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Abstract
Given the sensitivity of the agricultural sector to climate variability and change, a comprehensive understanding of environmental 
factors to this sector and the extent to which climate change may alter such factors is critical for planning and adaptation strategies. 
This study aims to assess the extent of extreme climate conditions and livestock-relevant maps of agro-climatic zones across 
East Africa in current and future climates. Ensembles of seven global climate models selected from the sixth Coupled Model 
Intercomparison Project (CMIP6) are considered under SSP245 and SSP585 socio-economic pathways. The water extreme/stress 
indicators considered include indices to indicate drought and flood situations. The heat stress indicators are composed of the 
frequency of hot spells and the duration and intensity of heat waves. As expected, all heat stress indicators are projected to increase 
in future climates. The frequency and intensity of heavy precipitation events are also projected to increase with increased GHG 
emissions. The drought stress indicators follow the precipitation pattern and are projected to decline over most of the domain. A 
heterogeneous response of the agro-climate regime to climate changes is projected for eastern Africa, with some areas (e.g., southern 
Tanzania) experiencing alterations towards drier zones while others (e.g., northern Somalia, South Sudan) are experiencing a shift 
towards wetter zones. The increase in short-duration heavy precipitation events together with the enhanced pace of heat stress over 
the region, will have critical implications for agriculture in general and local livestock production in particular.

1  Introduction

Climate change is a pressing global issue with significant impli-
cations for agro-climatic zones worldwide, affecting agricultural 
productivity, food security, and ecosystem stability. Africa is 
particularly vulnerable to the impacts of climate change due to 
its reliance on rain-fed agriculture and limited adaptive capacity. 
East Africa has diverse climatic conditions ranging from hot and 
dry conditions over the northern rift valley of the Afar region 
to cold and wet areas of the Ethiopian highlands and parts of 
Uganda and Congo. Such heterogeneity across the region arises 
due to the complex topography of the region, as well as due to 
the unique interaction of local microclimate, regional circula-
tion, large-scale modes of variability, and the global climate sys-
tem. The large-scale drivers include Inter-tropical Convergence 
Zone (Diro et al. 2011a), equatorial Pacific sea surface tem-
perature (Diro et al. 2011b; Gleixner et al. 2017), Indian Ocean 
Dipole (Bahaga et al. 2015; Kolstad et al. 2021) and other global 
modes of variabilities (Segele et al. 2009a, b; Zeleke et al. 2013). 
The underlying heterogeneous surface impact includes effects 
from lakes (Anyah and Semazzi 2004; Fairman et al. 2011) and 
complex topography (Slingo et al. 2005). Regarding the rainfall 
regime, the equatorial regions have two rainy seasons, the main 
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or long rainy season from March to May and a short or second-
ary season from October to December. The northern part of 
East Africa, namely northern Ethiopia, Eritrea, and Sudan, has 
a single rainfall season from June to September.

The Intergovernmental Panel on Climate Change (IPCC) 
assessment reports and other studies have demonstrated the con-
sequence of increased greenhouse gas (GHG) concentrations on 
climate, albeit on a global and regional level (Stocker et al. 2014; 
Sillmann et al. 2013). Furthermore, several studies have investi-
gated future changes in the climate of East Africa under different 
emission scenarios (Dosio et al. 2021; Li et al. 2016; Otieno 
and Anyah 2013; Zhou et al. 2021). Most of these studies either 
focus on the evaluation of CMIP models for current climates 
(e.g., (Akinsanola, et al. 2021; Ayugi et al. 2021a, b), projected 
changes to the climate mean variables (Dosio et al. 2021), or 
use the previous generations of global models (Tan et al. 2020; 
Ongoma et al. 2018). However, less emphasis has been given to 
the detailed regional analysis of livestock-specific extreme cli-
mate indices both for current and future climates from the recent 
CMIP6 models. Therefore, one of the aims of this assessment is 
to enhance the understanding of the current and future extreme 
climate hazards and impacts of climate change, which will help 
feed the livestock sector’s adaptation strategies. In particular, 
we evaluate sector-specific extreme indices over East Africa for 
present-day climate and projected changes for future horizons 
based on ensembles of seven CMIP6 global climate models and 
two future emission (SSP245 and SSP585) scenarios.

It is important to note that having diverse climatic conditions, 
as in East Africa, has resulted in different land use patterns and, 
hence, agricultural practices such as crop cultivation in the wet 
and livestock production in the semi-arid and arid regions. In 
most semi-arid regions, livestock production enables farmers to 
diversify incomes and is crucial for coping mechanisms in the 
poor households. Previous studies (Kruska et al. 2003; Stein-
feld et al. 2006; Thornton 2010) have noted that production and 
demand for livestock products are increasing throughout the 
developing world, including Africa. Nevertheless, climate vari-
ability and change pose significant challenges for the agriculture 
sector in general and in livestock production systems in particu-
lar. This assessment will help us to gain a better understanding 
of the location of suitable environmental factors related to live-
stock production currently found and how anthropogenic climate 
change may lead to shifts in the location of these environmental 
factors. This, in turn, should lead to improved dissemination of 
intervention options. One of the specific objectives of this study 
is to determine the variation in agro-climatological zones over 
East Africa associated with anthropogenic climate change. This 
includes classifying the East African region into homogeneous 
agro-climatic zones for the historical climate period as well as 
comparing the future changes with respect to the current situation 
using ensemble mean of global climate model output from the six 
phases of Coupled Model Intercomparison Project (O’neill et al. 
2016) under SSP245 and SSP585 emission scenarios.

2 � Data, models, and methods

2.1 � Observational dataset and models

For this assessment, multiple datasets containing various cli-
mate variables are considered. These include precipitation, daily 
maximum and minimum temperature fields from the Climate 
Research Unit (Harris et al. 2020) at monthly temporal resolu-
tion. CRU datasets are station datasets interpolated over land 
grid points at multiple spatial resolutions such as 0.5◦ × 0.5

◦ 
or 1◦ × 1◦ horizontal resolutions. While the dataset spans from 
1901 to the present day, analysis is carried out only for the recent 
30 years covering the 1985–2014 period to match the historical 
model simulation. Furthermore, the daily precipitation dataset 
from Climate Hazards Group InfraRed Precipitation with Sta-
tions (Funk et al. 2015) and daily maximum and minimum tem-
perature fields from the fifth generation of the European Centre 
for Medium-Range Weather Forecasts (ECMWF) reanalysis 
(Hersbach et al. 2019) are employed to derive water and heat 
stress indicators. CHIRPS uses TIR imagery and gauge data in 
addition to a monthly precipitation climatology, CHPClim, and 
atmospheric model rainfall fields from the NOAA Climate Fore-
cast System, version 2 (CFSv2). ERA-5 is produced by combin-
ing the Integrated Forecast System with data assimilation at a 
spatial resolution of 0.25◦ grid and at an hourly time interval 
(Hersbach et al. 2019). Please note that all data are aggregated to 
a common horizontal grid of 1◦ × 1◦ resolution.

Seven global climate models participating in the sixth 
phase of the coupled model intercomparison project (O’neill 
et al. 2016) framework were selected and retrieved from the 
ESGF portal. The lists of these GCMs and references are 
listed in Table 1. This assessment considers climate varia-
bles such as precipitation and temperature at daily frequency.

2.2 � Methods

The model data obtained for assessment is on daily frequency 
running from 1985 until 2100. Three analysis periods are chosen: 
the reference or historical period (1985–2014) and the future. 
For future climate, two representative concentration pathways 
(SSP245 and SSP585) were considered (O’neill et al. 2016).

2.2.1 � Extreme climate indices

Several widely used indices of heat stress, water availabil-
ity, and drought risk indicators were analyzed to study the 
mean annual conditions in current and future climates. These 
extreme indices were selected from the list developed by the 
Expert Team on Sector-Specific Climate Indices (ET-SCI) set 
up by the World Meteorological Organization–Commission 
for Climatology (WMO–CCL). The ET-SCI indices are com-
puted by ClimPACTv2 (Alexander and Herold 2016). While 
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ClimPACTv2 computes over 60 ET-SCI sector-specific indices, 
we analyze a subset of indices relevant to the agricultural sector. 
The list of ET-SCI indices used in this assessment is presented 
in Table 2. Please note that future extreme indices are computed 
based on threshold values obtained from historical simulations. 
This implies that the projected changes are described with regard 
to changes in the historical climate distribution.

These hydrometeorological variables are estimated from 
climate model output for present-day as well as for future time 
horizons with two representative concentration pathways. For 
climate change assessment, each time horizon is set to 30 years 
as recommended by WMO’s guide to climatological practices. 
Whenever current and future climate conditions are compared, 
a two-sided student T-test considering unequal variance at 0.05 
significance level is performed to determine if the mean values 
are significantly different between the two climates.

2.2.2 � Agro‑climatological classification

The agro-climatic classification is based on the length of 
the growing period (LGP), which is defined as the period 
in days during the year when the daily precipitation amount 

is greater than half the potential evapotranspiration (PET). 
Here, the potential evapotranspiration will be represented by 
reference evapotranspiration, which is considered as a proxy 
for the water requirement under well-watered conditions. 
Although several methods are available for estimating ETo, 
Hargreaves (Hargreaves and Samani 1985) is employed due 
to its simplicity and the accuracy of estimates. i.e.,

where Tmean, Tmax, Tmin, and R
a
 are the mean, maximum, 

minimum temperatures and extraterrestrial radiation, 
respectively.

Following (Sere 1996; Seré et al. 1996), four agro-cli-
matic zones- Arid (A), Semi-Arid (SA), sub-humid (SH), 
and Humid (H) are defined using the length of growing peri-
ods according to the following thresholds. Zone A is when 
the length of growing period is less than 75 days; Zone H 
is for regions where the length of growing period is greater 
than 270 days. For SA, the length of growing period is in the 
range of 75 and 180. The remaining zone, SH, is when the 
length of the growing period is in the range of 180 and 270.

3 � Result and discussions

3.1 � Evaluation and present‑day conditions

3.1.1 � Spatial pattern and annual cycle

Figures 1 and 2 show the spatial pattern of annual precipita-
tion climatology and maximum temperature climatology from 
observations and all GCMs considered. The figures indicate that 
mean annual rainfall and temperature vary dramatically follow-
ing the topography. The spatial distribution of precipitation and 
temperature from observation data revealed drier and warmer 
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Table 1   CMIP6 model name, horizontal resolution, and key refer-
ences

Model Resolution Reference

CMCC 0.94
◦

× 1.25
◦ (Cherchi et al. 2019)

GFDL-ESM4 1.3
◦

× 1◦ (Held et al. 2019)
EC-Earth3 0.7

◦

× 0.7
◦ (Massonnet et al. 2020)

MPI-ESM1-2-HR 0.9
◦

× 0.9
◦ (Gutjahr et al. 2018)

NorESM2-MM 1.25
◦

× 0.94
◦ (Seland et al. 2020)

INM-CM5-0 2◦ × 1.5
◦ (Volodin et al. 2018)

MRI-ESM2-0 1.1
◦

× 1.1
◦ (Yukimoto et al. 2019)

Table 2   Extreme climate indices used in this assessment

Index Indicator name Definition Uint

R20mm Number of extreme heavy rainy days No. of days for which PR > 20 mm/day days
Prcptot Total wet-day precipitation Sum of daily PR >  = 1 mm mm
R95ptot Fraction of total annual PR from heavy rainy days 100* (Annual sum of daily PR > 95th Percentile)/Prcptot %
Rx5day Max. 5-day PR Max. 5-day PR total mm
CDD Consecutive dry days Max. annual number of consecutive dry days (PR < 1 mm) days
SPI Standardized Precipitation Index Measure of ‘drought’ on a scale of 3, 6, and 12 months (McKee 1995) Unitless
SPEI Standardized Precipitation Evaporation Index A measure of ‘drought’ on scale of 3,6, and12 months (Beguería et al. 2010) Unitless
WSDI Warm spell duration indicator Annual number of days contributing to events in which 6 or more consecutive 

days experience Tmax > 90th percentile
days

Txge35 Number of hot days Annual number of days for which Tx is >  = 35 °C days
TXx Annual maximum daily temperature Annual daily maximum temperature oC
HWD Heat wave duration The length of the longest duration of the heat wave Days
HWA Heatwave amplitude The peak daily Tmax value in the hottest heat wave oC
HWM Heatwave magnitude The mean temperature of all heat waves identified by HWN oC
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Fig. 1   Spatial pattern of mean annual precipitation (mm/day) from observations, ensemble mean, and individual GCMs for the 1981–2014 
period
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climates over northeastern Sudan and eastern coastal regions 
and a wetter and cooler climate over Ethiopian highlands and 
Congo. Most models and the ensemble mean reproduced these 
characteristics of observed spatial variations well. Few models, 
however, show biases. For instance, MPI-ESM underestimates 

the precipitation amount over the Ethiopian highland. CMCC 
and MRI models, on the other hand, show excessive positive 
bias over the regions. NorESM and GFDL models show the 
largest negative bias in representing the intensity of maximum 
temperature over Sudan.

Fig. 2   Spatial pattern of daily maximum temperature (oC) climatology from observations, ensemble model mean, and individual GCMs for the 
1981–2014 period
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Figure  3 shows the climatological annual cycles of 
precipitation and temperature from observation and climate 
model simulations for two sub-regions that are representative of 
two different climate regimes-namely northeast and equatorial 
regimes. The region located in equatorial Africa, shows a 
bi-modal rainfall pattern corresponding to the northward and 
southward migration of the Inter-tropical Convergence Zone 
(ITCZ). These two rainy seasons are spring, the long rainy 
season, and autumn, the short rainy season. Conversely, the 
northeast region, comprising Ethiopia, Eritrea, and central 
Sudan, exhibits a monomodal pattern with the rainy season 
concentrated during summer. The majority of the models and 
the ensemble mean capture the annual cycle of precipitation; 
however, they overestimate precipitation during the short rainy 
season. The MPI-ESM model underestimates the summer rains 
over northeast Africa. The annual cycle of daily maximum 
temperature reveals that the warmest time of the year is in 

February for the equatorial region and April for the northern 
regions reaching close to 31 °C and 36 °C, respectively. On the 
other hand, the coldest time of the year is around December/
January for the northern region and around July for the 
equatorial region, reaching as low as 15 °C at night time. Most 
of the climate models simulate these observed patterns of the 
annual cycle, though they systematically underestimate daytime 
maximum temperature. In particular, the GFDL model shows 
the highest and consistent cold bias throughout the year.

3.1.2 � Extreme climate stressors relevant to livestock

In this section, a description of climatological characteristics 
of extreme indices as simulated by ensemble means of the 
CMIP6 models, will be provided. These extreme indices are 
derived from daily precipitation and daily maximum and 
minimum temperatures.

Fig. 3   Observed and simulated annual cycle of precipitation (top row), and daily maximum temperature (bottom row) for monomodal (left) and 
bimodal (right) regimes
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Heavy precipitation related stressors  The spatial pattern 
of high intensity precipitation events from ensemble-
mean simulations is shown in Fig. 4. The wet day total 
precipitation (prcptot) amount greater than 2000 mm is 
prevalent over Congo and regions near Lake Victoria. 
On the other hand, the Northern Sudan and coastal 

areas of Eritrea and Djibouti receive less than 100 mm. 
The models simulate extreme annual 1-day and 5-day 
cumulative precipitation events over Lake Victoria, 
eastern Congo, and Ethiopian highlands. Such extreme 
precipitation substantially affects livestock via flooding 
and through increasing the risk of diseases. For instance, 

Fig. 4   Spatial distribution of climatological values of extreme precipitation indicators (prcptot, rx5day, r95ptot, and r20mm) from ensemble 
average of historical simulations
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(Little et  al. 2001) demonstrated that f lood episodes 
have affected livestock over the Horn of Africa. It 
should be noted that these extreme precipitation events 
are often associated with deep convective precipitation 
that is difficult to be resolved by the models at the 
100  km resolution, therefore they are expected to be 
underestimated in intensity. Similarly, the frequency of 
very heavy precipitation (RR > 20 mm/day) events is very 
small. Nevertheless, the model delineates regions affected 
by the occurrence of such high precipitation events. It 
is interesting to note that the fraction of 95th and 99th 
percentile of precipitation to the prcptot (i.e., R95ptot and 
R99ptot) are higher not only over wet regions but also 
over the coastal and northeastern regions.

Drought stress indicators  While droughts lack a universal 
definition, its main reflection is a deficit of soil moisture 
caused mainly by insufficient precipitation. The impact 
of drought on livestock over East Africa is devastating. 
According to (Easterling et  al. 2007), the 1998/1999 
droughts in Ethiopia are reported to have killed up to 
62% of the cattle in some areas. In this study, we employ 
the maximum duration of consecutive dry days (CDD), 
Standardized Precipitation Index (McKee et  al. 1993), 
and Standardized Precipitation Evapotranspiration Index 
(Vicente-Serrano et al. 2010) to quantify drought. CDD is 
the maximum number of consecutive dry days. A dry day 
is defined as a day when the cumulative daily precipitation 
value is less than 1 mm. As expected, simulations show 
fewer numbers of CDD over climatologically wet regions 
and high numbers of CDD over semi-arid and arid regions. 
Consequently, the climatological maximum consecutive 
dry-day (CDD) exhibits high values greater than 300 CDD 
over the northern part of Sudan and lower values over 
Congo regions (Fig. 5, left).

SPI  has  been  recommended by  the  World 
Meteorological Organization (WMO) to characterize 
meteorological droughts worldwide (Hayes et al. 2011). 
It is a relatively simple index, and it is based only on 
precipitation data to measure the precipitation deficit 
(drought) or excess rainfall (flood)(Seiler et al. 2002). 
The SPI measures drought by comparing standardized 
accumulations of precipitation each month and for a 
user-specified number of preceding months within a 
base period. Despite the SPI relying solely on monthly 
precipitation values, it has been demonstrated to 
perform well over the East African region by (Ntale 
and Gan 2003). Another advantage of SPI is that it can 
be calculated over different time scales to allow the 
interpretation of drought from monthly to multiyear 
scale. However, SPI does not consider the effect of 
evapotranspiration. To address this, SPEI is constructed 
by employing both precipitation accumulation and 
potential evapotranspiration, and SPEI has been 
demonstrated to capture better the characteristics of 
drought intensity under global warming (Vicente-
Serrano et  al. 2010). For both SPI and SPEI, we use 
the 6-month time scale to represent drought. Since 
SPI and SPEI are standardized values in the historical 
period, they are by definition close to zero; thus, 
climatological values of SPI and SPEI do not provide 
meaningful information. However, the spatial pattern of 
the frequency of occurrence of drought with threshold 
less than −1 is shown in Fig.  5. The result indicates 
that SPEI shows a higher number of droughts over horn 
and eastern Africa compared to SPI and CDD. These 
regions of higher occurrence of droughts co-located with 
higher concentrations of pastoral communities where 
livestock holds significant cultural value. Higher drought 
occurrences imply severe water and forage shortages, 

Fig. 5   Spatial distribution of climatological number of dry days (left), number of moderate to severe drought events from SPI6 (middle) and 
SPEI6 (right) for the present-day climatological period from ensemble average model simulation
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which directly affect livestock health, productivity and 
mortality due to starvation and malnutrition (Leweri 
et al. 2021).

Heat stress related indicators  In general, the ensemble 
mean simulation indicates a strong spatial gradient of heat 
stress, displaying an intense warm spell, amplitude, and 

heat wave frequency in the northern part of the domain, 
including Sudan and Saudi Arabia, and lower values over 
East African highlands (Fig. 6). The above regions exhib-
iting higher heat stress indicators are not conducive for 
livestock production as heat stress is adversary affecting 
animal reproduction or fertility, milk production, health, 
fitness and longevity, and the level of water consumption 

Fig. 6   Spatial distribution of present-day climatological values of heat stress indicators (Txx, HWA, WSDI, and Txge35) from ensemble average 
model simulation
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(Rojas-Downing et al. 2017; Easterling et al. 2007). The 
spatial pattern of warm spell duration does not follow the 
pattern of heat wave amplitude and intensity: the values 
of the warm spell duration are higher instead over Lake 
Victoria and central Kenya.

3.1.3 � Present‑day agro‑climatological classification

Figure 7 shows present-day agro-climatic regions based on 
ensemble mean CMIP6 climate model output. It can be seen 
that the region has been divided into the following agro-
climatic regions. Semi-Arid: semi-arid regions are found in 
eastern and northern parts of Ethiopia, central and eastern 
Kenya, southern Sudan, and most of Somalia. Arid: Most 
of the Arid regions are in Sudan, middle-east and Somali-
land. Other smaller areas include Eritrea, northeastern Ethi-
opia, and a small region of northern Kenya. Sub-Humid: 
This zone occupies most of Tanzania, western and southern 
Kenya, western and central Ethiopia and the whole of South 
Sudan. Humid: This zone mainly covers Congo, Uganda, 
western Kenya, and southwestern Ethiopia. The classifica-
tion of these zones are useful to provide insights for devel-
oping targeted interventions that enhance agricultural resil-
ience and sustainability.

3.2 � Projected changes in mean and extreme 
climate, and agro‑climatic zones

In this section, we discuss changes in the extreme indices for 
the future horizons with respect to the historical base period. 
We present the changes as spatial maps of the ensemble 
average changes (Figs. 8, 9, 10, 11, 12, and 13).

The projected changes in annual mean precipitation 
and temperature climatology for the far-future period 
(2071–2100) compared to present-day is shown in 
Supplementary materials Figure  S1. As expected, 
climatology of annual mean daily maximum temperature 
is projected to increase throughout the domain, however 
the smallest changes are over the equatorial region and the 
change increases as we go to higher latitude. The largest 
temperature changes are observed over the northern part 
of the domain that includes northern Sudan and over the 
Arabian Peninsula. Annual mean precipitation is also 
projected to increase over most of the eastern Africa 
region with the highest increase observed over regions 
surrounding Lake Victoria, Uganda, and western Ethiopia. 
The results also confirm that the projection with the SSP585 
scenario shows more severe changes (e.g., larger increases 
in temperature and precipitation) compared to the SSP245 
scenario for many regions.

3.2.1 � Changes in heavy precipitation indices (flood 
indicators)

As shown in Figs. 8 and 9, most of the indices related 
to high precipitation extremes show increases in future 
climate, because of increases in water vapor brought about 
by future warming (Collins et al. 2013). For PRCPtot, the 
projected change shows positive values over most parts 
of the domain with the exception of the southern and 
northern part of the domain. Compared with the SSP245 
scenario, more pronounced increases in RX5day, R20mm, 
and R95pTot are projected over most of the domains 
under the SSP585 scenario. These results imply that East 
Africa will experience an increase in both the intensity 
(RX5day, R95pTot, PRCPtot) and frequency (R20mm) 
of heavy precipitation events due to anthropogenic 
climate change. This implies more chances of severe and 
prolonged flooding events. This projected increase in heavy 
precipitation events over the region is consistent with the 
result of Tegegne et al. (2021); Ayugi et al. (2021a, b); 
Ngoma et al. (2022). From the impact side, it is expected 
that the projected increase in heavy precipitation and 
subsequent flooding can disrupt traditional grazing patterns 
for livestock. It can also increase the risk of water-logging, 
and create conducive conditions to the spread of diseases 
among livestock which further complicate livestock 
management (Munsey et al. 2021).

Fig. 7   CMIP6 ensemble mean based agro-climatic zones for present-
day climate
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3.2.2 � Changes in drought indicators

Figure 10 presents the projected changes in the frequency 
of drought occurrence as measured by SPI6, SPEI6, and 
duration of the longest dry period (CDD) for the two 
emission scenarios. For SPI and SPEI, drought occurrences 

are defined when the SPI value is less than −1. The two 
drought stress indicators (SPEI6 and CDD) are showing 
significant intensification of droughts for most parts of the 
region in the future climate, particularly when the SSP585 
scenario is chosen. SPI6, on the other hand, follows the 
pattern of mean precipitation where intensification drought 

Fig. 8   Spatial distribution of projected changes in extreme high precipitation indicators for far future based on SSP585 scenarios
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does not include the central and northeast region. This is 
because the SPI6 is derived from precipitation data alone 
and does not consider the increase in evapotranspiration. 
Again, the degree of intensification of drought in the 
future climate is weakened when the SSP245 scenario is 
considered.

The above results suggest that with increased GHGs, 
the risk of drought and consecutive dry days for some 
East African regions such as parts of Somalia, Eastern 
Ethiopia and northern Kenya is either neutral or slightly 

declining.. On the other hand, the increase in SPEI and 
CDD, over the southern domain such as over Tanzania 
suggests the intensification of drought. The increase in 
drought over Tanzania is consistent with several previous 
studies (e.g., Ayugi et  al. 2021a, b; Haile et  al. 2020; 
Nyembo et al. 2022). The increased GHG-induced change 
of a hydrologic cycle regime towards few intense rainfall 
days (as discussed in Sect. 4.1) but less number of rainy 
days (increased number of dry days as shown in Fig. 11) is 
consistent with the result of previous studies (e.g., Giorgi 

Fig. 9   Spatial distribution of projected changes in extreme high precipitation indicators for the far future based on SSP245 scenarios
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et al. 2014; Giorgi et al. 2011), and it will have critical 
implications for the local water resources management, 
and agricultural production.

3.2.3 � Changes in heat stress indicators

Figures 11 and 12 show the ensemble average changes 
(future minus historical) for the heat stress indicator indices. 
It is evident that most areas exhibit positive values for all 
heat stress indices. As expected, the frequency, duration, 
and intensity of warm spells and heat waves increase when 
the SSP585 scenario is considered. While all heat stress 
indicators are projected to increase in future climates, the 
highest and most significant increase is noted for the warm 
spell duration index (WSDI). The warm spell duration is 
projected to increase by greater than 300 days under the 
SSP585 emission scenario. This amplification of all heat 
stress indicators over the region in future climate is inline 

with the conclusion of Asefi-Najafabady et al. (2018); Das 
et al. (2023); Fotso-Nguemo et al. (2023) and Thornton et al. 
(2021).

3.2.4 � Future agro‑climatological zones

Spatial distribution of future agro-climatic zones, presented 
in Fig. 13, indicates that semi-arid regions in Somalia are 
projected to expand to the Somali land, and regions of humid 
areas in Uganda and Congo are projected to expand into the 
southern part of South Sudan to connect to the humid area 
in the southwest Ethiopia.

Figure 13 (bottom panel) also shows that the sub-humid 
regions in southern Tanzania are retreating northward, leav-
ing the region to a semi-arid zone. These results indicate that 
climate change will shift the sub-humid regions to semi-
arid over the southern part of the domain, whereas the arid 

Fig. 10   Spatial pattern of projected changes in CDD (in days, left), in number of moderate and severe droughts as measured by SPI6 (in months, 
middle) and SPEI6 (in months, right) for the far future period under SSP585 (top) and SSP245 (bottom) scenarios



	 T. Demissie et al.179  Page 14 of 19

regions in the horn are projected to shrink. The climatic 
shift from arid to semi-arid and from sub-humid to humid 
is consistent with the projected increase in precipitation in 
the CMIP6 dataset over East Africa. These results imply that 
future adaptation strategies should consider changes in agro-
ecological conditions, since effective adaptation strategies 
should be tailored to specific agro-ecological zones.

4 � Conclusion and recommendations

A detailed regional analysis of climate change’s impact 
on the frequency and intensity of extreme climate events 
and the changes in the major agro-climatic zones is 
of paramount importance to the agricultural sector in 
general and to livestock production in particular. To this 

Fig. 11   Spatial pattern of projected changes to heat stress intensity (top row) and frequency (bottom row) indicators for far future period under 
SSP585 emission scenario
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end, analysis of present-day and future projected changes 
to agro-climatic zones over East Africa and sector-
specific extreme climate indices has been carried out 
using ensembles of selected climate models from CMIP6. 
For future climate, SSP245 and SSP585 emission 
scenarios are considered. To assess the role of climate 
change on extremes, a subset of indices are selected from 
sector-specific extreme climate indices. These indices are 
PRCPtot, RX5day, R95Ptot, R20mm, CDD, SPI, SPEI, 
WSDI, TXx, TXge35 and HWA.

A comparison of the present-day model simulations with 
observational datasets reveals that the ensemble mean is able 
to simulate the basic characteristics of mean climate vari-
ables. In particular, the ensemble model averaged reason-
ably simulates both the spatial distribution and annual cycle 
of precipitation and temperature, even if the model showed 
some biases in simulating short rain season (OND) precipi-
tation over East Africa equatorial regions.

Projected changes related to extremes reveal that the fre-
quency and intensity of heavy extreme precipitation events 

Fig. 12   Spatial pattern of projected changes to heat stress intensity (top row) and frequency (bottom row) indicators for far future under SSP245 
scenario
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(RX5day, R20mm, R95Ptot, etc.) are expected to increase 
over most of the Horn of Africa. The increase in intense 
precipitation could lead to a rise in flood hazards in areas 
where intense rain typically triggers inundations. As a result, 
crop and livestock production will likely be at high risk in 
the region. On the other hand, drought indicators suggest 
that the frequency of extreme dry events associated with 

drought will likely decrease over most parts of East Africa 
except over some regions such as over Tanzania.

Projections show that all heat stress indicators will be 
amplified in warmer future climate. In particular, a signifi-
cant increase is projected for the warm spell duration index 
(WSDI) among the heat stress indicators. The warm spell 
duration is projected to increase by about 245 days over 

Fig. 13   Future agro-climatic zones for the far future (2071–2100) period based on SSP585 (left) and SSP245 (right) emission scenario. The bot-
tom panel shows the changes/shifts in the agro-climatic zone corresponding to SSP585 (bottom left) and SSP245 (bottom right)
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Ethiopian highlands by the end of the century (2071–2100) 
under the SSP585 emission scenario. As this amplification 
of heat stress is leading to a decrease in livestock production 
(Rahimi et al. 2021), adaptation that focuses towards heat-
tolerance breeding will be paramount to the livestock sector.

As different agro-climate types are associated with a 
certain agricultural production system (Fischer et al. 2021), 
the redistribution of climate types suggests concomitant 
changes in the agricultural production system. Our analysis 
indicates that the percentage of arid regions is projected to 
decline in Somalia in future warmer climates. The results also 
highlight that the area covered by humid agro-climatic types 
is projected to increase and cover most of the southern part of 
South Sudan in future periods. The sub-humid agro-climate 
types in historical periods over southern Tanzania are noted 
to be replaced by semi-arid agro-climate in future climates. 
Our analysis indicated that the extent of change in the agro-
climate zone is sensitive to the emission scenario followed 
and is stronger under SSP585. This implies that stakeholders 
and practitioners should ensure that future adaptive measures 
consider the shift in agroecological zones.

While this study makes use of ensembles of CMIP6 
GCMs which have relatively higher resolutions i.e., ~ 1◦ × 1◦ 
degree, it is still coarser for extracting and using local and 
regional information. Therefore, future studies with down-
scaled and high resolution climate projection would be help-
ful for local and sub-regional decision making processes.

Supplementary information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00704-​025-​05405-2.
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