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Abstract
Climate change profoundly impacts hydro-climatic systems, altering precipitation, temperature, and drought dynamics. 
This study investigates contrasting trends in Ethiopia and South Africa under historical and future scenarios (SSP2-4.5, and 
SSP5-8.5) using CMIP6 datasets. The analysis encompasses national averages and regional clusters to capture both spatial 
and temporal variability. In Ethiopia, annual precipitation increases by 1.2 mm/year under SSP2-4.5 and 2.5 mm/year under 
SSP5-8.5, potentially benefiting agriculture but elevating flood risks. Conversely, South Africa experiences decline in pre-
cipitation of 0.25 mm/year and 0.32 mm/year under SSP2-4.5 and SSP5-8.5, respectively, likely to exacerbate water scarcity 
and compromising agricultural resilience. Both countries see substantial increases in potential evapotranspiration (PET) 
and temperature extremes. Ethiopia’s PET rises by 0.67 mm/year and 0.97 mm/year, while South Africa’s PET increases 
by 1.14 mm/year and 1.83 mm/year. Temperature increases in Ethiopia are more pronounced in minimum temperatures, 
while South Africa shows a similar rate of increase in both maximum and minimum temperatures. Drought analysis using 
SPEI and SPI indices reveals divergent trends: Ethiopia generally experiences decreased drought occurrence, severity and 
frequency, whereas South Africa faces increased drought occurrences and its properties, particularly under high emissions. 
These trends vary across clusters, highlighting the need for tailored adaptation strategies in each region. Despite its compre-
hensive approach, the study acknowledges limitations, including uncertainties in climate model projections and the need for 
more localized data. Understanding the interplay between hydro-climatic variables and their extremes is essential for effec-
tive adaptation. Ethiopia should strengthen flood management and promote soil conservation practices, while South Africa 
should focus on water conservation. Both nations must integrate climate projections into planning, enhance early warning 
systems, and foster public–private partnerships for successful adaptation.

Keywords Drought dynamics · CMIP6 datasets · SSP2-4.5 and SSP5-8.5 Scenarios · Ethiopia and South Africa

1 Introduction

Drought stands as one of the most severe climatic adver-
sities globally, posing profound challenges to environmen-
tal, economic, and socioecological systems. Particularly in 
developing countries, droughts threaten sustainable develop-
ment (UN CCD 2022). Recent reports (e.g., Naumann et al. 
2018; Balting et al. 2021; IPCC 2022) indicate that extreme 
weather events like droughts are projected to increase in 
frequency, unpredictability, and intensity due to climate 
change. Understanding the occurrence and characteristics 
of droughts under future climate scenarios is critical for 
effective drought management, necessitating robust scien-
tific knowledge to plan early-warning systems and adapta-
tion strategies (Naumann et al. 2018; Balting et al. 2021). 
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Comparing Ethiopia’s hydro-climatic patterns, shaped by its 
high elevation and diverse topography, with South Africa’s 
range of climatic zones, from arid to temperate, offers valu-
able insights into how different climates respond to climate 
change. This comparison helps identify regional vulnerabili-
ties, informs effective water management strategies, and aids 
in assessing impacts on food security and economic stability. 
Additionally, it guides the development of targeted adapta-
tion strategies and policies to enhance climate resilience.

Drought is a pervasive challenge in both South Africa 
and Ethiopia, profoundly impacting their ecosystems, agri-
culture, and water resources (Alemayehu and Bewket 2016; 
Baudoin et al. 2017; Haile et al. 2020; Meza et al. 2021; 
Orimoloye et al. 2022; Gebrechorkos et al. 2023). South 
Africa, classified as a water-scarce country (Seckler and 
Amarasinghe 2000; Du Plessis and Schloms 2017), expe-
riences significant vulnerabilities to even minor rainfall 
deficiencies, severely affecting ecosystem services and 
agricultural productivity (Pili and Ncube 2022). Similarly, 
Ethiopia faces recurrent drought episodes exacerbated 
by erratic rainfall patterns and climate variability, posing 
substantial challenges to food security and economic sta-
bility (Deressa et al. 2009; Zeray and Demie 2016). Both 
nations have witnessed severe socioecological impacts 
from drought, including crop failures, water shortages, and 
heightened vulnerability to food insecurity (Alemayehu and 
Bewket 2017; Dube et al. 2022). For example, South Africa's 
2015–2018 drought led to significant agricultural losses and 
water scarcity crises, notably in the Western Cape Province 
where Cape Town faced the infamous 'Day Zero' scenario, 
highlighting the imminent depletion of municipal water sup-
plies (Dube et al. 2022). Similarly, Ethiopia has grappled 
with catastrophic drought events, such as in 2015–2016, 
which severely affected agriculture and triggered humani-
tarian emergencies, underscoring the urgent need for robust 
drought mitigation strategies and sustainable water resource 
management practices (Haile et al. 2020; Philip et al. 2018).

Climate change profoundly impacts global freshwa-
ter ecosystems, intensifying extreme weather events like 
droughts and heatwaves (Hosseinizadeh et al. 2015; Bha-
rambe et  al. 2023; Mengistu et  al. 2024). South Africa 
and Ethiopia, vulnerable to climate shifts, face increased 
drought risks (Naumann et al. 2018; Balting et al. 2021). 
Future projections emphasize the need for sustainable devel-
opment strategies amidst significant spatial and temporal 
drought variability (Dai 2011; Cook et al. 2014; Naumann 
et al. 2018; Balting et al. 2021; Chiang et al. 2021). Cli-
mate models predict more frequent and severe droughts 
in both nations, posing challenges for agriculture, water 
management, and socioecological resilience (Alemayehu 
and Bewket 2017; Dube et al. 2022). Recent events, such 
as South Africa’s 2015–2018 and Ethiopia’s 2015–2016 
droughts, highlight vulnerabilities in agricultural sectors 

and stress the urgency of adaptive measures (Meza et al. 
2021; Dube et al. 2022; Haile et al. 2020). Addressing these 
challenges demands robust adaptation strategies and inter-
national cooperation to enhance resilience against escalating 
climate-induced drought threats in both countries.

Based on the literature and existing research, there are 
several significant knowledge gaps and critical objectives 
for future studies. Firstly, there is a gap in understand-
ing long-term trends versus natural variability in hydro-
climatic processes which is critical for distinguishing cli-
mate change impacts from natural cycles (e.g., El Niño/La 
Niña events) and making informed projections (Trenberth 
and Shea 2005). Secondly, current studies predominantly 
offer broad-scale assessments of climate change effects on 
hydro-climatic conditions and drought impacts (IPCC 2014, 
2022). This underscores the necessity for localized investiga-
tions that evaluate the specific vulnerabilities of communi-
ties, ecosystems, and infrastructure in Ethiopia and South 
Africa to projected drought scenarios. Meanwhile, uncer-
tainties persist concerning the accuracy and reliability of the 
Coupled Model Intercomparison Project Phase 6 (CMIP6) 
models in predicting regional drought patterns (Knutti et al. 
2013). Further validation of these models against historical 
drought events in both nations could enhance confidence 
in their projections and support more informed decision-
making for drought resilience.

To address these critical gaps, this study set out several 
objectives. Firstly, it aimed to analyze the long-term trends 
of hydro-meteorological variables, including precipitation, 
potential evapotranspiration, and maximum and minimum 
temperatures, in Ethiopia and South Africa, and to draw 
comparisons between the two nations. Secondly, it sought 
to assess drought events and their temporal and spatial vari-
ations through detailed analysis for both countries. Thirdly, 
the study aimed to conduct comprehensive local-scale 
assessments of drought occurrence, severity, and return 
periods. By employing CMIP6 climate change scenarios, 
these assessments provided valuable insights into regional 
drought impacts and guided the development of targeted 
adaptation strategies. Ultimately, these efforts are intended 
to yield actionable insights that support effective adapta-
tion and resilience-building measures, thereby minimizing 
the adverse impacts of future droughts on water resources, 
agriculture, and socio-economic stability.

2  Material and methods

2.1  Description of the study area

This study encompasses two distinct regions in Africa: 
Ethiopia in East Africa and South Africa at the southern 
tip of the continent. Ethiopia shares borders with Eritrea 
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to the north, Djibouti and Somalia to the east, South Sudan 
and Sudan to the west, and Kenya to the south (Fig. 1). Its 
diverse landscape shapes various climates and vegetation 
types: the south-western, northern, and central highlands 
feature equatorial rainforests and afro-alpine climates, with 
average temperatures ranging from 15–20 °C annually. In 
contrast, the north-eastern, eastern, and south-eastern low-
lands experience arid climates, with mean annual tempera-
tures ranging from 25 to 30 °C. This geographic diversity 
significantly influences rainfall patterns, which vary widely 
from less than 300 mm annually in the southeast lowlands 
to over 2000 mm in the southwest highlands. Agriculture 
is predominant, supporting a primarily rural population 
engaged in small-scale farming (Shitarek 2012; FDRE 
2021).

On the other hand, South Africa is bordered by Namibia, 
Botswana, Zimbabwe, Mozambique, and Swaziland, with 
coastlines along both the South Atlantic and Indian Oceans 

(Fig. 1). Over the period from 1991 to 2020, South Africa 
recorded an average annual temperature of 18.3 °C and 
received 456 mm of precipitation annually (World Bank 
Group 2024). Precipitation varies significantly across the 
country, with higher levels in the eastern and north-eastern 
regions compared to the drier western and south-western 
areas. Conversely, temperatures increase from the cooler 
eastern and south-eastern provinces to the warmer northern 
and north-western regions. South Africa's climate diversity 
includes arid and semi-arid zones (STEP-SA 2024).

2.2  Climate model data

This study utilizes the NASA Earth Exchange Global Daily 
Downscaled Projections, referred to as NEX-GDDP-CMIP6 
(Thrasher et al. 2012, 2022). The Coupled Model Inter-com-
parison Project Phase 6 (CMIP6) represents the latest set of 
climate model outputs coordinated by the World Climate 

Fig. 1  Location of the study area, showing administrative provinces (bordered in red lines) and the formed climatic regions or clusters (distin-
guished by different colours) for both Ethiopia and South Africa
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Research Program (WCRP). NEX-GDDP-CMIP6 is a data-
set that has been downscaled and bias-corrected by NASA, 
providing higher spatial resolution (0.25 by 0.25 degrees) 
and daily temporal resolution. This dataset is specifically tai-
lored to support local-scale climate impact studies (Thrasher 
et al. 2022).

Six global climate models (GCMs) were obtained from 
the data distribution website (data link: https:// ds. nccs. nasa. 
gov/ thred ds/ catal og/ AMES/ NEX/ GDDP- CMIP6/ catal og. 
html). Although these models cover global data, spatial 
sub-setting for specific regions of interest was conducted 
using the R software, by RclimChange package (R Core 
Team 2023), which is available for download from GitHub 
(https:// github. com/ hllau ca/ RClim Change). Historical data 
spanning from 1950 to 2014, as well as projections under 
two climate change scenarios (SSP2-4.5 and SSP5-8.5, from 
2015 to 2100), were downloaded for precipitation, maximum 
temperature, and minimum temperature across all models. 
Data management tasks, such as merging, creating monthly 
totals, calculating means, and generating ensembles, were 
performed using the Climate Data Operator (CDO) software 
(Schulzweida 2023). Table 1 provides details on the models 
used and their respective institutions.

This study selected the SSP2-4.5 and SSP5-8.5 scenarios 
to encompass a range of potential future climate variations 
that inform policy and planning. The SSP2-4.5, or "middle-
of-the-road" scenario, assumes moderate mitigation efforts 
and socioeconomic shifts, making it ideal for evaluating 
mid-range impacts. In contrast, SSP5-8.5 represents a high-
emission, fossil fuel-reliant pathway with minimal mitiga-
tion, illustrating potential extreme outcomes under sustained 
high emissions (Van Vuuren and Carter 2014; O'Neill et al. 
2016). Using both scenarios, this study offers insights across 
a spectrum from moderate to severe climate impacts, inform-
ing how various emission trajectories may affect climate 
dynamics in the two countries.

2.3  Formation of homogeneous climatic regions 
(clusters)

Climate variables exhibit significant regional variability, 
with specific geographic areas responding similarly to par-
ticular climatic trends (Badr et al. 2015; Ullah et al. 2029). 

For effective climate impact management and monitoring, 
it is crucial to identify and delineate these homogeneous 
regions.

This study used the R-based package, called HiclimR 
(Badr et  al. 2015) from the Comprehensive R Archive 
Network (CRAN) to classify regions with similar climatic 
attributes, for this study, based on the time series historical 
monthly precipitation. HiclimR calculates similarity metrics, 
such as correlation coefficients, between adjacent grid cells 
and then applies hierarchical clustering, merging the most 
similar cells until a specified number of clusters is reached 
or each region meets the required criteria, resulting in cohe-
sive, homogeneous climate zones. This method resulted in 
clusters represented by distinct colours as follows: green for 
Cluster-1, light green for Cluster-2, light yellow for Clus-
ter-3, light pink for Cluster-4, and light orange for Clus-
ter-5, as shown in Fig. 1A, B for Ethiopia and South Africa, 
respectively.

The national data for both countries were also cropped 
according to these boundaries, and zonal means were cal-
culated for each cluster using the Climate Data Operator 
(CDO) tool (Schulzweida 2023). This approach ensures that 
the climatic data accurately represents the specific regions, 
allowing for more reliable and relevant findings. By utilizing 
such precise and localized data, the study provides action-
able insights for regional climate adaptation and mitigation 
strategies.

2.4  Analysis of hydro‑meteorological variables

The study employed multiple methods and tools to analyse 
hydro-climatic variables across Ethiopia and South Africa. 
The potential evapotranspiration (PET) was computed using 
the Hargreaves method with assistance from the SPEI pack-
age in R (R Core Team 2023). The Hargreaves method 
derives PET from maximum and minimum temperature data 
exclusively. Additionally, R was utilized for spatial data clip-
ping to delimit analysis to the specific area of interest. For 
aggregating spatial means necessary for time series analysis 
of precipitation, PET, maximum temperature (Tmax), and 
minimum temperature (Tmin), the Climate Data Operator 
(CDO) software was employed (Schulzweida 2023). This 
integrated approach facilitated comprehensive spatial and 

Table 1  List of models, country 
and running institution used in 
this study

No Model Country Running institution

1 CanESM5 Canada Canadian Centre for Climate Modelling and Analysis
2 FGOALS-g3 China Chinese Academy of Sciences (CAS)
3 GFDL-ESM4 USA NOAA Geophysical Fluid Dynamics Laboratory
4 GISS-E2-1-G USA NASA Goddard Institute for Space Studies (GISS)
5 INM-CM5-0 Russia Russian Academy of Science
6 NorESM2-MM Norway Norwegian Climate Centre

https://ds.nccs.nasa.gov/thredds/catalog/AMES/NEX/GDDP-CMIP6/catalog.html
https://ds.nccs.nasa.gov/thredds/catalog/AMES/NEX/GDDP-CMIP6/catalog.html
https://ds.nccs.nasa.gov/thredds/catalog/AMES/NEX/GDDP-CMIP6/catalog.html
https://github.com/hllauca/RClimChange
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temporal analyses of hydro-climatic variables, enhancing the 
robustness of the study's findings.

2.5  Calculation of drought indices 
and characteristics

2.5.1  Drought indices

Drought occurrence and its properties are analysed based on 
the standardized precipitation index (SPI) and standardized 
precipitation evapotranspiration index (SPEI) in this study. 
The SPI is calculated by the difference of each precipitation 
from the long-term mean precipitation and dividing to the 
standard deviation (McKee et al. 1993; Agnew 2000). The 
Standardized Precipitation Evapotranspiration Index (SPEI) 
assesses drought severity by combining precipitation and 
potential evapotranspiration (PET). PET is calculated using 
Hargreaves. Monthly precipitation anomalies are determined 
by subtracting long-term averages, and these anomalies are 
then standardized using a fitted probability distribution. 
SPEI is obtained by dividing the standardized precipitation 
anomaly by the standard deviation of PET, offering a stand-
ardized measure of drought that considers both precipitation 
deficits and evapotranspiration influenced by temperature 
(Vicente-Serrano et al. 2010a, b). In this study, only the 
3-month time scale was used to analyse drought occurrence 
and its properties. All these methods are assisted by the SPEI 
package in R (R Core Team 2023).

2.5.2  Drought properties

In addition to indicating simple drought presence or absence 
over time, drought indices play a crucial role in assessing 
characteristics such as severity, duration, and return period 
(frequency), which are essential for understanding drought 
behaviour within a region. Drought severity measures the 
intensity of the drought, duration quantifies the length of the 
drought period, and return period estimates the frequency 
of extreme drought events. The calculation of these char-
acteristics typically involves analysing consecutive periods 
where values fall below a specified threshold in a time series 
dataset.

In this study, drought characteristics are analyzed using 
run theory and copula functions (Yevjevich 1967; Hao et al. 
2017; EskandariPour and Soltaninia 2022). Drought events 
are defined using Standardized Precipitation-Evapotranspi-
ration Index (SPEI) values below – 1, identifying periods 
that meet this criterion, which is a drought category of mod-
erate drought as shown in Table 2. Consecutive drought indi-
ces are aggregated to determine the severity of each drought 
period. The study also identifies the start and end dates for 
each drought event, calculating the duration as the length of 
each drought period. The calculation of severity and duration 

is facilitated by the ‘drought’ package in R software (R Core 
Team 2023).

Moreover, the univariate return period, which shows the 
likelihood of a drought event exceeding a specified threshold 
value for a single variable, is calculated using the ‘drought’ 
package in R. For this study, the variables used in the return 
period calculation are drought severity and duration, which 
were determined in the previous analysis steps. The univari-
ate return period is computed using the following formulas 
(Hao et al. 2017):

where T
s
 and T

d
 refers to the univariate return period calcu-

lated from severity and duration, respectively, EL refers to 
the mean interval between successive droughts, P is a prob-
ability level, F

s(S) and F
d(d) are the cumulative distribution 

functions of drought severity and drought duration, respec-
tively. The mean interval or recurrence time is calculated 
for both study countries, clusters and scenario separately. A 
gamma distribution is fitted to estimate the univariate return 
period from drought severity  (Ts) and an exponential func-
tion for univariate return period from drought duration  (Td) 
(Hao et al. 2017; EskandariPour and Soltaninia 2022).

2.6  Data analysis

This study uses ensemble mean data from six global climate 
models (GCMs) derived from the Coupled Model Intercom-
parison Project Phase 6 (CMIP6) outputs (Table 1). The 
analysis was conducted using both temporal and spatial data 
analysis methods to provide a comprehensive assessment 
of climate change impacts. For the temporal analysis, the 
Mann–Kendall (MK) and Sen’s Slope method was applied 
using R software to analyse time series data of climate vari-
ables. A significance threshold of p < 0.05 were used to iden-
tify statistically significant trends over time. This method 
helped in detecting monotonic trends in the climate data 
without assuming any specific distribution of the data.

(1)T
s
=

EL

P(S ≥ s)
=

EL

1 − F
s(S)

(2)T
d
=

EL

P(D ≥ d)
=

EL

1 − F
d(d)

Table 2  Drought categories based on SPEI/SPI values

McKee et al. (1993)

No SPEI/SPI value Drought category

1 0 to – 0.99 Mild drought
2 – 1 to – 1.49 Moderate drought
3 – 1.5 to – 1.99 Severe drought
4  > -2.0 Extreme drought
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In the spatial analysis, Climate Data Operators (CDO) and 
R software were utilized. The procedures included bound-
ary cropping, where the data was cropped by geographical 
boundaries to focus on specific regions of interest. Changes 
in climate variables (e.g., drought events) were quantified 
by calculating percent changes over the study period. Raster 
data manipulation techniques were employed to detect local-
ized changes in climate conditions, allowing for the analysis 
of spatial variability and patterns. By integrating temporal 
and spatial analyses, this approach provided a comprehen-
sive assessment of climate change impacts, offering valuable 
insights for informed decision-making.

3  Results

3.1  Hydro‑climatic variables

The annual time series of long-term hydro-climatic vari-
ables (precipitation, potential evapotranspiration, maximum 
and minimum temperature) for Ethiopia and South Africa 
are illustrated in Fig. 1. Additionally, Table 3 presents the 
results of the Mann–Kendall (MK) trend analysis for these 
variables.

In Ethiopia, both the time series plots (Fig. 2A) and MK-
trend analysis indicate a significant increase in annual pre-
cipitation under both the SSP2-4.5 and SSP5-8.5 scenarios. 
Specifically, precipitation shows a notable upward trend, 
increasing at rates of 1.2 mm per annum for SSP2-4.5 and 
2.5 mm per annum for SSP5-8.5 scenarios. This demon-
strates that the impact of the high emission scenario (SSP5-
8.5) is more pronounced, with precipitation increasing at a 
rate twice that of the medium emission scenario (SSP2-4.5).

Conversely, in South Africa, the results reveal a slight yet 
significant decrease in annual precipitation under both sce-
narios (SSP2-4.5 and SSP5-8.5). The trends show decreases 
at rates of 0.25 mm per annum for SSP2-4.5 and 0.32 mm 
per annum for SSP5-8.5, indicating a consistent declining 
trend in precipitation.

Overall, these findings highlight the contrasting impacts 
of climate change scenarios on precipitation trends in Ethio-
pia and South Africa. While Ethiopia is experiencing signifi-
cant increases in precipitation, South Africa is witnessing 
slight decreases, with the effects of higher emissions sce-
narios (SSP5-8.5) more pronounced in both regions.

The time series analysis depicted in Fig. 2B reveals sig-
nificantly increasing trends in potential evapotranspiration 
(PET) for both scenarios and study areas. The MK trend 
analysis corroborates these findings. Specifically, PET shows 
annual increases of 0.67 mm and 0.97 mm in Ethiopia, and 
1.14 mm and 1.83 mm in South Africa, for the SSP2-4.5 
and SSP5-8.5 scenarios, respectively. This indicates a more 
pronounced annual increase in PET for South Africa com-
pared to Ethiopia, with increases ranging from 70% under 
the medium emission scenario to 89% under the high emis-
sion scenario.

In accordance with the PET results, Fig. 2C, D illus-
trate that both Tmax and minimum Tmin exhibit signifi-
cant increasing trends for both scenarios and study areas. In 
Ethiopia, Tmin shows a higher rate of increment compared 
to Tmax. Conversely, in South Africa, both Tmax and Tmin 
demonstrate almost similar rates of increment across both 
scenarios. These findings underscore the escalating trends 
in PET, Tmax, and Tmin across Ethiopia and South Africa 
under different climate change scenarios.

3.2  Drought occurrence and trends

The analysis of drought occurrence and its characteristics 
employs the SPEI and SPI indices, as illustrated in Fig. 3 
for the monthly time series values of both study areas at the 
national level. Additionally, Table 4 provides the MK-trend 
analysis results for the SPEI time series for each study area, 
including their clusters and scenario levels. In this study, the 
word ‘drought’ refers to meteorological drought only.

In Ethiopia, both the time series and MK-trend analysis 
reveal a significant positive trend in SPEI and SPI values, 
suggesting a reduction in drought events and occurrences at 
the national average. Conversely, in South Africa, there is a 

Table 3  Man-Kendall trend 
tests for annual climate 
variables

Countries Climate variables SSP2-4.5 SSP5-8.5

z-score Sen's slope p-value z-score Sen's slope p-value

Ethiopia Precipitation 8.97 1.19  < 0.001 12.35 2.49  < 0.001
Annual PET 13.86 0.67  < 0.001 14.85 0.97  < 0.001
Max. temp 15.49 0.02  < 0.001 16.2 0.03  < 0.001
Min. temp 15.45 0.03  < 0.001 16.2 0.04  < 0.001

South Africa Precipitation – 5.01 – 0.25  < 0.001 – 5.66 – 0.32  < 0.001
Annual PET 14.16 1.14  < 0.001 14.85 1.83  < 0.001
Max. temp 15.16 0.02  < 0.001 15.87 0.04  < 0.001
Min. temp 15.78 0.02  < 0.001 16.58 0.04  < 0.001
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notable decrease in SPEI and SPI values, indicating a signifi-
cant increase in drought occurrences under both SSP2-4.5 
and SSP5-8.5 scenarios. The trends exhibit more pronounced 
negative slopes, especially in the high-emission SSP5-8.5 
scenario, suggesting a higher frequency of droughts com-
pared to the medium-emission SSP2-4.5 scenario.

During the historical period (1950–2014), Ethiopia had 
lower SPEI and SPI values compared to South Africa, indi-
cating more frequent droughts. However, future projections 
suggest a reversal: South Africa is expected to experience 
increasingly negative SPEI and SPI values, indicating a rise 
in drought events. This shift implies that while Ethiopia his-
torically faced more frequent droughts, this trend is expected 
to decrease, whereas South Africa is projected to see an 
increase in drought events under both climate change sce-
narios. This contrasting future trajectory highlights potential 
shifts in drought patterns due to climate change impacts.

At the national level, Ethiopia's historical trend sug-
gests a tendency for increasing drought severity (Table 4). 

Nevertheless, projections indicate a significant decrease in 
drought severity under both the medium (SSP2-4.5) and 
high-emission (SSP5-8.5) scenarios. Although the national 
average trends show a significant decreasing trend, variabil-
ity exists across different climatic regions (clusters). Particu-
larly under the medium emission scenario, some clusters, 
such as Cluster-4 and Cluster-5, exhibit insignificant but 
still positive trends. In contrast, South Africa's historical 
trends show a different picture. Under both SSP2-4.5 and 
SSP5-8.5 scenarios, all clusters show significant negative 
trends, suggesting a future increase in drought severity, 
with the high-emission scenario projecting the most severe 
conditions. This suggests that South Africa may face more 
severe drought challenges in the future compared to Ethio-
pia, which indicates a more diverse pattern across its regions 
and scenarios.

The spatial variation of drought occurrence for both study 
areas is illustrated in Fig. 4. This figure depicts the number 
of drought months (months with SPEI values less than – 1) 

Fig. 2  Annual time series trends of climatic variables for both study areas with historical and two climate change scenarios: A Precipitation, B 
Potential evapotranspiration, C Maximum temperature, and D) Minimum temperature
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compared to the total number of months within the specified 
time periods. Specifically, the analysis focus on the percent-
age of dry months out of the total months for every 20-year 
period, including the historical period of the last 20 years 
(1991–2010).

Although the time series analysis (Fig. 3) indicates a 
general decrease in drought occurrences in Ethiopia, the 
spatial analysis (Fig. 4A, B) suggests that the trend of 
drought in Ethiopia is site specific, which is consistent 

with the results of MK trends for clusters in Table  4. 
Hence, it indicates that there is an increase in drought 
occurrence in the northern and eastern regions of the coun-
try, particularly after 2060 for both scenarios. Another sig-
nificant finding is the shift in regions affected by drought 
in Ethiopia, moving from the western and west-central 
parts during the historical period to the northern, north-
eastern, eastern, and south-eastern regions during the pro-
jection periods.

Fig. 3  Comparison of time series drought indices for Ethiopia and South Africa with two scenarios: A) standardized precipitation evapotranspi-
ration index(SPEI), and B) standardized precipitation index(SPI)

Table 4  Mann–Kendall trend tests for SPEI time series in climatic regions and national averages for Ethiopia and South Africa

The bold ones are for the country level results. Keeping it as it is will be better

Study area Historical SSP2-4.5 SSP5-8.5

Z-score Sen's slope P-value Z-score Sen's slope P-value Z-score Sen's slope P-value

Ethiopia –2.52 –0.0004 0.012 3.26 0.0004  < 0.01 11.30 0.0012  < 0.01
Cluster-1 –0.07  < -0.0001 0.942 4.34 0.0008  < 0.01 9.30 0.0013  < 0.01
Cluster-2 –3.46 –0.001  < 0.01 2.43 0.0005 0.015 5.15 0.0008  < 0.01
Cluster-3 –0.67 –0.0001 0.505 3.50 0.0006  < 0.01 11.02 0.0018  < 0.01
Cluster-4 –0.08  < -0.0001 0.937 1.22 0.0003 0.222 7.37 0.0020  < 0.01
Cluster-5 –1.88 –0.0003 0.603 1.50 0.0001 0.134 8.01 0.0007  < 0.01
South Africa –6.48 –0.001  < 0.01 -17.69 –0.0012  < 0.01 –29.08 –0.0020  < 0.01
Cluster-1 –3.55 –0.014  < 0.01 –8.21 –0.0211  < 0.01 –10.73 –0.0337  < 0.01
Cluster-2 –1.38 –0.004 0.169 –6.75 –0.0149  < 0.01 –9.33 –0.0259  < 0.01
Cluster-3 –1.66 –0.006 0.097 –7.56 –0.0182  < 0.01 –10.09 –0.0302  < 0.01
Cluster-4 –1.33 –0.004 0.183 –4.40 –0.0098  < 0.01 –8.38 –0.0224  < 0.01
Cluster-5 –3.02 –0.011  < 0.01 –5.97 –0.0144  < 0.01 –9.28 –0.0270  < 0.01
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In contrast, for South Africa, the spatial drought analysis 
(Fig. 4C, D) reveals a successive increase in drought events 
and occurrences from 2021 to 2100 compared to the his-
torical period (1991–2010). Notably, there is also a shift in 
regions affected by drought from the east (during 1991–2010 
and 2021–2040) to the west, particularly after 2060.

3.3  Drought characteristics

Figures 5 and 6 illustrate the relationship between the uni-
variate return period and drought severity for Ethiopia and 
South Africa, respectively. Similarly, Figs. 7 and 8 depict 
the relationship between the univariate return period and 
drought duration. The analysis covers one national average 
and five climatic regions in each country. Generally, the rela-
tionship between drought severity vs. return period and dura-
tion vs return period is non-linear. This means that changes 
in drought severity/duration do not occur at a constant rate as 
the univariate return period increases. Lower return periods 
correspond to less severe or short-duration droughts for both 
nations and across all climatic regions.

In Ethiopia (Fig. 5), the high emission scenario (SSP585) 
shows longer return periods, indicating less frequent 

droughts compared to the medium emission scenario and 
historical data. However, there is also an indication that the 
severity of drought increases during the medium emission 
scenario than the historical event. This finding may seem 
contradictory to the MK-trend analysis results in Table 4, 
but it could be due to the severity-duration-return period 
analysis considering only events with a SPEI value below 
– 1. There could be many SPEI values during historical peri-
ods ranged between 0 and – 1, which were not included in 
the severity-duration-return period analysis, but included in 
the MK-trend analysis.

The trends for severity versus return period vary among 
different climatic regions. All clusters, except Cluster 5, 
show that drought severity increases during the medium 
emission scenario (SSP2-4.5) compared to the historical 
and high emission (SSP5-8.5) scenarios, consistent with 
the national average. Two clusters (Cluster 1 and Cluster 3) 
exhibit trends which is similar to the national average, where 
drought becomes less severe during the high emission sce-
nario and more severe during the medium emission scenario. 
In Clusters 2 and 4, historical droughts were less severe than 
during the high and medium emission scenarios. Compar-
ing historical and medium emission scenarios, all clusters, 

Fig. 4  Spatial drought events comparison (using SPEI): A SSP2-4.5 for Ethiopia, B SSP5-8.5 for Ethiopia, C SSP2-4.5 for South Africa, and D 
SSP5-8.5 for South Africa
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except Cluster 5, show increasing drought frequency and 
severity during the medium emission scenario. In Cluster 
5, the historical trend indicates more severe droughts than 
the medium and high emission scenarios, suggesting that 

drought severity is decreasing for both future scenarios for 
that specific cluster.

For South Africa (Fig. 6), the impact of climate change 
contrasts with Ethiopia. The high emission scenario 

Fig. 5  Relationship between drought severity and return period during historical and future climate change scenarios in Ethiopia: A National 
average, B Region-1, C Region-2, D Region-3, E Region-4, and F Region-5

Fig. 6  Relationship between drought severity and return period during historical and the two climate change scenarios in South Africa: A 
National average, B Region-1, C Region-2, D Region-3, E Region-4, and F Region-5
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(SSP585) shows shorter return periods (more frequent 
droughts) compared to both historical and medium emission 
scenarios. Unlike Ethiopia, there is no apparent reduction 

in drought severity under future scenarios; instead, the high 
emission scenario (SSP5-8.5) indicates even more severe 
droughts at shorter return periods compared to the medium 

Fig. 7  Relationship between drought duration and return period during historical and future climate change scenarios in Ethiopia: A National 
average, B Region-1, C Region-2, D Region-3, E Region-4, and F Region-5

Fig. 8  Relationship between drought duration and return period during historical and the two projected climate change scenarios in South 
Africa: A National average, B Region-1, C Region-2, D Region-3, E Region-4, and F Region-5
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emission scenario. There is some variation in clusters, par-
ticularly for the historical and SSP2-4.5 scenarios. Clusters 1 
and 3 show similar results to the national average. However, 
for Cluster 2, the medium emission scenario indicates less 
severe and less frequent droughts than the historical sce-
nario. In Clusters 4 and 5, the response to the historical and 
medium emission scenarios is almost identical.

In both Ethiopia and South Africa, the patterns of drought 
duration relative to return periods are broadly consistent 
with the patterns observed for drought severity. In Ethiopia 
(Fig. 7), longer-duration droughts are becoming less fre-
quent under the SSP5-8.5 scenario, suggesting a reduction 
in the frequency of prolonged drought events with chang-
ing climatic conditions. However, under the SSP2-4.5 sce-
nario, there is an expectation of more frequent long-duration 
droughts, except in Cluster 5, which does not follow this 
trend.

In South Africa (Fig. 8), the high emission scenario 
(SSP5-8.5) projects more frequent with longer-duration 
droughts compared to both the historical and medium emis-
sion scenarios. This trend is consistent across all climatic 
regions, indicating a broader pattern of increasing drought 
duration under more severe climate change conditions. Fur-
ther analysis across different regions and scenarios show that 
the high emission scenario consistently results in longer-
duration droughts with increased frequency compared to 
both historical and medium emission scenarios. The medium 
emission scenario also generally predicts longer-duration 
droughts compared to historical conditions, with Region 2 
being an exception to this pattern.

4  Discussion

Climate change poses significant challenges to global hydro-
climatic systems, profoundly impacting precipitation pat-
terns, temperature regimes, and drought dynamics across 
diverse regions. Ethiopia and South Africa are two pivotal 
countries in Africa with distinct climate challenges and 
socio-economic contexts that make them crucial subjects 
for climate change and variability studies. Ethiopia, with 
its diverse topography and reliance on rain-fed agriculture, 
faces varying hydro-climatic impacts that affect its water 
resources, agriculture, and food security. South Africa, on 
the other hand, is experiencing increasing frequency and 
severity of droughts, which have significant implications for 
its water supply, agriculture, and energy production. Thus, 
this study focuses on the contrasting trends observed in 
Ethiopia and South Africa, highlighting the implications of 
changing hydro-climatic variables and drought occurrences 
under various climate change scenarios.

In Ethiopia, the analysis reveals a notable increase in 
annual precipitation under both moderate and high emission 

scenarios, with precipitation rates rising more prominently 
in the latter. This positive trend suggests potential benefits 
for agricultural productivity and water resources, which are 
essential for sustaining livelihoods in a predominantly agrar-
ian economy (Zenebe et al. 2011; Sinore and Wang 2024). 
While additional rainfall may boost crop growth and water 
availability, careful management is needed to prevent soil 
erosion, crop flooding, and waterlogging. Additionally, this 
increase may enable recession farming in lowland floodplain 
areas, taking advantage of receding waters to grow crops. 
This may support year-round agricultural productivity and 
water resources. However, this rise in rainfall could also 
significantly increase the risk of flooding, particularly in 
regions prone to heavy rainfall events and lowland areas.

As such, while the immediate benefits of increased pre-
cipitation could enhance crop yields, the potential for flood-
ing and soil erosion raises concerns about long-term agricul-
tural sustainability and infrastructure resilience.

Conversely, South Africa experiences a slight yet sig-
nificant decline in annual precipitation, exacerbating exist-
ing water scarcity challenges and negatively impacting 
agricultural resilience (Meza et al. 2021). Similar studies 
corroborate these findings, indicating that regions with 
increasing precipitation trends, like parts of Ethiopia, may 
face challenges related to soil erosion and nutrient runoff 
(Tullu 2024). In contrast, regions with declining precipita-
tion trends, such as South Africa, are likely to encounter 
intensified water scarcity issues, which can lead to reduced 
crop yields, increased competition for water resources, and 
heightened vulnerability among rural communities (Meque 
and Abiodun 2015).

The study also examines changes in potential evapo-
transpiration (PET) and temperature variables (Tmax and 
Tmin), indicating significant increases across both coun-
tries. Elevated PET rates in South Africa highlight height-
ened water demand, compounding the effects of declining 
precipitation. Rising temperatures pose risks to ecosystem 
health and agricultural viability in both regions, as they 
can lead to increased stress on crops and livestock (IPCC, 
2022). Additionally, the rising temperatures associated with 
climate change pose significant health risks in both Ethiopia 
and South Africa, disproportionately affecting vulnerable 
populations and exacerbating existing health challenges. 
The increases in Tmax and Tmin observed in recent studies 
(Mbokodo et al. 2020; Kapwata et al. 2022) have multifac-
eted implications for public health, including heightened 
risks of heat-related illnesses and the spread of vector-borne 
diseases.

The higher rates of temperature and potential evapo-
transpiration (PET) in South Africa, compared to Ethiopia, 
could be primarily influenced by the distinct oceanic and 
atmospheric conditions. South Africa's proximity to the 
warm Agulhas Current and the Indian and Atlantic Oceans 
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makes it more susceptible to sea surface temperature (SST) 
anomalies, which amplify warming and drying, especially 
during El Niño events (Rouault et al. 2019; Gore et al. 2020; 
IPCC 2022). These conditions, combined with the country’s 
vulnerability to the El Niño-Southern Oscillation (ENSO), 
elevate PET through intensified heat and reduced humid-
ity. Furthermore, South Africa's subtropical high-pressure 
systems reduce cloud cover and increase solar radiation, 
contributing to more extreme seasonal warming (MacKel-
lar et al. 2014; Rouault et al. 2019). In contrast, Ethiopia, 
located further inland and at higher elevations, is relatively 
less influenced by SST anomalies and ENSO, with the 
Ethiopian highlands moderating temperature extremes and 
dampening PET increases.

The analysis of drought occurrence using the Standard-
ized Precipitation-Evapotranspiration Index (SPEI) and 
Standardized Precipitation Index (SPI) reveals divergent 
patterns between Ethiopia and South Africa. Ethiopia shows 
a significant decrease in drought occurrences, as indicated 
by more positive SPEI and SPI values, particularly under 
the SSP5-8.5 scenario. This decrease suggests a potential 
reduction in drought frequency and severity, although local-
ized increases may occur in northern and eastern peripheral 
regions post-2060. Similar results are reported by Haile 
et al. (2020), IPCC (2022), Gleixner et al. (2022), Gebre-
chorkos et al. (2023). In contrast, South Africa experiences 
a pronounced increase in drought occurrences, evidenced by 
more negative SPEI and SPI values under both scenarios. 
The high emission scenario (SSP5-8.5) indicates shorter 
return periods for drought events, suggesting a more fre-
quent occurrence compared to historical data and medium 
emission scenarios. This aligns with projections from simi-
lar studies predicting escalating drought risks in regions 
vulnerable to climate variability (He and Ding 2023; IPCC 
2014, 2022; Engelbrecht et al. 2024). Spatial analyses fur-
ther reveal shifting drought patterns, with Ethiopia antici-
pating increased drought occurrences in its northern and 
eastern regions, while South Africa faces a westward shift 
in affected areas (Zenebe et al. 2011; He and Ding 2023; 
Engelbrecht et al. 2024).

This study found that both indices effectively captured 
drought events in Ethiopia and South Africa, aligning with 
findings from related research while acknowledging certain 
limitations. The SPEI, which accounts for both precipita-
tion and temperature (via evapotranspiration), is particularly 
robust in regions where warming intensifies drought con-
ditions, such as the semi-arid zones in South Africa and 
Ethiopia (Vicente-Serrano et al. 2010a, b; He and Ding 
2023). Meanwhile, the SPI, focused solely on precipitation 
(is reliable for meteorological drought), offers a straight-
forward measure of rainfall deficits but may underestimate 
drought severity in warming climates. Together, SPI and 
SPEI provide complementary perspectives, with SPEI 

capturing broader climate-driven droughts and SPI giving 
direct insights into rainfall deficits, leading to a more com-
prehensive understanding of regional drought dynamics.

A multitude of complex factors, spanning regional/
global scales, contribute to the occurrence of extreme pre-
cipitation events. Global climate drivers, such as elevated 
greenhouse gas concentrations and changes in atmospheric 
circulation patterns, significantly impact regional climates. 
Increased greenhouse gas levels intensify the hydrological 
cycle, leading to greater evaporation and precipitation (Haile 
et al. 2020; IPCC 2022). Shifts in the Intertropical Con-
vergence Zone (ITCZ) and phenomena such as the Indian 
Ocean Dipole (IOD) and the El Niño-Southern Oscillation 
(ENSO) further modulate rainfall patterns (Wolde-Georgis 
1997; Korecha and Barnston 2007). ENSO, in particular, 
plays a key role in drought conditions for both nations; El 
Niño typically reduces rainfall, exacerbating drought, while 
La Niña often increases precipitation, potentially alleviating 
drought but sometimes resulting in flooding (Wolde-Geor-
gis 1997; Korecha and Barnston 2007; Meque and Abiodun 
2015; Gore et al. 2020; Engelbrecht et al. 2024). Regional 
climate models underscore ENSO's significant influence on 
drought prediction, highlighting the necessity of integrating 
ENSO forecasts into effective drought management strate-
gies (Meque and Abiodun 2015; Gore et al. 2020).

The climatic disparities between Ethiopia and South 
Africa, along with their regional variabilities, indicate that 
tailored strategies are necessary for effective management. 
Each country faces unique challenges and opportunities due 
to their distinct hydro-climatic conditions. Ethiopia's strate-
gies must address both the increased risk of flooding and 
localized droughts, while South Africa should focus on miti-
gating water scarcity and adapting to the increasing drought 
occurrence. For Ethiopia, strategies should include strength-
ening flood management infrastructure, promoting climate-
resilient and sustainable agriculture, and implementing water 
resource management to conserve resources and reduce run-
off. In South Africa, recommended actions include advanc-
ing climate-smart agriculture, reforestation, conservation 
agriculture, improving water-use efficiency, efficient irri-
gation, and cultivating drought-tolerant crops (FAO 2013; 
IPCC 2022). Developing region-specific management plans 
that foster an inclusive green economy, encourage cross-
level government collaboration, and establish early warning 
systems tailored to diverse climatic impacts will be critical 
for enhancing resilience and sustainability in both nations.

Policymakers can integrate these strategies into national 
and regional frameworks by embedding climate resilience 
as a core priority within development agendas. Both coun-
tries should adopt climate projections in long-term plan-
ning, promote intergovernmental collaboration, and enhance 
early warning systems to ensure timely responses to extreme 
events. Encouraging public–private partnerships can aid 
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effective strategy implementation, while incentives for 
private sector investment in sustainable infrastructure will 
further support resilience efforts. Leveraging climate data 
for informed decision-making allows policies to be adap-
tive, responsive, and aligned with evolving environmental 
challenges.

5  Conclusion

This study is driven by the need to gain a deeper understand-
ing of the diverse impacts of climate change on two crucial 
African nations, with the aim of guiding effective adapta-
tion and mitigation strategies in response to evolving climate 
conditions. The research highlights shifting hydro-climatic 
patterns and drought dynamics in Ethiopia and South Africa 
under various climate scenarios. Ethiopia faces the challenge 
of balancing the benefits of increased precipitation with the 
risks of flooding and localized droughts, while South Africa 
grapples with declining precipitation and increasing drought 
frequency amid rising water demands. Addressing these 
challenges requires tailored, region-specific strategies to 
effectively manage impacts, enhance resilience, and promote 
sustainable practices in agriculture and water management.

However, the study does have limitations. Reliance on 
climate models and indices introduces uncertainties due to 
the assumptions and projections inherent in these models. 
Additionally, the spatial resolution of the data may not fully 
capture localized climate impacts, and a more detailed analy-
sis of regional variations could provide deeper insights into 
specific vulnerabilities.

Overall, understanding the climate change impacts on 
Ethiopia and South Africa offers valuable insights into 
broader regional effects across Africa. By examining their 
contrasting hydro-climatic trends and drought dynamics, this 
study aims to illuminate both unique and shared vulnerabili-
ties, contributing to the development of targeted adaptation 
strategies and policies that address each country’s specific 
needs while supporting broader climate resilience efforts 
across the continent.

6  Availability of data

The dataset used in this research is publicly available and 
can be accessed from the following link: https:// ds. nccs. nasa. 
gov/ thred ds/ catal og/ AMES/ NEX/ GDDP- CMIP6/ catal og. 
html.
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