent and 

magnitude of climate change in these sectors (Jaweso et al., 2019). Consequently, the alteration of 

magnitude, timing, and intensity of rainfall causes a significant negative impact on developing countries' 

economies. Therefore, analyzing the spatiotemporal trend of precipitation and temperature is crucial for 

efficient natural resources management. 

Additionally; understanding and projecting changes in future precipitation and temperature patterns is important for 

informed assessment of climate change impacts and design of adaptation strategies. Knowledge on the magnitude of 

global (and large-scale regional) precipitation and temperature and how it varies on different time scales is important 

for many reasons, including understanding global and regional water and energy balances, answering questions 

related to water resources for humans and agriculture and in order to better understand how environmental changes 

can affect this critical parameter. 

In conclusion, climate projections play a critical role in understanding and addressing climate change at global, 

regional, and national levels. Globally, they inform mitigation and adaptation efforts to limit temperature rise and 

manage climate risks. Regionally, they highlight Africa’s vulnerability to climate change, particularly in relation to 

food security, water resources, and extreme weather events. Nationally, Ethiopia's reliance on climate projections is 

crucial for policy planning, agriculture, and disaster management. As climate change impacts intensify, leveraging 

CMIP6 model data to analyze climate change, it may enhance Ethiopia’s capacity to develop targeted and effective 

adaptation and mitigation strategies. 

This study examines historical, mid-term (2041–2070), and long-term (2071-2100) projections of rainfall, maximum 

and minimum temperature over Ethiopia under medium (SSP2-4.5) and worst-case (SSP5-8.5) scenarios. SSP2-4.5 

represents a moderate mitigation pathway, while SSP5-8.5 reflects high emissions with limited climate policy, 

leading to substantial warming. By analyzing CMIP6 multi-model ensembles, we assess spatial and temporal 

patterns of rainfall and temperature change, regional disparities, and uncertainties in projections.  The findings aim to 

inform adaptation and mitigation strategies, highlighting hotspots of extreme warming, seasonal shifting and periods 

of accelerated rainfall and temperature changes. Given Ethiopia’s rapid population growth and developmental 

challenges, understanding these climate trajectories is essential for policy formulation and resilience planning in a 

warming world.   
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1.2. Purpose of the study 

The purpose of this study is to analyze and project future rainfall and temperature patterns in Ethiopia 

under different climate change scenarios, specifically focusing on regional and seasonal variations. By 

utilizing climate model projections, the study aims to assess potential changes in rainfall amounts, 

anomalies, and variability over the coming century and to identify and suggest best CMIP6 model for 

Ethiopia. The findings intend to inform policymakers, stakeholders, and vulnerable communities, guiding 

effective adaptation strategies and resource management to mitigate the impacts of climate variability and 

change on agriculture, water resources, and overall livelihood sustainability in Ethiopia. 
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2. Study areas and datasets 

2.1. Study areas 

Ethiopia is located in the eastern middle latitude of Africa between 3° North-15° North and 33° East-48° 

East and members of IGAD countries. Most of the country's annual production depends on the intensity 

and length of summer's primary rainy season. It has five traditional climatic zones (cold highlands, 

highlands, middle lands, lowlands, and hot lowlands). The country's agricultural practices (crop production, 

livestock, and mixed agriculture) are rain feed. According to Yigezu Wendimu, 2021, Ethiopia is 

characterized by high-input and resource-intensive farming systems that harmoniously cause losses of 

essential microorganisms, massive deforestation, freshwater shortages, soil nutrient reduction, and high 

levels of greenhouse gas emissions, and hindered agricultural production. Based on figure 1, most of the 

eastern parts of Ethiopia (Afar regional state, Somali Regional state), Southwestern Ethiopia (Welega), and 

some portions of Northwestern Tigray are lowlands, and western, central north, and southwest of Ethiopia 

are high lands. Most of the lowlands (Somali, wollega, and Afar) are vulnerable to climate change hazards, 

and there is seasonal migration between regions in search of water and food for cattle. 

 

Figure 1: Study area with its digital elevation model and used station distribution 
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2.2. Climatological rainfall seasonality 

There are two rainy seasons, namely, the minor rainy season, Belg (February–May), and the main rainy 

season, Kiremt (June-September), over the northern parts. The southern and southeastern parts of the 

country receive rainfall from February to May and September to November, known as East African long 

and short rains, respectively. The central part of the country is also known for its rainfall from February to 

May and June to September. According to Figure 2 from the results of ENACTs observed precipitation, 

July to September is the primary rain season for the whole country. 

On the other hand; homogeneity zone one; that represents north-eastern parts of the country especially 

most parts afar and tip of northern Somali regions. In this homogeneity zone there are two rainy seasons, 

such as Belg (FMAM) and Kiremt (JJAS); homogeneity zone two: that represents eastern Tigray, most 

parts of eastern Amhara and borders of western Afar regions. In this homogeneity zone also two rainy 

seasons, that is similar from zone one; homogeneity zone three: that represents western tigray, most parts 

of Amhara and parts of western Oromia; in this zone mostly dominated mono-modal rainfall types and one 

long rainy season covers from May to September. Homogeneity zone four: represents tip parts of northern 

Afar, northern Somali and parts of eastern Oromia including Dire Dawa and Harari regions. This zone also 

have two rainy seasons; that is short rainy season known as Belg (FMAM) and long rainy season known as 

Kiremt (JJAS). Homogeneity zone Five: represents central parts of the country; such as tip parts of 

southern Amhara and Afar, central Oromia, northern parts of central and northern Ethiopia, tip parts of 

Sidama and Addis Ababa regions. Over this zone have two rainy season and mostly similar rainfall patterns 

from homogeneity zone four. Homogeneity zone Six: represents Benshangul gumuz, some parts of western 

Amhara, western Oromia, Gambella, northern parts of south western Ethiopia and central and western 

Ethiopia regions. Over this zone mostly dominated long rainy season from March to September and rainfall 

patterns are also similar from homogeneity zone three. Homogeneity zone Seven: represents parts of 

eastern Oromia and northern Somali regions. This homogeneity zone also two rainy seasons and the pattern 

also similar from homogeneity zone four. Homogeneity zone Eight: represents central and north eastern 

Somali region: Over this zone from February to May short rainy season known as Belg (FMAM) and from 

October to January long rainy season known as Bega (ONDJ). Homogeneity zones nine: represents 

Sidama, parts of central and southern Ethiopia and parts of western oromia regions. This zone also 

characterized by two rainy seasons such as Belg (FMAM) short rainy season and Kiremt (JJAS) long rainy 

season. Homogeneity zone ten: represents southern parts of south west Ethiopia and southern parts of 
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central and southern Ethiopia regions. This zone also one long rainy season and rainfall patterns are also 

similar with homogeneity zone six. Homogeneity zone eleven: represents south eastern parts of Somali 

region. Rainfall seasons and patterns are similar from homogeneity zone eight. Homogeneity zone twelve: 

represents southern parts of Oromia regions. This zone is also similar seasonality’s and rainfall patterns 

from homogeneity zone eight and eleven (Figure 2). 

 

 

 

Figure 2: Monthly rainfall climatology from 1985-2014 over Ethiopia and twelve homogeneity zones 
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2.3. Data set and method  

3.1.1. ENACTS data set 

ENACTS was developed through collaboration between the Ethiopian Meteorology Institute (EMI), the 

International Research Institute for Climate and Society (IRI), and the University of Reading to generate 

high-resolution gridded climate time series for Ethiopia (Dinku et al., 2014). The ENACTS dataset 

integrates two main sources of information. Such as, the first is accurate rainfall and temperature data from 

more than 600 EMI monitored weather stations. The second is satellite-based rainfall and temperature 

estimates from EUMETSAT’s and TAMSAT system, which were calibrated using the extensive station 

network to produce accurate spatially complete climate fields. Station observations were used to correct 

biases in the satellite products, while the satellite data filled spatial and temporal gaps in the station 

records, resulting in consistent daily or 10-day (dekadal) datasets with over 40 years of rainfall and 

temperature information at a nominal 0.0375° x 0.0375° resolution. Unlike most global satellite products 

that rely on about 17 GTS (Global Telecommunication System) synoptic stations, ENACTS incorporates 

over 600 stations, making it one of the most reliable long-term climate datasets available for Ethiopia 

(Dinku et al., 2014). ENACTS is widely regarded as a gold standard product due to its integration of 

accurate  local observations with global satellite data and its sustainability for continuous updates (Dinku et 

al., 2018). 

Thus, ENACTS data (0.0375° × 0.0375°, from  1981–2020) from 160 point stations across Ethiopia 

regions were used as the observational reference dataset to evaluate the performance of CMIP6 models in 

simulating rainfall and temperature for the period 1981–2014. Figure 1 shows the spatial distribution of the 

160 rainfall, Tmax, and Tmin stations. 

2.3.2. CMIP6 model data set 

The study used monthly historical (1985–2014) and future (2015–2100) rainfall and temperature (Tmax 

and Tmin) datasets derived from CMIP6 climate model scenarios, including the historical, the medium-

concentration scenario SSP2-4.5, and the high-concentration scenario SSP5-8.5 (O’Neill et al., 2016). 

Model outputs were obtained from the Copernicus Climate Data Store. 

Accordingly, three analysis periods were considered: the historical baseline (1985–2014), the midterm 

future (2040-2070), and the far-term future (2071-2100). This study examined a total of 50 rainfall, 33 

Tmax, and 24 Tmin historical CMIP6 models to identify the 10 best-performing models for each 
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parameter. Model performance was evaluated against the ENACTS observational dataset during the 

historical period (1985–2014). Based on this assessment, the top 10 models were selected for rainfall, 

Tmax, and Tmin. All selected models are available under both SSP2-4.5 and SSP5-8.5 scenarios. The 

detailed results of the best-performing models compared with ENACTS observations are presented in 

Tables 1, 2, and 3. 

Table 1: Best 10 CMIP6 models used in rainfall study 

No. Models (under SSP2-4.5 and 

SSP5-8.5) 

Country Resolution (longitude x latitude) Remarks 

1 HadGEM3-GC31-LL UK 1.90 x 1.30  

2 AWI-CM-1-1-MR Germany 0.90 x 0.90  

3 UKESM1-0-LL UK 1.880 x 1.250  

4 MPI-ESM1-2-LR Germany 1.90 x 1.90  

5 KACE-1-0-G Korea 1.250 x 1.870  

6 ACCESS-CM2 Australia 1.90 x 1.30  

7 CAMS-CSM1-0 China 1.130 x 1.130  

8 INM-CM5-0 Russia 2.00 x 1.50  

9 NESM3 China 1.90 x 1.90  

10 EC-Earth3-Veg-LR Europe 1.10 x 1.10  

Table 2: Best 10 CMIP6 models used in Tmax study 

No. Models (under SSP2-4.5 and 

SSP5-8.5) 

Country Resolution(longitude x latitude) Remark 

1 ACCESS-CM2 Australia 1.90 x 1.30  

2 AWI-CM-1-1-MR Germany 0.90 x 0.90  

3 Can ESM5-canOE Canada 2.810 x  2.810  

4 EC-Earth3-Veg-LR Europe 1.10 x 1.10  

5 EC-Earth3-CC Europe  0.70 x 0.70  

6 FGOALS-g3 China 2.00 x 2.50   

7 HadGEM3-GC31-LL UK 1.90 x 1.30  

8 INM-CM4-8 Russia  2.00 x 1.50  

9 INM-CM5-0 Russia 2.00 x 1.50  
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10 MIROC-ES2L Japan 2.8125 x 2.79   
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Table 3: Best 10 CMIP6 models used in Tmin study 

No Model (under SSP2-4.5 and 

SSP5-8.5) 

Country  Resolution(longitude x latitude)  Remark 

1 FGOALS-g3 China 2.00 x 2.50  

2 NRM-ESM2-1 France 1.4° × 1.4°  

3 IPSL-CM6A-LR France 2.5° × 1.3°  

4 CanESM5-CanOE Canada 2.810 x  2.810  

5 MRI-ESM2-0 Japan 0.3°x0.5°  

6 EC-Earth3-CC Europe  0.70 x 0.70  

7 GFDL-ESM4 USA 0.5°x1°  

8 CNRM-CM6-1 France 1.4° × 1.4°  

9 EC-Earth3-Veg-LR Europe 1.10 x 1.10  

10 HadGEM3-GC31-LL UK 1.90 x 1.30  

2.3.3. Model evaluation and selection method  

The models evaluated by observing their ability to capture the annual rainfall and temperature cycle and 

mean seasonal climatology (ONDJ, FMAM and JJAS seasons). The study used two main performance 

analysis techniques, such as, the performance of CMIP6 rainfall, Tmax, and Tmin datasets under the SSP2-

4.5 and SSP5-8.5 scenarios in reproducing the climate characteristics of the study area was evaluated 

through spatial comparisons against ENACTS rainfall, Tmax, and Tmin observations. Since the resolutions 

are different for most models and observations, all data were regridded to a common grid of ENACTS 

(0.0375° - 0.0375°) resolution using the bilinear interpolation method to confirm uniform resolution 

(Makula & Zhou, 2022).  

And also, the statistical metrics used for this study included root-mean-squared error (RMSE), mean 

absolute error (MAE), index of agreement (IOA) mean bias (MB) and Pearson correlation coefficient (CC) 

for the period 1985–2014. These quantitative metrics have been employed in many studies in Africa 

(Akinsanola et al., 2021; Alaminie et al., 2021; Dyer et al., 2020; Ngoma et al., 2021) and are summarized 

in Table 4 along with their equations. 
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Table 4: Description of quantitative statistical measures 

Statistics Formula Ranges Best value 

Root mean squared 

error 
RMSE= …………………..(eq.1) 

0 to  0 

Mean absolute error MAE= ………………………….(eq.2) 0 to  0 

Index of agreement IOA= ….(eq.3) 0 to 1 1 

Correlation CORR= ……................(eq.3) -1 to 1 1 

Mean bias Bias= …………………………..(eq.4)  0 

2.3.4. Model bias correction 

Typical bias uncorrected Global Climate Models (GCMs), with spatial resolutions of about 50 km, often 

fail to represent local circulation patterns accurately (Christensen et al., 2008; Tong et al., 2021). So that, 

applying bias correction can improve the reliability of GCM outputs, although the effectiveness of each 

method depends on regional climate and topographic characteristics. GCM simulations commonly exhibit 

biases such as excessive low-intensity wet days, misrepresented hot or cold extremes, and inaccurate 

seasonal precipitation and temperature distributions (Jehanzaib et al., 2020).  

Hence, because different bias correction techniques perform variably across regions, it is essential to 

evaluate multiple methods and select the best-performing approach (Tsegay et al., 2015).  

In this study, three methods empirical quantile mapping, distribution mapping, and variance scaling were 

statistically assessed for correcting monthly rainfall and temperature biases. Based on error statistics, 

distribution mapping and variance scaling showed superior performance. Therefore, these two methods 

were applied for bias correction of monthly rainfall and temperature across the entire study area (Teng et 

al., 2015). 

2.3.5. Multi Model Ensemble (MME)  

In this study, future rainfall and temperature projections from multiple GCMs were used to analyze the 

spatiotemporal climate characteristics of the area. Relying on a single GCM introduces substantial 

uncertainty due to model structural limitations and algorithmic assumptions, which can propagate errors in 

climate projections (Tsegay et al., 2015). To reduce this uncertainty, ensemble climate data derived from 
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several models were used, as MMEs generally provide more robust and reliable outputs (Jehanzaib et al., 

2020). 

Projected monthly rainfall and temperature data were obtained from the Copernicus Climate Data Store 

(C3S). The ensemble was generated using one widely applied MME method using Simple Arithmetic 

Mean (SAM), which averages outputs from all selected models under the assumption that each model is 

equally likely to represent future climate conditions (Mishra et al., 2019). 

…………………………………………………………………………….(eq.5) 

Where is the  model data and  is the number of models 

2.3.6. Tools for processing the data 

After completing the full data quality control process, several software packages and analytical tools were 

used for data processing and the spatiotemporal analysis of historical and future rainfall and temperature 

performance: such as,   

1. Climate Data Operators (CDO): Used to re-grid the different model resolutions to a common 0.0375° x 

0.0375° grid resolution and to convert rainfall units from kg/m²/s to mm/month and temperature unit 

from kelvin/ m²/s to °c/month. 

2. Climate Data Tools (CDT): Used for temporal aggregation, including converting daily data to monthly, 

and monthly data to seasonal and annual timescales. 

3. Climate Data Bias Correction (CDBC): Used for adjusting climate model outputs to remove systematic 

errors so they better match ENACTS data. 

4. Python: Used for extracting model data at the ENACTS 165 station points, converting data from 

NetCDF to Excel formats, and performing temporal analyses of historical and future rainfall and 

temperature under medium and high-emission climate scenarios. This includes trend analysis of rainfall 

and temperature at monthly, seasonal and annual timescales. 

5. ArcGIS: Used for spatial analysis and visualization of rainfall, Tmax and Tmin distribution across 

annual and seasonal periods. 



14 | P a g e  

 

 

3. Results and Discussions 

3.1. Rainfall 

3.1.1. Statistical model performance 

This study examined the future trends and climate projection of rainfall changes over Ethiopia using a 

medium-emission scenarios (SSP2-4.5), and under the high-emission scenario (SSP5-8.5) for mid- term 

(2050), and long-term (2080) periods. Performances of the models were evaluated by employing the bias 

correction method in order to check the degree of agreement between the projected and observed data. 

Therefore the study were used ENACTs data from 165 point stations 4 x4 km resolutions and 10 best 

CMIP6 model data out of 50 available CMIP6 models based on statistical metrics and Taylor diagram 

results such as HadGEM3-GC31-LL, AWI-CM-1-1-MR, UKESM1-0-LL, MPI-ESM1-2-LR, KACE-1-0-

G, ACCESS-CM2, CAMS-CSM1-0, INM-CM5-0, NESM3 and EC-Earth3-Veg-LR. The details 

information about selected models is summarized in the following table and Taylor diagram figure (table 3 

and Figure 3). 

Table 5: statistical values for mean monthly rainfall and overall ranks of 15 best CMIP6 models based on statistical 

values from 50 CMIP6 models with respect to ENACTS for the period 1985–2014 

No Models Name RMSE MAE IOA CC BIAS Remarks 

1 HadGEM3-GC31-LL 76.9 52.8 0.79 0.65 -0.7 Selected 

2 AWI-CM-1-1-MR 78.0 52.9 0.77 0.64 -4.9 Selected 

3 UKESM1-0-LL 78.7 52.0 0.76 0.63 -16.0 Selected 

4 MPI-ESM1-2-LR 82.9 54.6 0.70 0.59 -22.6 Selected 

5 KACE-1-0-G 82.9 61.5 0.75 0.60 -19.4 Selected 

6 ACCESS-CM2 84.6 57.6 0.71 0.56 -9.8 Selected 

7 CAMS-CSM1-0 85.4 57.9 0.65 0.53 -12.4 Selected 

8 INM-CM5-0 87.9 67.5 0.74 0.61 40.7 Selected 

9 NESM3 88.3 58.6 0.66 0.52 -23.5 Selected 

10 EC-Earth3-Veg-LR 92.5 66.0 0.74 0.55 16.6 Selected 
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Figure 3: illustrates for the results of Taylor diagrams before and after model data bias corrections 

3.1.2. Spatial analysis for comparisons on ENACTs and ensemble CMIP6 model data sources (1985-

2014) 

After improved data qualities of 10 selected CMIP6 model data; next process was ensemble model data by 

using Simple arithmetic mean (SAM) method. When comparing ENACTs data and ensemble model data 

based on seasonal and annual time scales: In Annual and Kiremt season both data source were almost 

similar value captured and ensemble model data highly fitted with ENACTs data source and most of 

western parts of the country dominated highest rainfall amount and decreasing rainfall amount from 

western to eastern direction. Whereas in Belg and Bega season: ensemble model data have little bit over 

estimated especially Bega season over north eastern, eastern and southern parts of the country captured 

over estimate compared with ENACTs data sources and in Belg season the model were little bit under 

estimate over southern parts of the country and over estimate at north western and western parts of the 

country. In generally, ensemble model data have a good similarity values from ENACTs data source over 

most of the country in annual and seasonal time scales (Figure 4). 

 

Figure 4: Comparisons between ENACTs and Ensemble model CMIP6 data  

Note: The letter a) represents annual rainfall, b) Kiremt season, c) Belg season and d) Bega season 

rainfall spatial distribution; and left side map represented ENACTs data result and right side map 

represented ensemble model data results 
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3.1.3. Spatial analysis of mid-term (2041-2070) and long-term (2071-2100) periods rainfall future 

projection 

Annual rainfall future projection 

Historical rainfall spatial distribution shows; western areas have high rainfall amount than eastern parts of 

the country and this rainfall distribution will also expect on future projection in both climate scenarios and 

periods. Regarding to this ensemble model data shows future rainfall of spatial distribution annual rainfall 

will expects increasing over mid-term and long-term periods based on medium (SSP2_4.5) and worst 

(SSP5_8.5) climate scenarios. Figure 4 indicates slightly increasing annual rainfall over most of the 

country in mid and long term periods at medium (SSP2_4.5) scenario and highly increasing rainfall amount 

especially over western parts of the country at worst (SSP5_8.5) climate scenario compared with historical 

or reference time (1985-2014) periods. 

From figure 5; the rainfall legend categories from 1500-3500mm highly expands over western parts of the 

country in worst climate scenario at mid and long-term periods. Whereas; eastern lowlands of the country 

will also expect changing or increasing from 80-300mm rainfall categories to 300-600mm rainfall 

categories. Generally future rainfall projection of CMIP6 ensemble model data shows slightly increasing in 

mid (2041-2070) and long (2071-2100) periods over both medium and worst climate scenarios. 

In general the projected annual rainfall spatial analysis shows substantial variations and trends across 

emission scenarios. In medium-emission scenarios of SSP2-4.5 rainfall is expected no significant changes 

over the century that compared with climatology, which may lead to water shortages, affecting agriculture 

and other water-dependent sectors. In contrast, under the high-emission scenario (SSP5-8.5), seasonal 

rainfall is projected likely to increase by 2100. However, analyzed result of the highest emission scenario 

shows high variability, with frequent extreme events like heavy rainfall and occasional dry years impelling 

unpredictability could make water resource management and agricultural planning more challenging in the 

long term periods of end of 21st century (see Figure 5).  
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Figure 5: Spatial distributions of annual rainfall over Ethiopian  

Note: The letter a) represents historical annual rainfall of ensemble models b) represents mid-term future projection 

and c) represents long-term future projection for both maps; and left side map represents medium (SSP2_4.5) and 

right side represents worst (SSP5_8.5) climate scenarios. 

Belg (FMAM) season rainfall projection 

Belg season historically known as mostly happen over southern parts of Ethiopia and ensemble model 

historical data over this season also confirms this statement. Most of south western Ethiopia and tip of 

southern parts of western oromia regions experienced high rainfall amount ranging from 400-600mm, 

pocket areas of south western Ethiopian region have 600-900mm rainfall and the rest of western parts like 

western Oromia, southern parts of western Amhara, Benshangul Gumuz, central and southern Ethiopia, 

Sidama and most of Southern Oromia regions have ranging from 200-400mm rainfall amounts. Whereas 

western, northern and eastern low lowland parts of the country like north western and eastern Amhara, 

Tigray, Afar and Somali regions experienced less amounts of rainfall compared with western parts of the 

country (20-200mm). According to historical rainfall performance; Belg season future projection of rainfall 

will expect increasing in most parts of the country in mid and long term periods under medium (SSP2_4.5) 

and worst (SSP5_8.5) climate scenarios. When comparing two climate scenarios; the model output shows 

both medium and worst climate scenarios will be expand rainfall distribution from western to eastern 

direction and also over northern parts of the country.  Additionally, under worst (SSP5_8.5) rainfall 

projection will expect highly increased over most of the country particularly over western Ethiopia 

compared to under medium (SSP2_4.5) climate scenario (see Figure 6). 
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Figure 6: Spatial distributions of Belg rainfall over Ethiopian  

Note: The letter a) represents historical Belg rainfall of ensemble models b) represents mid-term future projection 

and c) represents long-term future projection for both maps; and left side map represents medium (SSP2_4.5) and 

right side represents worst (SSP5_8.5) climate scenarios 

Kiremt (JJAS) Season rainfall projection 

Kiremt (JJAS) rainfall contributes from 50–80 % of the total annual rainfall over the Ethiopia with high 

agricultural productivity and major water reservoirs. About 85 to 95 % of the food crop of the country is 

produced during this season (Bekana, 2025). Therefor this season is the main rainy season for northern half 

of the country and most agricultural activities are depends on this season. Figure 7(a) shows historical 

kiremt (JJAS) season that explains western parts of the country received high amount of rainfall ranging 

from 700-1500mm and north western, northern and central mid-latitude areas are also received from 400-

700mm whereas eastern parts of the country were experienced up to 400mm in kiremt season. 

According to figure 7(b and c) that represents rainfall projection based on mid and long term periods under 

SSP2_4.5 and SSP5_8.5 climate scenarios in both maps. Although the figure indicates future rainfall 

projection will slightly increasing over most parts of Kiremt benefiting areas whereas eastern and south 

eastern areas will be similar situation from historical rainfall distribution. Comparing the two climate 

scenarios; long term period under SSP5_8.5 scenario shows rainfall increased in amount and distribution 

over western and north western parts of the country than both mid and long term periods under SSP2_4.5 

and mid-term under SSP5_8.5 climate scenarios. On the other hands SSP2_4.5 in mid and long term 

periods will be expects similar (with slightly increments) rainfall amount and distribution from historical 

rainfall performance. 
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Figure 7: Spatial distributions of Kiremt rainfall over Ethiopian  

Note: The letter a) represents historical Kiremt rainfall of ensemble models b) represents mid-term future projection 

and c) represents long-term future projection for both maps; and left side map represents medium (SSP2_4.5) and 

right side represents worst (SSP5_8.5) climate scenarios 

Bega (ONDJ) Season rainfall projection 

Bega season in Ethiopia covers from October to January and are the dry season with frost in morning 

especially in December over northern have of the country whereas over southern and south eastern parts of 

the country this season is known as second rainy season. 

Figure 8(a) indicates ensemble models historical rainfall amount and distribution in Bega (ONDJ) seasons 

over Ethiopia. In this season most of northern half of the country received less amount of rainfall and 

southern half of the country experienced high amount of rainfall. Figure 8(b and c) also indicates future 

projection of rainfall amount and distribution in mid and long term periods under medium (SSP2_4.5) and 

worst (SSP5_8.5) climate scenarios. 

The projection shows; in bega season most of the country will be increased rainfall specially over Bega 

rainfall benefiting areas and also increase over north western and western parts of non bega rainfall 

benefiting areas. In addition to this; under worst (SSP5_8.5) scenario and mid and long term periods will 

be expect expanded amounts and distributions of rainfall ranging from 450-850mm over southern and 

south western parts of the country particularly under SSP5_8.5 long term periods. This future projection 

also shows Bega (ONDJ) season spatial rainfall distribution will be highly increasing in both mid and long 

term periods under both climate scenarios compared to the other two seasons in Ethiopia. 
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Figure 8: Spatial distributions of Bega rainfall over Ethiopian  

Note: The letter a) represents historical Bega rainfall of ensemble models b) represents mid-term future projection 

and c) represents long-term future projection for both maps; and left side map represents medium (SSP2_4.5) and 

right side represents worst (SSP5_8.5) climate scenarios 

3.1.4. Projection of rainfall trend analysis over Ethiopia at 21st century (1981-2100) 

In this part of the study can observe how the rainfall decreasing or increasing trends and variability at 

historical (1981-2014) and future projection (2015-2100) over all the century in Ethiopia and over each 

twelve homogeneity zones. 

Figure 9 also show historical and future projection of annual rainfall trends and variability over Ethiopia 

and its homogeneity zones under two climate scenarios. Over all in Ethiopia; historical rainfall from 1981-

2014 was varying from 600 to 850mm and slightly increasing but this increasing trend was not significant 

and the model shows future projection will be expect slightly increasing compared with climatology up to 

2060 under both climate scenarios.  After the end of 2060 G.C. the two climate scenarios trend will be 

expect opposite direction; such as under SSP2_4.5 the projection show decreasing from the previous and 

more or less similar with historical rainfall trends whereas under SSP5_8.5 the projection indicates 

increasing from the previous up to the end of century. In general future rainfall projection will have high 

variability and varying from 700-1200mm from 2015 to 2100 under two scenarios. 

The same is true over  homogeneity zone one to homogeneity zone ten indicates increasing rainfall trends 

over time, with the projections showing more variability and higher rainfall amounts, especially under the 

SSP5_8.5 scenario, which experiences more frequent and intense fluctuations. Whereas homogeneity zone 

eleven and twelve will be experienced exceptionally different from the rest homogeneity zones: such as; 

In homogeneity zone eleven indicates overall increasing trend in rainfall over time, with more pronounced 

fluctuations in the projections, especially under the SSP5_8.5 scenario, which shows higher and more 

variable rainfall amounts in the future and SSP2_4.5 shows almost similar trends with historical rainfall 
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performance. Whereas in homogeneity zone twelve displays the trend below historical baseline but overall 

increasing trend in rainfall over time, with higher and more variable rainfall patterns projected under the 

SSP5_8.5 scenario, especially after 2000. The projections suggest more frequent and intense rainfall 

fluctuations in the future, with significant variations around the 2050s to 2100s. In general future projection 

of rainfall will be increasing under SSP5_8.5 over all homogeneity zones with different varying intensity 

and under SSP2_4.5 almost similar trends with slightly increasing over the country and each homogeneity 

zones (see Figure 9). 

 

Figure 9: Ensemble model historical and future projection of rainfall over Ethiopia using twelve homogeneity zones 

from 1981-2100 
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3.1.5. Historical and future projection of Rainfall trend analysis in mid and long term periods 

Figure 10 indicates historical baseline period and future projection in mid and long term rainfall temporal 

analysis under medium and worst climate scenarios over Ethiopia. Historical rainfall temporal analysis 

shows fluctuates significantly over the years with peaks around 1996 and 2012 and the trend displays 

slightly increasing from 1985 to 2014. 

Projection of rainfall under medium (SSP2_4.5) scenario shows increasing variability of rainfall with peaks 

at 2062 and after this year the rainfall will expect decreasing trends whereas trend line shows normal 

rainfall performance in mid-term (2041-2070) period. In long term period of this climate scenario indicates 

less rainfall variability compared with mid-term period and rainfall peaks at 2091 with decreasing trends 

after this year up to the end of century. Trend line also shows almost normal rainfall performance from 

2071-2100. The amount of rainfall ranging from 700-1000mm in mid-term and 700-1150mm in long term 

periods. 

Projection of rainfall under worst (SSP5_8.5) scenario also shows increasing variability of rainfall with 

peaks at 2062 and after this year the rainfall will expect decreasing trends whereas trend line shows 

increased rainfall performance in mid-term (2041-2070) period. In long term period of this climate scenario 

indicates also significantly increasing rainfall variability compared with mid-term period and rainfall peaks 

at 2092 with decreasing trends after this year up to the end of century. Trend line also shows increasing 

rainfall performance from 2071-2100. Under this scenario the annual average amount of rainfall will be 

expect ranging from 700-1050mm in mid-term and 700-1200mm in long term periods. 

In general temporal analysis of future rainfall projection displays significantly increasing rainfall 

performance will be expected under worst (SSP5_8.5) climate scenario in both mid and long term periods 

whereas under medium (SSP2_4.5) scenario indicates almost normal or similar trends will be expect 

compared to historical baseline period (see Figure 10). Rainfall projection over twelve homogeneity zones 

shows highly variable and has different intensity of variability in each homogeneity zones. Additionally 

trend lines shows also different over all zones like some homogeneity zones has increasing and other zones 

decreasing trends under both climate scenarios and both mid and long term periods. The details information 

about all homogeneity zones temporal analysis is summarized by figure in the Annex section from Figure 

15 to Figure 26. 
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Figure 10: Historical and Future annual rainfall projection of mid and long-term periods under SSP245 and SSP585 

climate scenarios over Ethiopia 

3.1.6. Projection of rainfall anomalies under SSP2_4.5 and SSP5_8.5 in Mid-term (2041-2070) and 

long-term (2071-2100) periods 

In this section discussing about future rainfall performance based on anomalies for each years compared to 

historical baseline periods (1985-2014) using two future periods such as mid-term (2041-2070) and long 

term (2071-2100) and also using two climate scenarios like medium (SSP2_4.5) and worst (SSP5_8.5) 

scenarios at each homogeneity zones and overall Ethiopia. Additionally discussing about future rainfall 

deficit or increasing trend over twelve homogeneity zones and over all Ethiopia. Therefore annual and 

seasonal rainfall anomalies of future rainfall detail discussion are the following: 
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Annual rainfall anomalies 

Figure 11 indicates the difference between annual future rainfalls and historical baseline periods at mid and 

long term periods based on medium and worst climate scenarios. Under medium (SSP2_4.5) scenario; the 

rainfall will be have positive anomalies in most of years at medium and long term periods except negative 

anomalies on 2053,2053,2067 and 2068 in mid-term and 2076,2082,2098 and 2099 in long term periods. 

Besides 2061 and 2062 will be expect more wet years ranging from 200-300mm increasing in mid-term 

compare with historical baseline whereas 2091 and 2092 will be also expect more wet years ranging from 

200-400mm increasing in long term periods compare with historical baseline periods. In general under this 

scenario future rainfall will be normal rainfall performance with slightly increments from historical 

baseline periods.  

Whereas under worst (SSP5_8.5) positive anomalies will also dominated for the future projection of 

rainfall at mid and long term periods except 2053 and 2068 negative anomalies and significant increment 

rainfall will expect for the future under this climate scenario compare with historical baseline periods at 

both mid and long term periods. When comparing the two climate scenarios; worst (SSP5_8.5) will 

significantly increasing than medium (SSP2_4.5) scenarios especially at the time of long term period. 

Generally annual future rainfall from 2041-2100 over Ethiopia will be increasing compared with baseline 

(1985-2014) (see Figure 11). 

Related to this annual rainfall future performance will also indicate similar trends all over homogeneity 

zones under both climate scenarios and periods. Detail information about those homogeneity zones annual 

rainfall anomalies also summarized at Annex section Figure 27 and 28 for Ethiopian level and Figure 35 

and 36 for each homogeneity zones. 
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Figure 11፡ Annual rainfall anomalies under medium and worst climate scenarios with mid and long term periods 

Table 4 shows average annual rainfall anomalies under medium and worst scenarios based on mid and long 

term periods over twelve homogeneity zones of Ethiopia. According to this table; most of homogeneity 

zones will have positive anomalies except homogeneity zone_2 (-29.8 and -18.1mm) under SSP2_4.5 at 

mid and long term periods respectively and homogeneity zone_12 (-242.0 and -181.0mm) under SSP5_8.5 

at mid and long term periods respectively. Generally in Ethiopia future rainfall will increase by 71 and 

83.6mm under SSP2_4.5 and 139.9 and 266.6mm under SSP5_8.5 scenarios at both mid and long term 

periods respectively (see Table 4). 

Table 6: Annual rainfall average increasing and decreasing trends over Ethiopia and each homogeneity zones 

Homogeneity Zone SSP2_4.5 SSP5_8.5 Remark 

Mid-Term Long-Term Mid-Term Long-Term 

Zone_1 30.9 33 49.1 98  

Zone_2 -29.8 -18.1 72.6 242.2 

Zone_3 101.5 119.2 225.6 420.8 

Zone_4 64.2 68.6 103.8 194 

Zone_5 81.3 93.7 153.9 277.4 

Zone_6 126.9 150.1 267.1 460.5 

Zone_7 79 83.5 124.4 234.5 

Zone_8 70.2 81.3 101.6 190.8 

Zone_9 84.5 100.5 160.4 306.5 

Zone_10 109.9 137 205.5 376.4 

Zone_11 62.2 66.9 457.1 578.8 

Zone_12 71.2 87.9 -242.0 -181.0 

Over all Ethiopia 71 83.6 139.9 266.6 

Belg (FMAM) season rainfall anomalies 

This part also indicates about Belg (FMAM) season future rainfall anomalies that compare with historical 

baseline periods under both medium and worst scenarios depending on mid and long term periods. When 

SSP2_4.5 scenario; the rainfall anomalies will be negative at 2045, 2048, 2049, 2050, 2052, 2053, 2064, 

2067 and 2068 by -2.3, -5, -38, -28.6, -19.9, -15.7, -33.3, -47.7 and -39.2mm respectively and the rest year 

will be positive anomalies ranging from 2.7-102.7mm in mid-term period. But these negative anomaly 

Commented [C1]: Under 
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years will be decrease in long term period (2076, 2079, 2080, 2090, 2094 and 2098 will be decrease by -

60.6, -8.8, -21.3, -12.6, -33.8 and -18.2mm respectively and the rest most years in this period will be have 

positive anomalies ranging from 7-108.7mm. 

Whereas under SSP5_8.5 scenario; due to significantly increasing future rainfall under this scenario 

anomalies also positive values over most mid and long term periods. Comparing two periods; in mid-term 

except four years have negative anomalies like 2047, 2048, 2058 and 2068 with -22.2, -7, -34.8 and -

50.0mm respectively most of the rest years will be positive anomalies ranging from 5-95mm. while in long 

term period will be expect positive anomalies over the whole years ranging from 8-140mm rainfall amount 

(see Figure 12).  

On the other hand rainfall future performance in this season will also indicate that increasing the 

fluctuation of positive and negative anomalies all over twelve homogeneity zones under both climate 

scenarios and periods. Detail information about those homogeneity zones Belg rainfall anomalies also 

summarized at Annex section Figure 29 and 30 for Ethiopian level and Figure 37 and 38 for each 

homogeneity zones. 

 

Figure 12፡ Belg rainfall anomalies under medium and worst climate scenarios with mid and long term periods 

Table 5 also shows average Belg (FMAM) rainfall anomalies under medium and worst scenarios based on 

mid and long term periods over twelve homogeneity zones and Ethiopia. According to this table; most of 

homogeneity zones will have positive anomalies except homogeneity zone_2 (-36.3 and -8.7) under 

SSP2_4.5 and SSP5_8.5 scenarios at mid-term period respectively and homogeneity zone_12 (-109.8 and -

84.5mm) under SSP5_8.5 at mid and long term periods respectively. Generally in Ethiopia future rainfall 
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will increase by 14.5 and 25.3mm under SSP2_4.5 and 33.6 and 71.3mm under SSP5_8.5 scenarios at both 

mid and long term periods respectively (see Table 5). 

Table 7: Belg season rainfall average increasing and decreasing trends over Ethiopia and each homogeneity zones 

Homogeneity Zone SSP2_4.5 SSP5_8.5 Remark 

Mid-Term Long-Term Mid-Term Long-Term 

Zone_1 6.9 27.2 11.9 26.8  

Zone_2 -36.3 9.9 -8.7 34.8 

Zone_3 23.8 -22.6 56.9 96.3 

Zone_4 13.9 30 24.5 58.3 

Zone_5 21.7 26.1 42.7 78.7 

Zone_6 28.6 31.9 68.0 111.1 

Zone_7 20.8 37.9 36.2 78 

Zone_8 13.2 35 19.7 49.1 

Zone_9 27.4 22.9 52.9 100.6 

Zone_10 33.8 42.7 57.5 105.4 

Zone_11 6.3 43.5 151.7 200.8 

Zone_12 14.2 16.3 -109.8 -84.5 

Over all Ethiopia 14.5 25.3 33.6 71.3 

Kiremt (JJAS) season rainfall anomalies 

Kiremt season figure indicates rainfall anomaly data for two different climate scenarios (SSP245 and 

SSP585) over similar time periods, with both mid-term and long-term analyses. Under SSP2_4.5 projection 

indicates positive rainfall anomalies, peaking near 100 mm and negative rainfall anomalies, mostly around 

-20 to -40 mm. Fluctuations are irregular, with some periods showing significant positive anomalies and 

others with noticeable negative anomalies at mid-term period whereas in long term period dominated by 

negative anomalies  reaching below -100 mm and Minor positive anomalies  are present but less prominent 

with overall trend suggests increasing negative rainfall anomalies over time. 

Under SSP5_8.5 projection show in mid-term period will be more frequent and larger positive anomalies, 

often exceeding 100 mm and negative anomalies are also present but less severe compared to positive 

anomalies with indicates greater variability and intensity in rainfall anomalies. Whereas in long term period 

the projection shows increasing positive anomalies initially, followed by fluctuations and a significant 

negative anomaly appears around the late 2090s or early 2100s, approaching -50 mm but dominate, 

especially in earlier years, indicating persistent positive anomalies. 

In general the figure shows depict rainfall anomaly trends in different SSP scenarios over time like 

SSP2_4.5 shows a trend of increasing negative RF anomalies in the long term and SSP5_8.5 exhibits 

higher variability and more intense positive anomalies, with some late-century negative anomalies in mid-
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term period. These trends can inform climate impact assessments related to radiative forcing and regional 

climate behavior (see Figure 13). 

According to the results rainfall future performance in this season will be indicate that increasing the 

fluctuation of positive and negative anomalies all over twelve homogeneity zones under both climate 

scenarios and periods compared to Belg and Bega seasons. Detail information about those homogeneity 

zones Kiremt rainfall anomalies also summarized at Annex section Figure 31 and 32 for Ethiopian level 

and Figure 39 and 40 for each homogeneity zones. 

 

Figure 13፡ Kiremt rainfall anomalies under medium and worst climate scenarios with mid and long term periods 

Under SSP5-8.5 consistently shows higher RF anomalies (both positive and negative) compared to SSP2-

4.5, reflecting more extreme climate impacts under this scenario. The long-term values under SSP5-8.5 are 

significantly elevated, indicating worsening conditions over time. 

Zone_6 has the highest positive anomalies in both scenarios (e.g., 50.2 under SSP2-4.5 and 174.6 under 

SSP5-8.5 in the long term) and Zone_12 stands out with negative anomalies under SSP5-8.5 (-118.3 mid-

term, -116.7 long-term), it is suggesting unique localized effects. Zone_3 and Zone_6 show the most severe 

positive anomalies under SSP5-8.5 whereas Zone_7, Zone_8, Zone_9, and Zone_12 exhibit negative 

anomalies, with Zone_9 showing the steepest decline (-7.4 under SSP2-4.5, 57.8 under SSP5-8.5). Overall 

Ethiopia: The average rainfall anomaly for Ethiopia is 13.8 (mid-term) and 10.6 (long-term) under SSP2-

4.5, but jumps to 38.3 (mid-term) and 74.1 (long-term) under SSP5-8.5 (Table 6). 

Table 8: Kiremt season rainfall average increasing and decreasing trends over Ethiopia and each homogeneity 

zones 

Homogeneity Zone SSP2_4.5 SSP5_8.5 Remark 

Mid-Term Long-Term Mid-Term Long-Term 

Zone_1 5.6 2.5 13.6 25.4  

Zone_2 23.4 15.5 74.1 140.4 
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Zone_3 34.0 37.7 89.8 175.6 

Zone_4 10.0 0.6 26.1 43.1 

Zone_5 20.7 17 51.0 91.2 

Zone_6 43.5 50.2 96.3 174.6 

Zone_7 8.2 -2.7 22.8 44.5 

Zone_8 1.8 -0.7 8.5 18.5 

Zone_9 1.7 -7.4 22.4 57.8 

Zone_10 14.9 18 44.8 92.7 

Zone_11 0.3 -1.8 128.5 142.6 

Zone_12 1.7 -1.2 -118.3 -116.7 

Over all Ethiopia 13.8 10.6 38.3 74.1 

Bega (ONDJ) season rainfall anomalies 

Bega season anomalies under SSP2_4.5 scenario positive anomalies dominate with peaking around 200 

mm and negative anomalies are minimal, mostly below -20 mm with Variability: Fluctuations are 

moderate, with no extreme outliers in mid-term period. While in long term period positive 

anomalies remain prevalent but decline slightly, ranging 100–175 mm with negative anomalies are rare and 

mild. This Implication: Stable but slightly reduced rainfall anomalies compared to mid-term. 

Whereas anomalies under SSP5_8.5 scenario; Higher variability than SSP245, with positive anomalies 

reaching 120 mm and negative anomalies are more frequent but still minor (e.g., -25 mm), More erratic 

swings, suggesting greater climate instability in mid-term period. Beside the trend shows sharp in positive 

anomalies (25–200mm) and there is no negative anomalies become. This is also significant increasing in 

rainfall anomalies; potentially indicating wet conditions in both mid and long term climate scenarios (see 

Figure 14). 

Rainfall future performance in this season will also indicate that increasing the fluctuation of positive and 

decreasing in negative anomalies all over twelve homogeneity zones under both climate scenarios and 

periods. Detail information about those homogeneity zones Bega rainfall anomalies also summarized at 

Annex section Figure 33 and 34 for Ethiopian level and Figure 41 and 42 for each homogeneity zones. 
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Figure 14፡ Bega rainfall anomalies under medium and worst climate scenarios with mid and long term periods 

Table 7 shows average Bega season rainfall anomalies under medium and worst scenarios based on mid 

and long term periods over twelve homogeneity zones and Ethiopia. According to this table; most of 

homogeneity zones will have positive anomalies except homogeneity zone_2 (-16.4 and -11.6mm) under 

SSP2_4.5 at mid and long term periods respectively and homogeneity zone_12 (-13.9mm) under SSP5_8.5 

at mid-term period. Generally in Ethiopia future rainfall will increase by 42.7 and 47.1mm under SSP2_4.5 

and 72.9 and 121.4mm under SSP5_8.5 scenarios at both mid and long term periods respectively (see 

Table 7). 

Table 9: Bega season rainfall average increasing and decreasing trends over Ethiopia and each homogeneity zones 

Homogeneity Zone SSP2_4.5 SSP5_8.5 Remark 

Mid-Term Long-Term Mid-Term Long-Term 

Zone_1 18 20.3 22.9 46.2  

Zone_2 -16.4 -11.6 78.6 67.1 

Zone_3 45.1 52 70.1 150.8 

Zone_4 39.8 40.8 51.9 92.5 

Zone_5 38.4 43.2 58.3 106.7 

Zone_6 56.1 61.9 102.5 177.1 

Zone_7 50.3 50.7 64.5 112.8 

Zone_8 55.7 59.7 72.9 124.4 

Zone_9 54.1 62.8 82.2 146.5 

Zone_10 60.8 73.7 101.7 177.6 

Zone_11 55.7 51.5 174.7 234.5 

Zone_12 55.5 60.3 -13.9 20.6 

Over all Ethiopia 42.7 47.1 72.9 121.4 

As a discussion; this findings aligns with projected result of a reduction in annual rainfall under lower-

emission scenarios (Mengistu et al., 2021) and while contrary to the projected an upward trend in seasonal 

precipitation during the major rainy months (June, July, August, and September) and minor rainy months 
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(March, April, and May) reported (T. A. Feyissa et al., 2023). The more pronounced rise is projected under 

the SSP5-8.5 scenario, with increases of 139.9mm in mid-term and 266.6mm in long term annually, 

38.3mm in mid-term and 74.1mm in long term at Kiremt (JJAS) season and 33.6mm in mid-term and 

71.3mm in long term period at belg (FMAM) season. Different studies disclosed that anticipated increasing 

trends of annual precipitation under different climate scenarios were reported (Alaminie et al., 2021; 

Gebisa et al., 2023; Getachew & Manjunatha, 2021; Moges & Bhat, 2021).  Another study conducted in 

southwest Ethiopia using regional climate models project these calls for the need for tailored adaptation 

strategies and decreasing rainfall need water conservation measures, while regions of increasing rainfall 

require flood management infrastructure to ensure sustainable water use and agricultural productivity. 
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3.2. Maximum Temperature 

3.2.1. Statistical model performance 

In this section also examined the future trends and climate projection of maximum temperature changes 

over Ethiopia using a medium-emission scenarios (SSP2-4.5), and under the high-emission scenario (SSP5-

8.5) for mid- term (2050), and long-term (2080) periods. Performances of the models were evaluated by 

employing the bias correction method in order to check the degree of agreement between the projected and 

observed data. Besides this study also used ENACTs data from 165 point stations, 4 x4 km resolutions, and 

10 best CMIP6 model data out of 33 models based on statistical metrics result (ACCESS-CM2, AWI-CM-

1-1-MR, Can ESM5-canOE, EC-Earth3-Veg-LR, EC-Earth3-CC, FGOALS-g3, HadGEM3-GC31-LL, 

INM-CM4-8, INM-CM5-0, and MIROC-ES2L. The Taylor diagram also evaluates the performance of 

multiple climate models in simulating a target climate variable (likely temperature) against observational 

data, before and after bias correction by comparing models based on key statistical metrics like Correlation 

Coefficient (Corr), Standard Deviation (Stdev) and Root Mean Square Error (RMSE).The details 

information about selected models is summarized in the following table 3 and Figure 15. 

Table 10: The monthly performance evaluation statistical value of the CMIP6 climate model output and ranks 

N

o 

Models 

 Name 

 RMSE  MAE  IOA CC BIAS Remarks 

1 ACCESS-CM2 4.6 3.6 0.5 0.28 -6.4 Selected 

2 AWI-CM-1-1-MR, 4.2 3.4 0.6 0.40 -2.0 Selected 

3 CanESM5-canOE 4.5 3.5 0.5 0.26 0.7 Selected 

4 EC-Earth3-Veg-LR 5.2 4.1 0.5 0.37 -11.6 Selected 

5 EC-Earth3-CC 5.0 3.9 0.6 0.38 -9.6 Selected 

6 FGOALS-g3, 4.8 3.7 0.5 0.37 -9.5 Selected 

7 HadGEM3-GC31-

LL 

4.6 3.6 0.5 0.26 -5.5 Selected 

8 INM-CM4-8 5.2 4.0 0.5 0.24 -10.3 Selected 

9 INM-CM5-0 5.1 3.9 0.5 0.23 -9.5 Selected 

10 MIROC-ES2L 5.2 4 0.5 0.26 -10.3 Selected 
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Figure 15: Taylor diagram (after bias correction) of mean monthly-simulated Tmax concerning ENACTS over 

Ethiopia from 1985_2014. 

3.2.2. Spatial analysis for comparisons on ENACTs and ensemble CMIP6 model data sources (1985-

2014) 
The enhancement of data quality from 10 selected CMIP6 models, the next step involved generating an 

ensemble dataset using the Simple Arithmetic Mean (SAM) method. When comparing ENACT's data and 

ensemble model data based on seasonal and annual time scales, during the annual and Kiremt seasons, both 

data sources showed closely aligned values, with the ensemble model data closely matching the ENACTS 

dataset. High maximum temperatures were predominantly observed in the northeastern, southeastern, and 

some limited areas of the northwestern regions, while a decreasing trend in maximum temperature was 

noted from the western toward the central parts of the country. In contrast, during the Bega and Belg 

seasons, the ensemble model slightly overestimated temperatures, particularly in the northeastern, eastern, 

and certain pockets of the western regions during the Bega season, when compared to the ENACTS data. 

In the Belg season, the model slightly underestimated temperatures in parts of the western regions, while 

overestimating them in the northeastern areas. Spatial distribution of annual maximum temperature in 

Ethiopia (based on ENACTS observational data) highlights significant spatial variations in annual 

maximum temperatures across Ethiopia this distribution also similar to ensemble model results.  

The hottest regions, particularly the Afar region in northeastern Ethiopia, experience the highest annual 

maximum temperatures due to their arid and semi-arid conditions. In contrast, cooler temperatures are 

observed in the central, southwestern, western, and southern highlands, where higher elevations result in a 

milder climate despite Ethiopia’s equatorial location.   

The highest maximum temperatures are predominantly found in Afar and the surrounding lowland areas, 

characterized by extreme daytime heat and dry conditions.  Lowest maximum temperatures are 

concentrated in the central highlands (e.g., Addis Ababa), parts of Oromia, and the Southern part, all 

regions where elevation moderates temperatures.  High temperatures in lowland areas can reduce crop 

yields due to heat stress, exacerbate water scarcity through increased evaporation, and heighten the risk of 
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heat-related illnesses in arid regions, necessitating improved water management and public health 

interventions. The ENACTS dataset provides a reliable observational baseline for climate studies, 

supporting evidence-based planning and adaptation strategies. 

The spatial distribution of maximum temperature (Tmax) across Ethiopia simulated by the CMIP6 

ensemble model for the annual scale and three major seasons, Kiremt, Belg (short rainy season), and Bega 

(dry season).   

The hottest zones (43–54°C) are found in northeastern Ethiopia, particularly Afar, due to arid lowland 

conditions, while cooler zones (22–38°C) prevail in the central, southwestern, and southern highlands such 

as Oromia, Sidama, South West, Central Ethiopia, and Amhara—demonstrating elevation's moderating 

effect on temperature..   Seasonal variations of Kiremt Cooler temperatures prevail in the central highlands, 

where increased cloud cover and rainfall reduce Tmax.  Persistent heat in the northeast (Afar) and the 

remaining areas are dry during this season.   Belg season is generally warmer than Kiremt, especially in 

eastern and northeastern regions.  High Tmax again dominates Afar and the surrounding lowlands.  Bega 

(Dry Season) Warm conditions persist in eastern and northeastern Ethiopia due to clear skies and minimal 

rainfall. Highlands exhibit lower Tmax, while lowlands (Afar, Somali, and eastern Oromia) remain hot. 

Generally, the CMIP6 ensemble model outputs reveal a consistent spatial pattern, with lowland regions 

experiencing significantly higher Tmax than highland areas across all seasons. Seasonal variations are 

evident, with Belg and Bega exhibiting more extensive areas of elevated temperatures compared to Kiremt. 

These findings are critical for Climate adaptation planning, particularly in heat-sensitive sectors like 

agriculture and health. 

 

 

Figure 16: Spatial distribution of comparisons between observed and ensemble model CMIP6 data Tmax 
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3.2.3. Spatial analysis of mid-term (2041-2070) and long-term (2071-2100) periods maximum 

temperature future projection 

Annual maximum temperature future projection 

Figure 16 indicates spatial distribution of annual maximum temperature (Tmax) in Ethiopia CMIP6 

Ensemble Projections under SSP2-4.5 and the figure illustrates the distributions of annual maximum 

temperature (Tmax) across Ethiopia, comparing historical (1985–2014) and future projections (SSP2-4.5 

scenario) from CMIP6 ensemble models.  The coolest regions (22–33°C) are concentrated in the central 

and southwestern highlands (Oromia, Sidama, and Amhara), while the hottest zones (43-54°C) appear in 

the northeast (Afar) and southeastern lowlands, this also reflecting Ethiopia’s strong elevation-temperature 

gradient.  The mid-term future (SSP2-4.5) moderate warming is evident, with previously cooler areas (33-

38°C) shifting to warmer ranges (38–43°C). The highlands show slight warming (greener tones fading), 

while the Afar and eastern lowlands exhibit intensified heat stress (expanding red zones). The long-term 

future (SSP2-4.5) pronounced warming trend emerges, with extreme temperatures (49-54°C) expanding 

further into the northeast and southeast. Highland regions warm significantly (33-38°C and above), 

signaling a systematic rise in Tmax nationwide. The highlands remain relatively cooler but face measurable 

warming, while the lowlands (Afar, Somali regions) endure extreme heat increases.  Progressive warming 

is clear-century shows moderate shifts, but end-century projections reveal severe heat stress, particularly in 

vulnerable regions. This analysis underscores Ethiopia’s growing exposure to extreme temperatures under 

SSP2-4.5, emphasizing the urgency of region-specific adaptation strategies and Separated into logical 

sections.  

Spatial projections of annual maximum temperature under the SSP5-8.5 Scenario indicates at the figure 

presents the evolution of maximum annual temperature (Tmax) from historical conditions to future 

projections (mid-term and long-term) under the high-emission SSP5-8.5 scenario, revealing distinct spatial 

patterns. Historical Baseline Clear thermal gradient Cooler central/southern regions (22-33°C) contrast 

with hot northern/northeastern zones (43-54°C). Mid-term projection northern/northeastern hotspots 

intensify, warming expansion 33-43°C zones grow significantly, and thermal shift. Cool areas (22-27°C) 

begin shrinking. Long-term projections of extreme heat dominance 43-54°C zones expand dramatically, 

and northern/northeastern regions face unprecedented Tmax levels. Geographical disparity, 

northern/eastern regions face the most severe warming. Scenario Severity SSP5-8.5 drives extreme 

temperature threshold, adaptation is urgent. The SSP5-8.5 scenario projects alarming Tmax increases 

across the region, particularly in northern/northeastern zones. Current hot areas will face dangerous 
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extremes, while previously temperate regions will experience unprecedented warming. These spatial 

patterns demand immediate, location-specific adaptation measures to address the growing heat threats to 

ecosystems and human systems. 

  
Figure 17: Spatial distributions of annual maximum temperature over Ethiopia 

Note: The letter a) represents historical annual Tmax of ensemble models,  b) represents mid-term future 

projection, and c) represents long-term future projection for both maps; and the left side map represents 

medium (SSP2_4.5) and the right side represents worst (SSP5_8.5) climate scenarios. 

Belg (FMAM) season maximum temperature projection 

The spatial distribution of maximum temperature (Tmax) during the Belg season under the SSP2-4.5 

moderate emissions scenario reveals important trends when comparing historical conditions with mid-term 

(2041–2070) and long-term (2071–2100) projections. In the historical baseline, cooler conditions (22–

30°C) dominate most regions, with localized heat extremes (37–45°C) occurring primarily in the northern 

and northeastern lowlands, particularly the Afar region. This reflects the present climate variability during 

Ethiopia’s short rainy season. In the mid-term projections, a gradual warming trend emerges nationwide 

like northern and eastern regions begin shifting into higher temperature categories (30–37°C), accompanied 

by a moderate expansion of warmer zones and a partial reduction of the coolest areas. 

Long-term projections indicate accelerated warming, with historically hot regions like northeast Ethiopia 

experiencing even higher dominant temperatures (37–45°C); while newly vulnerable areas emerge as the 

30–37°C zones expand westward. The extent of areas with sub-30°C Tmax shrinks significantly, persisting 

only in the highest elevations of the highlands. Spatially, strong north-south thermal gradient remains, but 

it intensifies over time, with lowland regions warming at a faster rate than the highlands. Temporally, the 
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analysis indicates progressive warming across all future periods, with the most dramatic changes projected 

in the long term. Although SSP2-4.5 represents a moderate warming path less severe than SSP5-8.5, the 

projected changes are still substantial. 

The SSP2-4.5 scenario suggests consistent warming during the Belg season, with the northern and 

northeastern lowlands expected to experience the most significant increases in Tmax. While highland areas 

are projected to remain relatively cooler, all regions exhibit upward shifts in temperature categories. These 

changes imply longer periods of heat stress, particularly in already vulnerable areas, and pose potential 

risks to Belg-season agricultural activities. As such, climate-resilient planning and adaptive strategies are 

essential, even under moderate emissions scenarios. The evolving spatial patterns emphasize the urgency of 

proactive measures tailored to regional vulnerabilities, ensuring sustainable development amid changing 

climate conditions. The historical spatial distribution and projected changes in annual maximum 

temperature (Tmax) over Belg under the SSP5-8.5 high-emission climate scenario are illustrated through 

comparisons between historical data and mid-term (2041–2070) and long-term (2071–2100) future 

projections. During the historical period, cooler regions (22–26°C and 26–30°C) dominate much of Belg, 

while warmer zones (37–41°C and 41–45°C) are primarily confined to the northern and northeastern areas. 

This historical distribution establishes the baseline, reflecting the current spatial variability of Tmax across 

the region. 

In the mid-term projection, a noticeable warming trend emerges, with a significant decline in cooler zones 

(22–26°C) and an expansion of warmer temperature classes (30–33°C and 33–37°C), indicating a clear 

shift toward higher Tmax values across broader areas. The long-term projection intensifies this trend, with 

a widespread increase in the hottest temperature categories (37–41°C and 41–45°C), suggesting that much 

of Belg could transition from relatively moderate conditions to consistently hot climates. 

Overall, the projections under SSP5-8.5 demonstrate a continuous rise in Tmax from the historical baseline 

to the end of the century. Regional variability is pronounced, with the northern and northeastern parts of 

Belg projected to experience the most substantial increases. These findings emphasize the heightened risk 

of frequent and extreme heat events in the future, underscoring the urgent need for effective climate 

adaptation and mitigation strategies to safeguard vulnerable regions. 
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Figure 18 Spatial distributions of Belg maximum temperature over Ethiopian 

Kiremt (JJAS) Season maximum temperature projection 

The figure 18 at below displays a series of maps showing the spatial distribution of maximum temperatures 

during the Kiremt season, Ethiopia’s main rainy season, based on various climate model projections. The 

historical kiremt Tmax map illustrates past observed maximum temperatures, using color gradients to 

represent temperature ranges from 20–25°C, 25–30°C, 30–35°C, 35–39°C, 39–44°C, to 44–49°C. The mid-

term future projection map depicts projected temperatures for 2041–2070 under the SSP2-4.5 scenario, 

while the Long-term future projection map shows projections for 2071–2100 under the same scenario.  

This analysis examines the spatial distribution of maximum temperatures during Ethiopia’s Kiremt season 

(the main rainy season) under the high-emission SSP5-8.5 scenario, comparing historical data with mid-

term (2041–2070) and long-term (2071–2100) projections. Historical baseline Maximum temperatures 

ranged from 22°C to 38°C across much of the central and western highlands, while extreme heat (43–54°C) 

was confined to localized areas in the northeastern lowlands (Afar region). 

Mid-term projection (2041–2070) significant warming is projected, particularly in lowland regions, with 

temperature increases of 3–5°C. Areas with 38–43°C expand into central transitional zones, and cooler 

highland zones below 30°C begin to shrink noticeably. Long-term projection (2071–2100), a dramatic 

expansion of extreme heat is expected. Temperatures of 49–54°C are projected to cover up to 40% of 

lowland areas. The highlands could warm by 4–7°C compared to the historical baseline, with sub-27°C 

zones nearly disappearing. 

The most severe warming occurs in lowland regions like Afar and the east, while highlands lose their 

cooling effect, with cooler zones shrinking to only the highest elevations. Overall, the SSP5-8.5 scenario 

projection will be expected catastrophic warming during Ethiopia’s main growing season. Extreme heat in 
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the lowlands could render some areas uninhabitable, while highlands lose their historical climate resilience. 

These trends call for urgent, location-specific adaptation strategies to protect food security, water access, 

and human health. 

  

Figure 19 Spatial distributions of the Kiremt maximum temperature over Ethiopia 

Note: The letter a) represents the historical Kiremt maximum temperature of the ensemble model, b) 

represents the mid-term future projection, and c) represents the long-term future projection for both maps; 

and the left side map represents medium (SSP2_4.5) and the right side represents worst (SSP5_8.5) climate 

scenarios. 
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Bega (ONDJ) Season maximum temperature projection 

The maximum temperatures during Ethiopia’s Bega season are projected to change under the SSP2-4.5 

scenario, comparing historical conditions with mid-term (2041–2070) and long-term (2071–2100) futures. 

During the historical period, Bega season maximum temperatures ranged from 25–34°C across much of the 

country. Cooler temperatures (21–25°C) were concentrated in the central and western highlands, while 

warmer zones (38–46°C) were found in the northeastern lowlands (Afar) and parts of the eastern and 

southeastern lowlands, driven by low elevation and arid conditions. 

Mid-term projection shows significant warming is expected in as once within the 25–29°C range shifting 

29–34°C. The northeastern lowlands see an expansion into 42–46°C, while highland regions experience 

moderate warming and a reduction of cooler zones (<25°C). Transitional areas, especially in central and 

eastern Ethiopia, warm into the 34–38°C range. Long-term projection warming intensifies further regions 

exceeding 38°C, spreading deeper into lowland and transitional areas. Cool highland zones (21–25°C) 

become increasingly rare, limited to the highest elevations. Afar and eastern Ethiopia are projected to face 

extreme heat (42–46°C), reflecting severe climate vulnerability. 

Trends are a clear northward and eastward shift of heat extremes over time such as Cool zones shrink, 

while hotter temperature ranges (above 34°C) expand into previously moderate areas. Generally, under the 

SSP2-4.5 scenario, Ethiopia’s Bega season is projected to warm significantly, especially in lowland and 

transitional areas and cooler highland zones will shrink, while extreme heat (above 38°C) expands, 

particularly in the Afar and eastern regions. The figure also presents projected changes in Ethiopia’s Bega 

season maximum temperatures (Tmax) based on ensemble climate model outputs under the high-emission 

SSP5-8.5 scenario. In the historical period, Tmax ranged from 21–46°C. Cool zones (21–25°C) were 

concentrated in the central and western highlands, while moderate temperatures (25–34°C) covered much 

of the country. Hot zones (38–46°C) were mainly limited to the northeastern lowlands (Afar) and parts of 

the eastern and southeastern lowlands. 

Mid-term projections show a clear warming trend are Cool areas below 25°C contract significantly, while 

29–34°C zones expand into transitional and lower highland regions. Extreme heat (42–46°C) extends 

further across the northeastern and eastern lowlands. In the long-term projections, warming becomes more 

severe. 21–25°C zones nearly disappear, remaining only in isolated high-elevation pockets. 34–42°C 

temperatures become widespread, and 42–46°C zones dominate large areas of the Afar, Somali, and 

Oromia lowlands, indicating intense heat amplification. The trends Pronounced northward and eastward 
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spread of extreme heat, Gradual loss of cooler highland zones, Expansion of hot zones (>38°C) into 

previously moderate regions, and the Afar and Somali regions emerge as severe heat hotspots. 

 The increased heat stress could reduce crop productivity in highland and transitional farming zones. Water 

resources are higher temperatures may intensify evaporation, lowering water availability during the dry 

Bega season. Health & Livelihoods populations in lowland regions, particularly afar and Somali will face 

greater exposure to heat-related health risks and diminished habitability. Overall, under the SSP5-8.5 

scenario, Ethiopia’s Bega season is projected to experience sharp temperature increases, with expanding 

extreme heat zones and the disappearance of cooler climates, posing critical challenges for agriculture, 

water resources, and public health. 

  

Figure 20: Spatial distributions of the Bega maximum temperature over Ethiopia 

Note: The letter a) represents the historical Bega maximum temperature of ensemble models, b) represents 

the mid-term future projection, and c) represents the long-term future projection for both maps; and the left 

side map represents the medium (SSP2_4.5) and the right side represents the worst (SSP5_8.5) climate 

scenarios 
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3.2.4. Projection of maximum temperature trend analysis over Ethiopia at 21st century (1981-2100) 

Figure 20 below illustrates a time series of maximum temperature (Tmax) over Ethiopia from 1981 to 

2100. Historical Data (1980–present) Observed records show a gradual warming trend with natural year-to-

year fluctuations. Since 1980, temperatures have risen by about 2–3°C. Future Projections (SSP2-4.5) 

under a moderate emissions pathway with some mitigation efforts, temperatures continue to rise steadily, 

reaching about 38°C by 2100. Future Projections (SSP5-8.5) under a high-emissions scenario dominated by 

fossil fuel use and limited climate action, temperatures increase much more sharply, surpassing 39°C by 

2100. Comparison SSP2-4.5 suggests that moderate mitigation can limit extreme warming, while SSP5-8.5 

highlights the severe consequences of unchecked emissions, with major risks for Ethiopia’s ecosystems and 

human systems. Overall, the figure underscores how emissions choices today shape vastly different 

temperature outcomes for Ethiopia by the end of the century. 

 

Figure 21: Maximum temperature Annual trend analysis over Ethiopia (1981-2100) 



43 | P a g e  

 

3.2.5. Historical and future projection of the maximum temperature trend analysis 

The trend analysis of maximum temperatures (1985–2014) plots temperature values (33.0°C–35.5°C) with 

a blue line depicting historical data that fluctuates annually between peaks and dips. The red trend line, cuts 

through these variations filtering out short-term noise to reveal a clear long-term warming pattern. The 

analysis reveals a clear upward trajectory in maximum temperatures over these 30 years. Despite year-to-

year variability, the consistent slope of the trend line indicates a sustained warming pattern. This finding 

aligns with broader climate change expectations, demonstrating a gradual but definite increase in maximum 

temperatures in the region. The visualization effectively separates natural annual variability from the 

underlying warming trend, providing clear evidence of climate change impacts over recent decades. 

The four subplots display maximum temperature (Tmax) projections across different timeframes and 

scenarios, with the top-left plot showing mid-term projections (2041-2070) where annual Tmax data points 

follow an upward trend. The top-right plot presents long-term projections (2071-2100), exhibiting a similar 

but more intensified warming pattern compared to the mid-term outlook. The bottom panels analyze a 

high-emission scenario (SSP5-8.5), with the left plot showing mid-term projections (2041-2070) exhibiting 

heightened variability and accelerated warming. The right plot reveals the most extreme temperature 

increases in century-scale projections (2071-2100) under the same scenario, where blue lines track annual 

Tmax variations and red trend lines emphasize persistent warming patterns. 

Over the entire 21st century (2015–2100), the average maximum temperature over the country is projected 

to rise by 1.7°C in mid-term and 1.6°C in long term under SSP2-4.5, and 2.1°C in mid-term and 2.7°C in 

long term under SSP5-8.5 indicating the highest temperatures in highest emission scenario. The Computed 

result of analysis indicates that both SSPs project an increase in mean maximum temperatures in the mid-

term and long-term period of the 21st century, reflecting global warming due to rising GHG emissions. 

SSP5-8.5, while the high-emission scenario, shows the largest increases. These projections highlight the 

variability in warming across different emission pathways, emphasizing the critical role of emissions 

control in shaping future climate outcomes. Warming is expected to be more significant in the distant 

future (2070–2100), with the highest increases under SSP5-8.5, strengthening the connection between 

emissions levels and temperature rise.  
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Figure 22: Future annual Tmax projection of mid and long-term periods under SSP245 and SSP585 climate 

scenarios over Ethiopia 

3.2.6. Annual maximum temperature anomalies over twelve homogeneity zones 

Figure 23 illustrates projected annual maximum temperature (Tmax) anomalies for Ethiopia’s homogeneity 

zones during the mid-term period (2041–2070) under the moderate-emission scenario (SSP2-4.5). Each 

subplot corresponds to a specific zone (Zone 1-12), depicting yearly deviations from a historical baseline. 

Positive anomalies (red bars), indicating warmer-than-baseline years, predominate across most zones (Zone 

3, Zone 5, Zone 10), confirming a persistent warming trend.  Negative anomalies (blue bars), although 

present in some zones (Zone 2, Zone 9), decrease in frequency and magnitude over time, particularly by 

2070.   

Temporal variability zones exhibit distinct patterns like Zone6 show steady warming, while others display 

higher inter-annual variability.  The intensity of anomalies varies regionally, underscoring Ethiopia’s 

heterogeneous climate response.  Scenario Implications Even under SSP2-4.5, all zones trend toward 

higher Tmax values, with cooler years becoming increasingly rare.  The findings align with global 

projections but emphasize localized risks, necessitating zone-specific adaptation measures.  The mid-term 

projections strengthen the urgency of climate resilience planning, as warming persists across all zones 

despite the moderate-emission pathway. The spatial heterogeneity highlights the need for tailored strategies 

to address regional vulnerabilities. 
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Figure 23: Future projection Annual Tmax anomalies under SSP2_4.5 climate scenarios for the mid-term period 

Figure 23 also shows six bar charts illustrating projected annual maximum temperature (Tmax) anomalies 

under the SSP2-4.5 climate scenario with long term period, which represents a moderate emissions 

pathway. Each chart shows temperature deviations from a historical baseline, where red bars indicate 

warmer-than-normal years and blue bars indicate cooler-than-normal years. The predominance of red bars 

suggests a general trend toward higher temperatures in the future. A clear long-term warming trend is 

evident, with both the frequency and intensity of positive anomalies increasing over time. Meanwhile, 

negative anomalies (blue bars) become less frequent and less pronounced, indicating a reduced likelihood 

of cooler-than-normal years as climate change advances. The alternating red and blue bars reflect short-

term variability and uncertainty, yet the overall direction points to sustained warming. In the earlier part of 

the projection period (near the 2020s), charts show more frequent neutral or negative anomalies. In 
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contrast, the later periods (2050s to 2100) are dominated by stronger and more frequent positive anomalies. 

This pattern highlights the anticipated progression of warming under the SSP2-4.5 scenario: while 

variability remains, the long-term signal is a clear and intensifying rise in temperature anomalies. 

  

  

  

  
Figure 24: Future projection Annual Tmax anomalies under SSP2_4.5 climate scenarios for long-term period 
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The figure 25 at below presents six bar charts illustrating the future projections of annual Tmax (maximum 

temperature) anomalies under the SSP5-8.5 climate scenario, which represents a high-emission pathway 

with minimal mitigation efforts. Most bars are red which indicating positive temperature anomalies and 

this suggests a trend toward rising temperatures. The anomalies tend to be larger and more frequent during 

the mid-term, reflecting significant warming under this high-emission scenario. Frequency and magnitude 

of anomalies charts demonstrate a consistent presence of positive (warm) anomalies across the mid-term 

period. The size of the red bars increases and that indicating more intense hot years progresses and there 

are relatively fewer blue bars compared to the SSP2-4.5 scenario, reflecting fewer cooler-than-normal 

periods. Variability Despite the dominant warming trend, there is noticeable variability, with some blue 

bars indicating occasional cooler periods.  

The overall pattern suggests that, under SSP5-8.5, the climate system is expected to experience more 

frequent and intense heat anomalies in the mid-term, but with some fluctuations. The charts underscore the 

severe warming implications of the SSP5-8.5 scenario during the mid-term, characterized by frequent hot 

years and fewer cold periods. This highlights the urgency for climate mitigation to prevent such high-end 

projection scenarios. Under the SSP5-8.5 high-emission scenario, the mid-term future shows a clear trend 

toward increased maximum temperature anomalies. The projections indicate more frequent and intense hot 

years, with fewer occurrences of cooler days, emphasizing the substantial warming impact expected if 

emissions continue unabated. 
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Figure 25: Future projection Annual Tmax anomalies under SSP5_8.5 climate scenarios for the mid-term period 

The figure 26 shows six bar charts illustrating the long-term projections of annual Tmax (maximum 

temperature) anomalies under the SSP5-8.5 climate scenario, which represents a high-emission pathway 

with minimal mitigation efforts. The majority of the bars are red, indicating positive temperature 

anomalies, which signifies a consistent trend of increasing maximum temperatures over the long term 

under this high-emission scenario. The magnitude of anomalies tends to be larger, suggesting significant 

warming compared to the baseline period. The early years (left side of the charts) show higher variability 

with some negative anomalies (blue bars), but these become less frequent over time. In later periods, 

positive anomalies dominate, with many bars reaching higher values, indicating more frequent and severe 

warm years. Variability and Uncertainty Despite the overall warming trend, there are fluctuations, 

reflecting the natural variability within the climate system. The periods towards the end of the timeline 

show an increase in the intensity and frequency of warm anomalies, emphasizing the long-term impacts of 

continued high emissions. Long-term, these projections suggest a sustained increase in maximum 

temperatures over the long term, with a marked decline in cooler periods. The results highlight the potential 

for ongoing and intensifying heat-waves and temperature extremes if high emission levels persist. Under 

the SSP5-8.5 scenario, the long-term future indicates a persistent and significant rise in Tmax anomalies, 

with more frequent and intense high-temperature years. This underscores the severe warming trajectory 

associated with continued high greenhouse gas emissions. 
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Figure 26: Future projection Annual Tmax anomalies under SSP5_8.5 climate scenarios for the long-term 

period 

3.2.7. Analysis of Maximum Temperature variation for Projections across Ethiopia’s 12 

Homogeneity Zones 

The table below analysis highlights projected Tmax anomalies across Ethiopia under moderate (SSP2-4.5) 

and high (SSP5-8.5) emission scenarios for 2041–2070 and 2071–2100. Under SSP2-4.5, warming is 

moderate and stabilizes over time (national average: 1.7°C to 1.6°C). In contrast, SSP5-8.5 shows stronger, 

accelerating warming (2.1°C to 2.7°C), with Zones 8 and 11 most affected. Zone 12 warms least, while 

Zones 2 and 5 show minimal but notable increases. SSP5-8.5 leads to ~1.0°C more warming by 2100, 

posing serious risks. Urgent adaptation is needed for vulnerable zones, and mitigation efforts are essential 

to avoid extreme outcomes. 
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Table 11: Maximum temperature variation for projections across Ethiopia’s 12 homogeneity zones 

Homogeneity Zone SSP2_4.5 SSP5_8.5 

Mid-Term Long-Term Mid-Term Long-Term 

Zone_1 1.3 1.6 1.8 2.9 

Zone_2 1.1 1.0 1.4 2.0 

Zone_3 1.3 1.3 2.3 2.9 

Zone_4 1.9 1.6 2.5 2.9 

Zone_5 1.0 1.0 1.6 2.0 

Zone_6 1.3 1.3 2.0 2.7 

Zone_7 1.5 1.4 2.1 2.6 

Zone_8 2.8 2.6 3.6 3.8 

Zone_9 1.4 1.5 2.1 2.7 

Zone_10 1.7 1.8 2.3 3.2 

Zone_11 3.0 2.7 2.6 2.6 

Zone_12 1.9 2.0 1.3 1.9 

Over all Ethiopia 1.7 1.6 2.1 2.7 

As a discussion; the results of this study is highly related from different previous studies such as; Sixth 

Assessment Report (AR6) of the IPCC ((Lee et al., 2023) confirms that global warming is intensifying with 

projected temperature increases of + 2 °C to + 3 °C under SSP2-4.5 and + 4 °C or more under SSP5-8.5 by 

2100 (IPCC,2023). Ethiopia, including its highland watersheds, is already experiencing these shifts. Under 

SSP2-4.5, maximum temperatures (Tmax) are projected to rise by + 2.0 °C to + 2.5 °C under SSP2-4.5, 

and by + 3.3 °C to + 4.5 °C under SSP5-8.5 and another study project that in the Blue Nile Basin, Tmax 

could increase by 2.1 °C and 2.8 °C under SSP2-4.5 and SSP5-8.5, respectively (Enyew et al., 2024).  

Additionally; The finding of the study implies the rising mean maximum temperatures are consistent with 

several studies such as; According to Getachew & Manjunatha (2021) predicted a temperature increase of 

1.38–3.59 °C by the 2080s in the Lake Tana sub-basin under the RCP4.5 scenario, also, an estimated a rise 

of 2.1, and 2.8 °C in the mean annual maximum temperature under the SSP2-4.5, and SSP5-8.5 scenarios 

from 2015 to 2100 (Enyew et al., 2024), Similarly  according to Alaminie et al. (2021) reported 

comparable increases by predicting temperature rises of 1.3, 1.7, 2.0, and 2.6 °C under the SSP1-2.6, SSP2-

4.5, SSP3-3.7, and SSP5-8.5 scenarios, respectively and according to Gebisa et al. (2023) projected an 

increase of 1.4 and 1.8 °C in the Baro River Basin under the SSP2-4.5 and SSP5-8.5 scenarios.
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3.3. Minimum temperature 

3.3.1. Statistical and spatial models performance  

Baseline observation data are the standard for finding changes in climate projections and also for 

evaluating the performance of the models. To evaluate models to use in temperature projection analysis, the 

study therefore used ENACTS data from 165 baseline stations covering all parts of Ethiopia. Using this 

data, the study selected models for the projection analysis of minimum temperature (Tmin) and the models 

were also ranked according to their performance against statistical metrics such as Root Mean Square Error 

(RMSE), Mean Absolute Error (MAE), Index of Agreement (IOA), Correlation Coefficient (CORR), and 

Percent Bias (PBIAS). These metrics facilitated the selection of the best performing models. Thus, out of 

the 24 models in the Historical, SSP2-4.5, and SSP5-8.5 scenarios, the highest 10 models (highlighted in 

blue in Table 10) were utilized in this study.  

Table 12: Statistical performance of selected models for Tmin 

Model RMSE MAE IOA CORR PBIAS 

FGOALS-g3 0.522 0.38 0.78 0.44 1% 

NRM-ESM2-1 0.609 0.5 0.75 0.52 2% 

IPSL-CM6A-LR 0.658 0.74 0.72 0.56 4% 

CanESM5-CanOE 0.652 0.7 0.68 0.56 3% 

MRI-ESM2-0 0.66 0.61 0.67 0.56 5% 

EC-Earth3-CC 0.671 0.61 0.73 0.57 7% 

GFDL-ESM4 0.652 0.56 0.61 0.56 6% 

CNRM-CM6-1 0.698 0.85 0.63 0.59 10% 

EC-Earth3-Veg-LR 0.754 0.8 0.68 0.64 14% 

HadGEM3-GC31-LL 0.664 0.41 0.61 0.57 8% 

Figures 27 show the ENACT observational data and historical ensemble model for annual and seasonal 

minimum temperature (Tmin) distributions over Ethiopia for respective figures. In both figures, the upper 

side represents annual Tmin from observational data from ENACT and ensemble of historical climate 

model outputs and down side represents seasonal Tmin from observational data from ENACT and 

ensemble of historical climate model outputs. Both the annual and seasonal maps an identical uniform 

color gradient showing Tmin values from cold (3.63-6.84°C in blue) to hot (19.8-22.9°C in red). Spatially, 

both datasets exhibit similar patterns: colder Tmin dominates in the highland regions of central and 

northern parts, particularly, warmer Tmin values over the eastern, southeastern, and southwestern lowland 
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regions. Such spatial agreement indicates satisfactory coincidence between ENACT and the historical 

ensemble model, which implies the ability of the model to reproduce past climatic conditions. However, 

the ensemble model slightly underestimates Tmin values in the northern and central regions of Ethiopia. 

Although this, the model describes rather well the main climatic characteristics present in the ENACT data, 

and it is hence justified as being applicable to future climate projections and impact assessments. 

 

 

Figure 27: Annual and seasonal ENACT and Ensemble historical performance 

3.3.2. Spatial annual projection of minimum temperature in mid and long term period 

Figure 28 present the spatial pattern of annual minimum temperature (°C) across Ethiopia throughout the 

historical period (1985-2014) and under two scenarios of future climate (SSP2-4.5 and SSP5-8.5) for mid-

term (2041-2070) and far-term (2071-2100) periods. Historically, Tmin ranged from approximately 3.6°C 

in highlands to approximately 23°C in eastern and southern lowlands. Under SSP2-4.5 and SSP5-8.5 

scenarios, there is clear warming trend of Tmin over the nation. The lowest temperatures increase in the 

highlands, yet even more significantly in the lowlands. Compared to the previous baseline, Tmin increases 

by about 1.7°C in the mid-term and 2.3°C in the far-term under SSP2-4.5. Under high-emission SSP5-8.5 

scenario, the increase is even higher 1.8°C in the mid-term and 2.8°C in the far-term.  

By the end of the century (2071–2100), SSP5-8.5 scenario projects widespread warming, with minimum 

temperatures of more than 25°C in the majority of the northeastern and southeastern lowlands. Even the 

cooler highlands will presumably warm significantly. In general, the projections are that Ethiopia will 
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experience substantial increases in minimum temperatures, especially under the high-emission scenario, 

necessitating the imperative of effective climate mitigation actions. 

 

Figure 28: Annual Tmin projections under SSPS2-4.5 and SSP5-8.5 scenarios 

3.3.3. Seasonal spatial trend of minimum temperature 

Ethiopian regions are expected to have a uniform rising trend of minimum temperature (Tmin) over all 

seasons and geographical regions by the end of the 21st century. With reference to the historical baseline 

period (1985-2014) present under SSP2-4.5 scenarios, increase in Tmin for the Bega, Belg, and Kiremt 

seasons in both the mid-century period (2041-2070) and long century period (2071-2100). Lowlands such 

as Afar and Somali show more accelerated warming, with Tmin expected to exceed 23°C towards the end 

of the century. Highland regions, particularly central and northern Ethiopia, will experience warming but 

will be somewhat cooler, with Tmin ranging from 12°C to 18°C.  

On the other hands; presents Tmin projections for the Bega, Belg, and Kiremt seasons under the high-

emission SSP5-8.5 scenario. There are much greater increases in Tmin from the projections. By the end of 

the 21st century, Tmin in most of the lowland areas would be over 25°C, while some parts would be over 

27°C, indicating great warming in Tmin. Though highland regions will remain cooler, they too will 

experience significant Tmin increases to up to 18°C and above, particularly during the Kiremt season. The 

extent and severity of Tmin rising in the SSP5-8.5 scenario signify the probability of intensified heat stress, 

disruption of past agricultural schedules, and increased vulnerability of ecosystems and human health. 

These findings further underscore the need for effective mitigation measures to avoid future warming and 

reduce associated risks (see figure 29). 
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Figure 29: Bega, Belg and Kiremt Tmin projections under SSPS2-4.5 and SSP5_5.8 scenario 

3.3.4. Projection of monthly Tmin trend in mid and long term period 

Figures 30 show the simulated monthly minimum temperature (Tmin) changes of the Ethiopia in three time 

periods: the historical reference period (1985–2014), the mid-term (2041–2070), and the long term (2071–

2100) under the SSP2-4.5 and SSP5-8.5 climate scenario. The result demonstrates an apparent increasing 

trend in Tmin in each month, representing a uniform warming trend. In comparison to the Historical 

periods, minimum temperatures are projected to increase at mid-term and end-term. April to August would 

be the warmest months, with July recording the highest Tmin values, in the end-century scenario. 

Relatively, December and January remain the coldest months but also continue to undergo considerable 

warming with increasing time under both scenarios. This projected warming of Tmin has broad 

implications for the Ethiopia, including potential impacts on agriculture, human health, ecosystems, and 

water resources. Warming of temperatures at night might change crop calendars, increase heat related 

health impacts, and affect biodiversity and hydrological processes. The projections serve to highlight the 

need for adaptation and mitigation efforts to address the anticipated patterns of warming in all parts of 

Ethiopia. 
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Figure 30: Monthly Tmin projection under SSP2-4.5 and SSP5_8.5 scenario 

3.3.5. Projection of monthly trends of minimum temperature over twelve homogeneity zones 

Figure 31 and 32 demonstrate the monthly projected Tmin under the SSP2-4.5 and SSP5-8.5 scenarios 

across all 12 rainfall homogeneity zone in Ethiopia show a consistent warming trend compared to the 

historical period (1985-2014). All climate zones experience a clear upward shift in monthly Tmin for both 

midterm (2041-2070) and long term (2071-2100) periods. In highland zones such as Zone 3 and Zone 5, 

Tmin rises steadily across all months, with more pronounced increases during the cooler months (October 

to January), suggesting reduced cold-season extremes. Zones 3 and 5, which also display a similar trend 

but with slightly higher Tmin values, indicating a progressive warming pattern throughout the year. This 

warming could have direct implications for agriculture, particularly for crops sensitive to cooling. 

The lowland and warmer regions like, zones 1 and 11 are projected to experience the highest Tmin values, 

especially in the long period and in several months with a substantial increase from historical levels. In 

general in all months and zones, which likely exhibits relatively smaller absolute changes but still shows 

significant warming, especially in the dry months(October to January). These trends suggest increased 

thermal stress and possible challenges for heat-sensitive crops, livestock, and water resource management. 

The monthly breakdown highlights the importance of seasonal planning and targeted adaptation strategies, 

particularly in zones with the most extreme warming projections.  
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Figure 31: Zone1 to 12 Tmin monthly projection under SSP2-4.5 scenario 

  

Figure 32: .Zone1 to 12 Tmin monthly projections under SSP5-8.5 scenario 

3.3.6. Projection of minimum temperature trend analysis over Ethiopia at 21st century (1981-2100) 

Figure 33 presents projected trends in annual mean temperature under two emissions scenarios SSP2-4.5 

(moderate) and SSP5-8.5 (high) based on climate model simulations. The left panel shows mid-term 

projections, and the right panel shows long-term projections. Solid lines represent mean temperature; 

shaded areas indicate model uncertainty. Temperatures start around 13°C and rise gradually. By 2070, 

SSP2-4.5 projects approximately 18°C, while SSP5-8.5 reaches 20°C. By 2100, temperatures could hit 

approximately 25°C under SSP2-4.5 and 27°C under SSP5-8.5. The uncertainty grows over time, 

especially in the high-emissions scenario. The analysis emphasizes that without strong mitigation, Tmin 
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may rise by up to 10°C above historical averages, posing serious risks to ecosystems, health, agriculture, 

and water resources.  

 

 

 

Figure 33: Annual Tmin projections with right (Mid-Term) and left (long-term) 

3.3.7. Projection of maximum temperature trend analysis over Ethiopia at 21st century (1981-2100) 

over twelve homogeneous zones  

Figure 34 and 35 Shows rainfall homogeneity Zone 1, 2, and 3 annual Tmin projections with long- and 

mid-term increments under two emissions scenarios using SSP2-4.5 (moderate) and SSP5-8.5 (high). Each 

zone includes a mid-term projection and a long-term projection, with shaded areas indicating model 

uncertainty. Across all zones, the Tmin warming trend is stronger and the uncertainty wider under the high 

emissions pathway, emphasizing the significant influence of emission choices.  

The projected annual mean temperature trends for rainfall homogeneity Zone 4, 5 and 6 under SSP2-4.5 

and SSP5-8.5, the projected from 2041-2070 mid-term and 2071-2100 compared to 1985 - 2014 for 

historical. All zones show a clear increasing Tmin trend, with the rate of warming varying by scenario. The 

SSP5-8.5 scenario indicates the highest rise in Tmin, highlighting the need of future adaptation and 

mitigation measures. 

Additionally; the projected annual mean temperature trends for rainfall homogeneity Zone 7, 8 and  9 under 

SSP2-4.5  and SSP5-8.5, covering the period from 1985 to 2014 for historical, 2041-2070 mid-term and 

2071-2100. All zones show a clear increasing Tmin trend, with the rate of warming varying by scenario. 

The SSP5-8.5 scenario indicates the highest rise in Tmin, highlighting the need of future adaptation and 

mitigation measures whereas projected annual Tmin trends for rainfall homogeneity Zone 10, 11 and 12 

under SSP2-4.5 and SSP5-8.5, the projection from 2041-2070 mid-term and 2071-2100 compared to 

historical period 1985 to 2014 for historical. All zones show a clear increasing Tmin trend, with the rate of 
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warming varying by scenario.  Among the zones, zone 11 highly increased. The SSP5-8.5 scenario 

indicates the highest rise in Tmin, highlighting the need of future adaptation and mitigation measures. 

  

Figure 34:  12 homogeneity zones annual Tmin projections with midterm periods (2041-2070) 
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Figure 35:  12 homogeneity zones annual Tmin projections with long term periods (2071-2100) 

Table 11 presents projected changes in change in Tmin for 12 rainfall homogeneity zones under two 

emission scenarios, SSP2-4.5 and SSP5-8.5, across mid-term (2041–2070) and long-term (2071–2100) 

periods, relative to the historical baseline (1985–2014). The data reveal a clear Tmin warming trend in all 

zones, with higher temperature increments under the (SSP5-8.5) high scenario compared to the (SSP2-4.5) 

intermediate scenario. Furthermore, Tmin increased are generally greater in the long term than in the mid-

term, indicating progressive warming over time. Spatially, Zone 11 stands out with the most significant rise 

in minimum temperature, averaging 8.0°C across all projections, followed by Zone 12 (4.3°C), Zone 10 

(3.2°C), and Zone 4 (3.6°C). Conversely, Zones 2 and 3 exhibit the smallest increases, averaging 1.3°C and 

1.0°C, respectively. These projections underscore the urgent need for robust mitigation and adaptation 
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measures, particularly in zones experiencing the highest temperature increments, to minimize the adverse 

impacts of climate change on vulnerable sectors such as agriculture, health, and water resources. 

Table 13: Tmin increments under SSP2-4.5 and SSP5-8.5 scenarios from baseline 

RHZone Mid-Term 

 ΔTmin (°C) 

SSP2-4.5 

Mid-Term 

ΔTmin (°C) 

SSP5-8.5 

Long-Term 

ΔTmin (°C) 

SSP2-4.5 

Long-Term ΔTmin 

(°C) 

SSP5-8.5 

Average 

Increment 

Zone 1 1.1 1.9 2.0 3.2 2.1 

Zone 2 0.9 1.7 0.5 2.0 1.3 

Zone 3 0.8 1.1 0.7 1.3 1.0 

Zone 4 2.9 3.8 3.0 4.5 3.6 

Zone 5 2.2 3.2 0.9 3.0 2.3 

Zone 6 0.8 1.3 1.2 1.8 1.2 

Zone 7 2.3 3.2 2.7 4.3 3.1 

Zone 8 2.2 2.5 2.2 2.7 2.4 

Zone 9 1.9 2.5 1.7 2.5 2.1 

Zone 10 2.9 3.3 3.0 3.6 3.2 

Zone 11 7.8 8.1 7.7 8.3 8.0 

Zone 12 4.4 4.7 3.9 4.4 4.3 

In general, the projected trends of minimum temperature (Tmin) in Ethiopia indicate a clear and consistent 

warming across the country; with both observational (ENACT) data and historical climate models showing 

similar spatial patterns for both annual and seasonal. Colder Tmin values are dominant in the central and 

northern highlands areas, while warmer Tmin prevails in lowland areas such as the east, southeast, and 

southwest. Although models slightly underestimate Tmin in the highlands, they reliably capture past 

climate conditions. Historical Tmin ranged from approximately 3.6°C to 23°C between 1985 and 2014. 

Future projections show significant increases under both moderate (SSP2-4.5) and high-emission (SSP5-

8.5) scenarios reaching up to +2.3°C and +2.8°C, respectively, by the end of the century. Seasonal analyses 

reveal rising Tmin in all three main seasons (Bega, Belg, Kiremt), with lowland regions like Afar and 

Somali projected to exceed 25-27°C under SSP5-8.5 by 2100, and highland areas warming to around 18°C 

or more. Monthly trends indicate year-round warming, with implications for agriculture, human and animal 

health, biodiversity, and water resources. Across all 12 rainfall homogeneity zones, Tmin increases are 

evident, with Zones 1 and 11 showing the highest projected rise and highland zones like 3 and 5 

experiencing notable warming during cooler months. Annual mean Tmin is projected to reach 

approximately 25°C under SSP2-4.5 and approximately 27°C under SSP5-8.5 by 2100, particularly 

impacting Zones 11 and 12. Quantitative estimates show Tmin increases as high as +8.0°C in Zone 11, 

while Zones 2 and 3 show more modest changes (1.0-1.3°C), emphasizing the greater vulnerability of 

lowland areas under long-term, high-emission scenarios. 



61 | P a g e  

 

Over all the finding of this study implies the rising mean minimum temperatures are consistent with several 

studies like all models consistently project increasing trends in maximum and minimum temperatures, 

while the majority of the models projected declining future precipitation from 2021-2100 compared to the 

base period of 1971–2005 using CORDEX Africa regional models (Geleta et al., 2022). 

4. Conclusion 

Robust warming signal: Tmax and Tmin are projected to rise across all Ethiopian regions and seasons, with 

the strongest warming under SSP5-8.5. This point to a sustained warming trajectory through 2041–2100 

and complex, regionally variant rainfall: Rainfall changes are not uniform. Kiremt (JJAS) tends to increase 

overall, especially under higher emissions, while Belg (FMAM) and Bega (ONDJ) show spatially 

heterogeneous responses. The result is greater rainfall variability and pronounced inter-annual fluctuations 

at the zone level. Improved but bounded certainty: Bias-corrected CMIP6 multi-model ensembles aligned 

with ENACTS observations improve confidence, yet substantial zone-scale uncertainty remains due to 

internal climate variability and model spread. The 12-zone framework effectively captures spatial diversity, 

underscoring the need for localized planning. The implications of this result across different systems such 

as climate-induced changes will influence agriculture, water resources, infrastructure, health, and urban 

resilience. Zone-specific impacts, timing of rainfall and heat stress will drive adaptation needs. 

In general based on this results the following recommendations can apply on different sectors and different 

areas of the country: 

 Localized adaptation planning  

 Develop and implement zone-specific adaptation plans using the 12-homogeneity-zone 

framework. 

 Compare SSP scenarios (SSP2-4.5 vs SSP5-8.5) and time horizons (2041–2070 vs 2071–

2100) to identify robust actions and understand trade-offs. 

 Agriculture and food security  

 Promote climate-smart agriculture: drought-tolerant varieties, crop diversification, and 

season-specific planting calendars aligned to shifting Belg and Bega timings. 

 Invest in irrigation expansion and water-use efficiency where feasible; integrate crop-

livestock systems to buffer variability. 

 Water resources and infrastructure  
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 Enhance water storage, watershed management, and flood/drought risk governance to 

accommodate increased rainfall variability and higher Tmax/Tmin. 

 Develop zone-tailored water allocation and storage strategies that reflect the projected shifts 

in Kiremt timing and magnitude. 

 Health and urban resilience  

 Strengthen heat-health surveillance and community awareness, focusing on lowland and 

developing urban areas with pronounced Tmin/Tmax increases. 

 Integrate urban heat mitigation (green infrastructure, reflective surfaces) into city planning 

in high-risk zones. 

 Risk management and early warning  

 Expand and synchronize early warning systems for heat stress and extreme rainfall events; 

ensure regional triggers are aligned with projected warming hotspots. 

 Incorporate climate-extremes indices (e.g., heavy rainfall days, drought frequency) 

alongside mean changes for risk assessments. 

 Policy and data governance  

 Institutionalize routine updates of bias-corrected CMIP6 ENACTS-based projections as new 

data become available. 

 Support capacity-building for decision-makers to interpret scenario-based projections and 

apply them to sectoral planning. 

 Further research and data needs  

 Extend analyses to extremes indices and compound events (heat + drought, flood frequency) 

for comprehensive risk profiling. 

 Validate and possibly expand downscaling approaches to reduce residual zone-level 

uncertainties. 
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Annex 

  

  

 
 

Figure 36: Ensemble model comparisons by SSP2_4.5 and SSP5_8.5 climate scenarios with historical (1985-2014) 

based on mid and long-term periods over homogeneity zone one 
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Figure 37: Ensemble model comparisons by SSP2_4.5 and SSP5_8.5 climate scenarios with historical (1985-2014) 

based on mid and long-term periods over homogeneity zone two 

 

  

  

Figure 38: Ensemble model comparisons by SSP2_4.5 and SSP5_8.5 climate scenarios with historical (1985-2014) 

based on mid and long-term periods over homogeneity zone three 
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Figure 39: Ensemble model comparisons by SSP2_4.5 and SSP5_8.5 climate scenarios with historical (1985-2014) 

based on mid and long-term periods over homogeneity zone four 
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Figure 40: Ensemble model comparisons by SSP2_4.5 and SSP5_8.5 climate scenarios with historical (1985-2014) 

based on mid and long-term periods over homogeneity zone five 

 

  

  

Figure 41: Ensemble model comparisons by SSP2_4.5 and SSP5_8.5 climate scenarios with historical (1985-2014) 

based on mid and long-term periods over homogeneity zone six 
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Figure 42: Ensemble model comparisons by SSP2_4.5 and SSP5_8.5 climate scenarios with historical (1985-2014) 

based on mid and long-term periods over homogeneity zone seven 

 

  

  

Figure 43: Ensemble model comparisons by SSP2_4.5 and SSP5_8.5 climate scenarios with historical (1985-2014) 

based on mid and long-term periods over homogeneity zone eight 
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Figure 44: Ensemble model comparisons by SSP2_4.5 and SSP5_8.5 climate scenarios with historical (1985-2014) 

based on mid and long-term periods over homogeneity zone nine 

 

  

  

Figure 45: Ensemble model comparisons by SSP2_4.5 and SSP5_8.5 climate scenarios with historical (1985-2014) 

based on mid and long-term periods over homogeneity zone ten 
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Figure 46: Ensemble model comparisons by SSP2_4.5 and SSP5_8.5 climate scenarios with historical (1985-2014) 

based on mid and long-term periods over homogeneity zone eleven 

 

  

  

Figure 47: Ensemble model comparisons by SSP2_4.5 and SSP5_8.5 climate scenarios with historical (1985-2014) 

based on mid and long-term periods over homogeneity zone twelve 
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Annual and seasonal Mid-term rainfall anomalies (2041-2070) 

Annual rainfall anomalies 

   

   

   

   
Figure 48: Future projection Annual rainfall anomalies under SSP2_4.5 climate scenarios for mid-term period 
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Figure 49: Future projection Annual rainfall anomalies under SSP5_8.5 climate scenarios for mid-term period 
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Belg (FMAM) rainfall anomalies 

   

   

   

   
Figure 50: Future projection Belg season rainfall anomalies under SSP2_4.5 climate scenarios for mid-term period 
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Figure 51: Future projection Belg season rainfall anomalies under SSP5_8.5 climate scenarios for mid-term period 
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Kiremt (JJAS) rainfall anomalies 

   

   

   

   
Figure 52: Future projection Kiremt season rainfall anomalies under SSP2_4.5 climate scenarios for mid-term 

period



79 | P a g e  

 

 

   

   

   

   
Figure 53: Future projection Kiremt season rainfall anomalies under SSP5_8.5 climate scenarios for mid-term 

period 
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Bega (ONDJ) rainfall anomalies 

   

   

   

   

Figure 54: Future projection Bega season rainfall anomalies under SSP2_4.5 climate scenarios for mid-term period 
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Figure 55: Future projection Bega season rainfall anomalies under SSP5_8.5 climate scenarios for mid-term period
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Annual and seasonal long-term rainfall anomalies (2071-2100) 

Annual rainfall anomalies 

   

   

   

   
Figure 56: Future projection Annual rainfall anomalies under SSP2_4.5 climate scenarios for long-term period 
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Figure 57: Future projection Annual rainfall anomalies under SSP5_8.5 climate scenarios for long-term period
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Belg (FMAM) season rainfall anomalies 

   

   

   

   
Figure 58: Future projection Belg season rainfall anomalies under SSP2_4.5 climate scenarios for long-term period
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Figure 59: Future projection Belg season rainfall anomalies under SSP5_8.5 climate scenarios for long-term period 
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Kiremt (JJAS) season rainfall anomalies 

   

   

   

   
Figure 60: Future projection Kiremt season rainfall anomalies under SSP2_4.5 climate scenarios for long-term 

period 
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Figure 61: Future projection Kiremt season rainfall anomalies under SSP5_8.5 climate scenarios for long-term 

period 



88 | P a g e  

 

 

Bega (ONDJ) season rainfall anomalies 

   

   

   

   
Figure 62: Future projection Bega season rainfall anomalies under SSP2_4.5 climate scenarios for long-term period 
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Figure 63: Future projection Bega season rainfall anomalies under SSP5_8.5 climate scenarios for long-term period  


