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Abstract

In the coming few decades, projected increases in global temperature and humidity are generally expected to exacerbate
human exposure to climate extremes (e.g., humid-heat and rainfall extremes). Despite the growing risk of humid-heat
stress (measured by wet-bulb temperature), it has received less attention in East Africa, where arid and semi-arid climatic
conditions prevail. Moreover, no consensus has yet been reached across models regarding future changes in rainfall over
this region. Here, we screen Global Climate Models (GCMs) from CMIP5 and CMIP6 and use, for boundary conditions,
simulations from only those GCMs that simulate successfully recent climatic trends. Based on these GCMs and Regional
Climate Model (RCM) simulations, we project that annual mean temperature is likely to rise by 2 °C toward midcentury
(2021-2050) at a faster rate than the global average (about 1.5 °C), under the RCP8.5 and SSP5-8.5 scenarios, associ-
ated with more frequent and severe climate extremes. In particular, low-lying regions in East Africa will be vulnerable
to severe heat stress, with an extreme wet-bulb temperature approaching or exceeding the US National Weather Service’s
extreme danger threshold of 31 °C. On the other hand, population centers in the highlands of Ethiopia will receive sig-
nificantly more precipitation during the autumn season and will see more extreme rainfall events, with implications for
flooding and agriculture. The robustness of these results across all GCM and RCM simulations, and for both of CMIP5
and CMIP6 frameworks (CMIP: Coupled Model Inter-comparison Project) supports the reliability of these future projec-
tions. Our simulations of near-term climate change impacts are designed to inform the development of sound adaptation
strategies for the region.
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1 Introduction

With global warming accelerating, climate extremes, such
as heatwaves and heavy rainfall, have attracted much atten-
tion in past decades due to their impacts on natural and
human systems (Meehl and Tebaldi 2004; Kharin et al.
2013; Sillmann et al. 2013; Fischer and Knutti 2015). The
risks from climate change vary significantly depending on
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geographical location, selected period, and adaptive capac-
ity by country (IPCC 2013). Developing countries in East
Africa are particularly vulnerable to climate change impacts
because of their limited resources, strong dependence on
rain-fed agriculture, and high level of water scarcity (Niang
et al. 2014; Kruger 2018; Allam and Eltahir 2019; Elta-
hir et al. 2019). Climate change is already a reality in this
region (Russo et al. 2016; Herold et al. 2017; Nangombe
et al. 2018; Gebrechorkos et al. 2019; WMO 2020). Fur-
ther warming is probably unavoidable due to the persistent
increase in greenhouse gas concentrations at or above the
current rates (e.g., Niang et al. 2014).

Long-term climate records indicate rapid warming in
East Africa at a faster rate than the global mean (Engel-
brecht et al. 2015; WMO 2020), resulting in more frequent,
more intense, and longer-lasting heatwaves (Engelbrecht et
al. 2015; Russo et al. 2016; Herold et al. 2017; Nashwan and
Shahid 2019). The Nile basin countries, including Sudan
and Ethiopia (hereafter referred to as East Africa; Fig. 1), are
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Fig. 1 MRCM simulation
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the main focus of this paper. These countries have recently
experienced an upward trend as well as increasing variabil-
ity in rainfall, leading to more frequent floods and droughts
(Masih et al. 2014; Siam and Eltahir 2017; Gebrechorkos
et al. 2019). For example, a heavy rainfall event in 2019
with severe flooding affected an estimated 2.8 million peo-
ple across the region (Wainwright et al. 2021a). Without
aggressive mitigation efforts, the increasing population in
East Africa will face a severe climate crisis in the next few
decades. Thus, it is necessary to produce reliable near-term
climate change projections to help policymakers design
effective and well-informed adaptation policies.

Simulating the East African climate is, however, a great
challenge for Global Climate Models (GCMs) due to the
region’s complex topography and diverse climate condi-
tions, ranging from semi-arid to tropical monsoon (Flato
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et al. 2013). Indeed, most state-of-the-art global climate
models in the CMIP archive tend to exhibit significant sys-
tematic errors in their representation of the climate system
in East Africa (e.g., Daron 2014; Ayugi et al. 2021; Wain-
wright et al. 2021b). These errors could be caused by sev-
eral factors, such as coarse spatial resolution and inadequate
representation of physical processes (Seneviratne et al.
2012; Flato et al. 2013; Im et al. 2017b; Finney et al. 2019;
Finney et al. 2020; Wainwright et al. 2021b), deficiencies in
simulating the African monsoon (McSweeney et al. 2015),
and poor representation of ENSO and its teleconnection to
Africa (Rowell 2013). Indeed, future climate projections
using GCMs provide insufficient evidence for the change
in rainfall in this region (Conway and Schipper 2011; Park
et al. 2015; Daron 2014; Nangombe et al. 2018; Bichet et
al. 2020). These substantial uncertainties make it difficult to
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determine the impacts of climate change which are needed
to inform and support the development of sound adaptation
strategies.

In contrast, Regional Climate Models (RCMs), with finer
resolution and adequate representation of physical pro-
cesses, can mitigate the known problems in GCMs (Giorgi
et al. 2009; Giorgi and Gutowski 2015). Thus, RCMs are
appropriate tools for assessing regional climate change for
a region with complex topography and land use distribu-
tion, like Africa (e.g., Laprise et al. 2013; Im et al. 2014;
Alter et al. 2015; Giorgi and Gutowski 2015; Im and Eltahir
2018a). Recent studies through the Coordinated Regional
Downscaling Experiment for Africa (CORDEX-AFRICA)
have constructed regional climate change information for
a pan-Africa domain. However, their horizontal resolu-
tion (50 km) still has limitations for use in climate impact
studies.

So far, most climate change studies over East Africa using
RCMs confine their attention to the end of the 21st century
(2071-2100), or to a specific period in which the global
mean temperature rises by 1.5 °C or 2 °C above pre-indus-
trial levels (e.g., Dosio 2017; Déqué et al. 2017; Osima et al.
2018; Nikulin et al. 2018; Dunning et al. 2018). Moreover,
only a few studies have attempted to examine the anthro-
pogenic influences on weather extremes, such as heavy
rainfall and heatwaves in the near-term future (Russo et al.
2016). Existing studies of heatwaves are primarily based
on maximum temperature and do not consider the humid-
ity effect (Engelbrecht et al. 2015; Russo et al. 2016; Dosio
2017), while heat stress impacts are significantly mediated
by humidity (Pal and Eltahir 2016; Im et al. 2017a). This
study considers CMIP5 GCMs, CMIP6 GCMs, and the MIT
Regional Climate Model (MRCM; Pal and Eltahir 2016) to
project near-term climate change and its impacts on heat
stress and rainfall over East Africa.

2 Materials and methods
2.1 Data collection

In-situ rainfall measurements at Addis Ababa, Debre Mar-
kos, Dessie, Gondar, and Nekemet from the Global Histori-
cal Climatology Network (GHCN; Peterson and Vose 1997)
(Fig. 1b) are used to elucidate recent trends in rainfall in
the Upper Blue Nile basin. In-situ runoff data at Diem and
Atbara stations (Fig. 1b) are provided through personal
communications with the ministries of water in the coun-
tries of the Nile basin. Various gridded precipitation data-
sets are obtained from the Climate Research Unit product
(CRU; Harris et al. 2020), the Global Precipitation Clima-
tology Project (GPCP; Adler et al. 2003), the Integrated

Multi-Satellite Retrievals for the Global Precipitation Mea-
surement mission (Huffman et al. 2019), the Tropical Rain-
fall Measuring Mission (TRMM; Huffman et al. 2007), and
the Climate Hazards Group InfraRed Precipitation with Sta-
tion (CHIRPS; Funk et al. 2015).

Dry-bulb temperature (T), dew point temperature, and
surface pressure data are taken from the ERAS reanalysis
(Hersbach et al. 2020) at 3-hour intervals on 0.25° x 0.25°
horizontal resolution for the period 1976-2019. Daily mean
and maximum wet-bulb temperatures (TW and TWmax)
(Davies-Jones 2008) are calculated using the ERAS data. To
quantify level of human exposure to extreme heat, the cat-
egories of heat stress, defined by the US National Weather
Service (USNWS), are applied. Note that a wet-bulb tem-
perature of 31 °C, sustained for 6 h, is assumed for an
extreme danger threshold of humid heat stress for various
regions (Im et al. 2017a; Im et al. 2018; Choi et al. 2021).

2.2 Selection of gridded precipitation data

It is important to use accurate estimates of precipitation to
assess the model performance and ultimately provide more
reliable climate change projections. However, gridded pre-
cipitation datasets have limitations due to quality issues
(Alaminie et al. 2021), especially in African countries where
observational sites are spatially sparse (Sun et al. 2018).

To select a gridded precipitation data set with the best
quality standards for East Africa, various precipitation esti-
mates are compared to the in-situ observational data which
provide relatively accurate measurements (Fig. 2). The
decision on data selection is based primarily on its abil-
ity to represent recent climate trends. In modern records,
precipitation at five stations in the Upper Blue Nile basin
shows an overall increasing trend (Fig. 2a), consistent with
the finding of Siam and Eltahir (2017). In addition, runoff at
Diem and Atbara stations supports these rainfall trends over
the region (Fig. 2b). Contrary to the observed trends, drying
trends are evident in two precipitation estimates, including
GPCP and TRMM (Fig. 2¢). By contrast, the CRU, GPM
and CHIRPS data exhibit similar trends to the in-situ obser-
vations (Fig. 2c). The CHIRPS, which has a 0.05° resolu-
tion and exhibits trends consistent with those of the station
observations, is mainly used to evaluate climate simulations
rather than CRU (which has a coarser spatial resolution
(0.5° x 0.5°)) and GPM (which is limited to a relatively
short period (2001-2019)).

2.3 Selecting GCMs for downscaling over East Africa
As is well known from previous observational and model-

ling studies, the signal of anthropogenic climate change was
detected in recent decades (e.g., [IPCC 2013). In particular,
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the Sahel zone of Sudan and northern parts of Ethiopia have
experienced notable climatic shift from dryer to wetter con-
ditions since the 1980s (Fig. 2), primarily due to escalat-
ing greenhouse gas emissions (e.g., Dong and Sutton 2015;

@ Springer

Park et al., 2016; Giannini and Kaplan 2019). This suggests
that GCMs, which reasonably well simulate not only cli-
matic conditions but also recent climate-change trends, can
provide reliable future climate projections.
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However, most existing studies have placed emphasis on
the ability of a GCM to describe the climatological mean
features (Baek et al. 2013; McSweeney et al. 2015). In this
study, among the many options in the CMIP5/CMIP6 data
archive, a set of 6 GCMs (three from the CMIP5 archive
and three from the CMIP6 archive) are carefully selected
through a rigorous screening process. We mainly consider
the model’s ability in capturing not only average climatic
conditions, but also recent climate trends in East Africa.

To avoid duplicating existing efforts, the selection process
for CMIP5 GCMs relied on previous assessment performed
by McSweeney et al. (2015). We, followed their sugges-
tion, first select six CMIP5 GCMs (GFDL-CM3, Had-
GEM2-ES, NorESM1-M, ACCESS1-0, MPI-ESM-MR,

CRU CHIRPS

and CNRM-CMY5) judged to be satisfactory in their repre-
sentation of key aspects of the African climate (i.e., Afri-
can monsoon circulation, climatological annual cycles of
temperature and precipitation, the influence of teleconnec-
tion patterns, such as El Nifio —Southern Oscillation and
the Indian Ocean Dipole). Among the six models, we then
identify that MRCM driven by three models (GFDL-CM3,
HadGEM2-ES, and NorESM1-M) reproduce the observed
climate trends (Figs. 3, S1, and S2). Meanwhile, MRCM
forced by CMIP5 GCMs, including ACCESS1-0, CNRM-
CM5, and MPI-ESM-MR, perform poorly (Fig. 3) and are
therefore eliminated from further analysis. As expected, cli-
matological features are well captured by the three selected
CMIP5 GCMs (Fig. S3).
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Fig. 3 Spatial distribution of historical (1976-2019) trends (unit: mm/
year) in annual mean precipitation in East Africa derived from (a) CRU,
(b) CHIRPS, (c-e¢) MRCM simulations forced by three different GCMs
(ACCESS1-0 (MRCM/CMIP5 ACC), MPI-ESM-MR (MRCM/
CMIP5 _MPI), and CNRM-CM5 (MRCM/CMIP5 CNRM) from the
CMIPS archive), and (f) ensemble mean of the three MRCM simula-
tions (MRCM/CMIP5_AMC). (g-j) Same as (c-f), but for GFDL-CM3

3 5 7 [mm/year]

(MRCM/CMIP5_GFDL), HadGEM2-ES (MRCM/CMIP5 HAD),
and NorESM1-M (MRCM/CMIP5 NOR) from the CMIPS archive.
(k-n) Same as (c-f), but for CMCC-ESM2 (MRCM/CMIP6_CMCC),
HadGEM3-GC31-MM (MRCM/CMIP6 HAD), and NorESM2-MM
(MRCM/CMIP6_NOR) from the CMIP6 archive. Superimposed
hatching indicates regions where trends are statistically significant at
the 95% confidence level based on a nonparametric Mann-Kendall test
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For a selection of CMIP6 GCMs, we first select 7 GCMs
among 29 GCMs by excluding 15 models with relatively
coarser resolution (larger than 1.25°; Table S1) and 7 mod-
els which do not provide six-hourly SSP5-8.5 scenario data.
Among the selected 7 CMIP6 GCMs, we finally select three
CMIP6 GCMs (CMCC-ESM2, HadGEM3-GC31-MM, and
NorESM2-MM), which show the highest Taylor skill score
(Fig. S4; Taylor 2001) and reproduce the climatological fea-
tures as well (Figs. 3, S1, S2, and S3).

The six GCMs (CMIP5 GCMs: GFDL-CM3, HadGEM2-
ES, and NorESM1-M; CMIP6 GCMs: CMCC-ESM2, Had-
GEM3-GC31-MM, and NorESM2-MM) are finally selected
in this study to specify the boundary conditions for MRCM.
It is worth noting that the MRCM ensembles outperform
most individual simulations due to the cancellation of some
systematic biases.

2.4 Regional climate model and experimental setup

The MRCM is a three-dimensional hydrostatic numerical
model, of which general structure and dynamical core are
rooted in the International Center for Theoretical Physics
(ICTP) Regional Climate Model version 3 (RegCM3; Pal
et al. 2007). MRCM is notably coupled with the Integrated
Blosphere Simulator land surface scheme (IBIS; Foley et al.
1996; Winter et al. 2009) and employs significant enhance-
ments of model physics (Marcella 2012; Marcella and Elta-
hir 2012; Gianotti 2012; Gianotti and Eltahir 2014a, 2014b).
The latest version of MRCM well represents land surface
processes and has sufficient skill to simulate the fine-scale
structure of climatic variables over various domains, such as
North America (Winter et al. 2009), West Africa (Im et al.
2014; Im and Eltahir 2018a), Southwest Asia (Pal and Elta-
hir 2016; Choi and Eltahir 2022a, 2022b), South Asia (Im et
al. 2017a; Choi et al. 2021), and the Maritime Continent (Im
and Eltahir 2018b).

The model domain cover East Africa on a Lambert confor-
mal projection (Fig. 1a). Note that the domain for the MRCM
simulations driven by Coupled Model Inter-comparison

Table 1 Description of MRCM experiments

Project Phase 5 (CMIP5) GCMs is smaller than that for the
MRCM simulations forced by CMIP6 GCMs. The horizon-
tal resolution is 20 km in both longitudinal and latitudinal
directions. As explained above, to specify the boundary
conditions for MRCM, we carefully select three GCMs
(GFDL-CM3, HadGEM2-ES, and NorESM1-M) from the
CMIPS5 archive and three GCMs (CMCC-ESM2, Had-
GEM3-GC31-MM, and NorESM2-MM) from the CMIP6
archive (see Sect. 2.3). We perform two 30-year time slice
simulations. The first one starts in 1975 and the second time
slice experiment starts in 2020. For the MRCM simulations
driven by CMIP5 GCMs, time-lagged ensemble members
are produced with different starting dates (i.e., January 1st,
2nd, and 3rd in 1975, and January 1st, 2nd, and 3rd in 2020)
(Table 1).

To provide more reliable climate projections, it is required
to eliminate systematic biases in the MRCM output. Fol-
lowing previous studies (Li et al. 2010; Choi et al. 2021), we
apply the equidistant quantile-mapping bias correction pro-
cedure under the assumption that the bias does not change
over time. Compared to the widely used quantile-mapping
technique, this method explicitly considers changes in dis-
tribution between reference and projection periods. The
ERAS5 and CHIRPS data, which are regarded as relatively
unbiased, are used to correct the bias in simulated monthly
mean temperatures and precipitation (PR) over the entire
domain, respectively. To correct the systematic bias appar-
ent in model simulations at the station scale, we consider
daily maximum dry-bulb temperature, dewpoint tempera-
ture, and surface pressure data derived from the GHCN at
16 stations (i.c., large population centers in Sudan and Ethi-
opia; Fig. 1) over East Africa. However, precipitation data
over these stations are of limited use due to a large number
of missing values. Thus, CHIRPS is applied to correct the
precipitation bias at the 16 stations.

Experiment Boundary conditions Variant label Resolution (lon Scenario Time-lagged
x lat) ensemble
members
MRCM/CMIP5 ACC ACCESS1-0/CMIP5 rlilpl 158 x 127 historical 3
MRCM/CMIP5_MPI MPI-ESM-MR/CMIP5 rlilpl 158 x 127 historical 3
MRCM/CMIP5 CNRM CNRM-CM5/CMIP5 rlilpl 158 x 127 historical 3
MRCM/CMIP5 GFDL GFDL-CM3/CMIP5 rlilpl 158 x 127 historical/RCP8.5 3
MRCM/CMIP5_HAD HadGEM2-ES/CMIP5 rlilpl 158 x 127 historical/RCP8.5 3
MRCM/CMIP5 NOR NorESM1-M/CMIP5 rlilpl 158 x 127 historical/RCP8.5 3
MRCM/CMIP6_CMCC CMCC-ESM2/CMIP6 rlilplfl 214 x 139 historical/ssp5-8.5 1
MRCM/CMIP6_HAD HadGEM3-GC31-MM/CMIP6 rlilplf3 214 x 139 historical/ssp5-8.5 1
MRCM/CMIP6_NOR NorESM2-MM/CMIP6 rlilplfl 214 x 139 historical/ssp5-8.5 1
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3 Results
3.1 Evaluation of the historical simulations

The performance of MRCM/CMIP6 is superior overall
compared to the GCMs and MRCM/CMIPS in capturing
the present climate conditions over East Africa (Fig. 4, S2,
and S3). Figure 4 shows the spatial distribution of annual
mean PR, T, and TW derived from the observations and
MRCM ensembles. In the observational record, this region
has diverse climate conditions from semi-arid in the north
to tropical monsoon in the south (Fig. 4a). Also, a signifi-
cant temperature gradient exists between cold regions in the
highlands of Ethiopia and warm regions in the lowlands of
southeastern Sudan (Fig. 4d, g). These observed features
are well captured by MRCM/CMIPS and MRCM/CMIP6,
despite of noticeable biases in some regions. Compared to
the precipitation observations, both the MRCM ensembles

exhibit dry and wet biases in South Sudan and the highlands
of Ethiopia, respectively. For dry-bulb temperature, the
warm bias appears in the vicinity of South Sudan (possibly
due to the lack of representation of swamps), while the cold
bias is evident in the lowlands of Ethiopia and the north-
ern part of the study area. Consistent with these cold biases,
there is a significant underestimation of TW over Sudan and
the lowlands of Ethiopia. Relative to MRCM/CMIPS, such
structural biases are greatly reduced in MRCM/CMIP6,
which could be due to the remarkable improvements in
CMIP6 models (e.g., spatial resolution, physical processes,
and biogeochemical cycles; Eyring et al. 2016). It is also
noticeable that MRCM/CMIP6 overall shows better perfor-
mance in representing the seasonal cycles of PR, T, and TW
in East Africa, than GCMs and MRCM/CMIPS5 (Fig. S3).
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Fig.4 (a) 30-year (1976-2005) climatology of annual mean precipita-
tion (PR; mm/day). Differences (b) between ensemble mean of MRCM
simulations driven by three CMIPS GCMs (MRCM/CMIP5) and
observation and (c) between ensemble mean of MRCM simulations
driven by three CMIP6 GCMs (MRCM/CMIP6) and observation. (d-f)
Same as (a-c), but for dry-bulb temperature (T; °C). (g-1) Same as (a-c),
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but for wet-bulb temperature (TW; °C). Observations are interpolated
to each MRCM grid. Stippling indicates regions where the differences
are statistically significant at the 5% level as determined by a two-
sided Student’s t-test. Area-averaged value (Avg) over land (3-23°N/
19-44°E) is given on the top right corner of each plot
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3.2 Projected changes in near-term temperature

MRCM ensemble projections (MRCM/CMIP5 and MRCM/
CMIP6) show significant warming in East Africa with a
higher inter-model agreement. Figures 5 and 6 present the
projected change in T and TW by the middle of the 21st cen-
tury (2021-2050) under high-emissions scenarios (RCP8.5
and SSP5-8.5). These changes are, to a large degree, spa-
tially uniform. The overall increases in T are evident across
all simulations with a slightly greater increase in arid
regions of Sudan (above 2.0 °C; Fig. 51, x). The change in T
can lead to a substantial rise in TW (approximately 1.4 °C
in MRCM/CMIP5 and 1.3 °C in MRCM/CMIP6). The more
than 1.0 °C increase in TW is expected to increase the level
of heat stress over the southeastern border of Sudan and the
lowlands of Ethiopia where humid heat stress is already
high in the current climate (Fig. 6). Although all MRCM
simulations consistently predict the increase (more than 1.0
°C) in TW in Ethiopia, the projected TW over a mountain-
ous region (elevation higher than 1500 m) is much lower
than the USNWS extreme danger threshold of 31 °C for the
future climate.

A substantial increase in daily maximum temperature
(Tmax) is likely to occur in the near future (Fig. S5), along
with more frequent and severe temperature extremes in
East Africa (Figs. S6 and S7). Fig. S5 shows the projected
changes in the annual cycle of Tmax for major cities in the
study region. MRCM/CMIP6 projected that the high val-
ues of Tmax approaching 45 °C mostly appear in central
and eastern Sudan, including Port Sudan, Dongola, Atbara,
Khartoum, Kassala, and Gedaref in the near future. By con-
trast, temperature extremes in Ethiopia will remain much
below the levels of Sudan, despite the substantial increase
in Tmax. Overall, these increases are not confined to a par-
ticular region and season (i.e., homogeneous warming),
which implies that there would not be a significant change
in the seasonality of extreme temperatures. Similar results
are obtained with MRCM/CMIPS. It is important to note
that the increases in Tmax would not necessarily result in
a proportional increase in humid heat stress, since the high
risk of heat stress is not just a function of temperature,
but a combined consequence of temperature and humidity
(Sherwood and Huber 2010; Pal and Eltahir 2016; Im et al.
2017a; Kang and Eltahir 2018).

The MRCM ensembles project that most regions at low
elevations in East Africa are expected to be susceptible to
humid heat extremes, as global warming progresses (Fig. 7).
In the current climate, TWmax exceeding the extreme dan-
ger threshold of 31 °C is rarely observed. Based on MRCM/
CMIP6, the low elevation regions (Port Sudan, Atbara,
Khartoum, Kassala, Gedaref, El Obeid, Nyala, and Gode)
are expected to be exposed to frequent heatwaves with a
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TWmax approaching or exceeding the USNWS extreme
danger threshold of 31 °C by the middle of the 21st cen-
tury under SSP5-8.5 scenario. Notably, Port Sudan, a city
close to the Red sea, stands out due to its high TWmax val-
ues which are well above 31 °C and close to a human sur-
vivability threshold of 35 °C (Sherwood and Huber 2010;
Pal and Eltahir 2016; Im et al. 2017a). The populous cit-
ies in Ethiopia are more likely to see a significant rise in
TWmax, but the projected TWmax will be far below the
USNWS extreme danger level, except for Gode. Though
the projected risk of extreme heat stress will be generally
lower in MRCM/CMIP6 than in MRCM/CMIPS, there is a
robust inter-model consistency across different generations
of models (Figs. 7 and S8).

The return period analysis further confirms the elevated
risks of heat stress in a warmer world (Fig. S9). For the
historical period, a recurrent period of extreme heat events
(above the extreme danger threshold of 31 °C) is close to or
far longer than 100 years, depending on the given region.
Though some discrepancy exists in different generations
of CMIP experiments, significant decreases in the return
period are consistently expected among different high-
emissions scenarios (RCP8.5 and SSP5-8.5). For instance,
extreme heat events would occur once in less than 50 years
over two major cities (Port Sudan and El Obeid) in Sudan in
the near-term future. In particular, the most vulnerable city
to heat stress is Port Sudan with a recurrent period of less
than 5 years.

3.3 Projected changes in near-term precipitation

Consistent with the observed trend of rainfall in recent
decades (Figs. 2 and 3), near-term climate projections
exhibit an overall increase in precipitation over East
Africa (Fig. 8). Recent observation suggests that annual
mean precipitation over the region increased by about 9%
between the periods 1976-1997 and 1998-2019. Based
on MRCM/CMIP6, annual mean rainfall over East Africa
is projected to increase by about 7% under the SSP5-8.5
scenario (Fig. 8 h). The consistency of the rainfall changes
across MRCM/CMIP6 simulations is evident in Ethiopia.
Similarly, MRCM/CMIP5 also projects an overall increase
(more than 10%) in precipitation, especially in the Upper
Blue Nile. On the other hand, there is limited inter-model
agreement on the changes in precipitation over southwest-
ern Sudan (Fig. 8 h). Nevertheless, overall increases in rain-
fall are expected in the southern part of Sudan in most of the
MRCM simulations, except MRCM simulation driven by
CMCC which presents a small and insignificant decrease in
precipitation.

The seasonal cycle of rainfall in Ethiopia is likely to
amplify by midcentury, consistently across CMIP5, CMIP6,
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Fig. 5 Spatial distribution of annual mean dry-bulb temperature (T;
unit: °C) for (a-d) reference period, (e-h) near future period, and
(i-1) its change, derived from bias-corrected MRCM simulations
forced by (a, e, and i) GFDL-CM3 (MRCM/CMIP5_GFDL), (b,
f, and j) HadGEM2-ES (MRCM/CMIP5 HAD), and (c, g, and k)
NorESM1-M (MRCM/CMIP5 NOR) from the CMIP5 archive, and
(d, h, and 1) ensemble mean of the three MRCM simulations (MRCM/

CMIP5_ENS). (m-x) Same as (a-1), but for CMCC-ESM2 (MRCM/
CMIP6_ CMCC), HadGEM3-GC31-MM (MRCM/CMIP6 HAD),
and NorESM2-MM (MRCM/CMIP6 _NOR) from the CMIP6 archive.
Area-averaged value (Avg) over land (3-23°N / 19-44°E) is given on
the top right corner of each plot (unit: °C). Superimposed hatching
indicates agreement by MRCM simulations on the sign of the change
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Fig. 6 Spatial distribution of annual mean wet-bulb temperature
(TW; unit: °C) for (a-d) reference period, (e-h) near future period,
and (i-1) its change, derived from bias-corrected MRCM simula-
tions forced by (a, e, and i) GFDL-CM3 (MRCM/CMIP5_GFDL),
(b, f, and j) HadGEM2-ES (MRCM/CMIP5 HAD), and (c, g, and k)
NorESM1-M (MRCM/CMIP5 NOR) from the CMIP5 archive, and
(d, h, and 1) ensemble mean of the three MRCM simulations (MRCM/
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CMIP5_ENS). (m-x) Same as (a-1), but for CMCC-ESM2 (MRCM/
CMIP6_CMCC), HadGEM3-GC31-MM (MRCM/CMIP6_HAD),
and NorESM2-MM (MRCM/CMIP6 _NOR) from the CMIP6 archive.
Area-averaged value (Avg) over land (3-23°N / 19-44°E) is given on
the top right corner of each plot (unit: °C). Superimposed hatching
indicates agreement by MRCM simulations on the sign of the change
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Fig. 7 Histogram of daily maximum wet-bulb temperature (TWmax;
unit: °C) for sixteen major cities over East Africa derived from bias-
corrected MRCM/CMIP5 under historical (REF_ MRCM/CMIPS;
1976-2005) and RCP8.5 scenarios (FUT_MRCM/CMIPS; 2021-
2050), and bias-corrected MRCM/CMIP6 under historical (REF
MRCM/CMIP6; 1976-2005) and SSP5-8.5 scenarios (FUT _MRCM/

and MRCM simulations (Fig. 9). Figure 9 shows the pro-
jected changes in the annual cycle of PR under the high
Green House Gas (GHG) emissions scenarios (RCP8.5 and
SSP5-8.5). To identify the spatially heterogeneous effects
of climate change, four sub-regions are considered where
the precipitation response shows different behavior in cli-
mate projections (i.e., western Sudan, eastern Sudan, the
highlands of Ethiopia, and the lowlands of Ethiopia). The
MRCM ensembles generally project smaller precipitation
changes in Sudan than GCM ensembles. Moreover, based
on MRCM/CMIP6, future change in rainfall in this region is
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CMIP6; 2021-2050). Values without parentheses represent the 50th
and 99th percentile thresholds for MRCM/CMIPS. Values in paren-
theses is same as those without parentheses, but for MRCM/CMIP6.
Vertical dashed yellow line indicates the extreme danger threshold (31
°C) defined by the U.S. National Weather Service

statistically insignificant. By contrast, Ethiopia may receive
significantly more precipitation (p-value<0.05) during
the late summer and autumn seasons in the middle of the
21st century. In particular, all climate projections, regard-
less of the CMIP phase, expect significant increases in
autumn rainfall over the highlands of Ethiopia. Note that the
robustness of the wetting trends across all climate simula-
tions (CMIP5 GCMs, CMIP6 GCMs, MRCM/CMIPS, and
MRCM/CMIP6) suggests the reliability of future projec-
tions in Ethiopia.
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Fig. 8 Future changes in Annual
(ANN) mean precipitation (PR;
unit: %) with respect to present
climate, derived from bias-cor-
rected MRCM simulations forced
by (a) GFDL-CM3 (MRCM/
CMIP5_GFDL), (b) HadGEM2-
ES (MRCM/CMIP5 _HAD),

and (c) NorESM1-M (MRCM/
CMIP5_NOR) from the CMIP5
archive, and (d) ensemble mean
of the three MRCM simulations
(MRCM/CMIP5_ENS). (e-h)
Same as (a-d), but for CMCC-
ESM2 (MRCM/CMIP6_CMCC),
HadGEM3-GC31-MM (MRCM/
CMIP6_HAD), and NorESM2-
MM (MRCM/CMIP6_NOR)
from the CMIP6 archive. Area-
averaged value (Avg) over land
(3-23°N / 19-44°E) is given on
the top right corner of each plot
(unit: %). Superimposed hatching
indicates agreement by MRCM
simulations on the sign of the
change. Areas with ANN total
PR <200 mm are masked out to
avoid potential inflation due to
small rainfall amounts

The long-term (1976-2050) trend of precipitation helps to
better discern the anthropogenic climate change signal. The
evolution of seasonally (September to November) averaged
precipitation over the sub-regions in East Africa is shown in
Fig. 10. As expected from Fig. 9, MRCM simulations show
smaller precipitation changes than their GCM counterparts.
The MRCM ensembles exhibit an increase in precipitation
by 16 to 22% (5 to 6%) in Sudan and by 5 to 8% (12 to 17%)
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in Ethiopia according to the RCP8.5 (SSP5-8.5) scenario.
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Large increases in precipitation with an increasing trend
(p-value<0.01) are projected to occur in the highlands of
Ethiopia. The consistency between the GCM and MRCM
simulations in this region is robust. It is important to note
that this wetting tendency in autumn precipitation is con-
tinuously found in observations and projections, implying a
century-long wetting trend that appears to be proportional to
atmospheric GHG concentrations (Fig. S10).
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Fig. 9 The 30-year mean seasonal cycle of rainfall for four sub-
regions in East Africa derived from bias-corrected ensemble means
of 25 CMIP5 GCM simulations (dashed lines in a-d; see Table S1), 29
CMIP6 GCM simulations (solid lines in a-d; see Table S1), MRCM/
CMIPS5 (dashed lines in e-h), and MRCM/CMIP6 (solid lines in e-h)

Analyses of the return period reveal the increased risk
of heavy rainfall over the next few decades in East Africa.
Fig. S11 shows the return periods of annual maximum pre-
cipitation in the most populous cities over the target region.
Although the return periods of extreme precipitation do not
dramatically change over most regions, it overall shortens,
except for Dongola, Kassala, and Combolcha. In MRCM/
CMIP6 under the SSP5-8.5 scenario, a notable decrease

under historical (REF; 1976-2005) and RCP8.5/SSP5-8.5 scenarios
(FUT; 2021-2050). Yellow circles (respectively plus markers) indi-
cate the months where the rainfall change is statistically significant
at the 95% confidence level in MRCM/CMIP5 (respectively MRCM/
CMIP6)

of the recurrence interval appears in Port Sudan, Atbara,
Nyala, Mekele, Bahir Dar, Gore, Bole, Awassa, and Dire
Dawa where a 1-in-50-year extreme rainfall event in the ref-
erence climate will become an approximately 1-in-25 year
event in the near future. In particular, MRCM simulations
(MRCM/CMIP5 and MRCM/CMIP6) driven by CMIP5
and CMIP6 GCMs consistently project that Bahir Dar, Bole,
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Fig.10 Time series of seasonally (September to November; SON) aver-
aged precipitation change in four sub-regions over East Africa for the
period 1976-2050 derived from bias-corrected ensemble means of 25
CMIP5 GCM simulations (blue lines in a-d; see Table S1), 29 CMIP6
GCM simulations (red lines in a-d; see Table S1), MRCM/CMIP5
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and Awassa in Ethiopia will be vulnerable to extreme rain-
fall (Figs. S11-S12).

4 Discussion

It has recently been suggested that the most aggressive
scenarios, RCP8.5/SSP5-8.5, may become increasingly
implausible, while approaching the end of the 21st century,
assuming significant mitigation efforts (Hausfather and
Peters 2020). However, these scenarios are possible, and
can still help policy makers design sound adaptation poli-
cies, particularly for the near future (Schwalma et al. 2020).

Our results are not directly comparable with the previous
regional climate studies that focus on the end of the 21st
century or a specific period in which the global mean tem-
perature rises by 1.5 °C or 2 °C above pre-industrial levels.
Although there are significant limitations to the compari-
son, our findings are broadly consistent with existing studies
(Dosio 2017; Déqué et al. 2017; Osima et al. 2018; Niku-
lin et al. 2018; Dunning et al. 2018). For instance, based
on CORDEX-Africa regional climate models, Déqué et
al. (2017) investigated the consequences of a 2 °C global
warming and showed that extreme heat waves become
much more frequent. They also suggest that extreme pre-
cipitation could increase, although the change in rainfall is
uncertain. In a similar way, Nikulin et al. (2018) and Osima
et al. (2018) highlighted a pronounced summer warming
and enhanced wet-season precipitation over East Africa in a
warmer climate. However, contrary to our results, Mengistu
et al. (2021) indicate a decrease in annual mean precipita-
tion in the Ethiopian highlands by the end of this century,
while most CORDEX-Africa models disagree on this dry-
ing trend (Dosio et al. 2019; Bichet et al. 2020).

This study naturally presents several important cave-
ats. Although we found that CHIRPS data can capture the
observed trend of rainfall in East Africa in recent decades
by comparing to reliable in-situ station datasets (precipita-
tion and runoff), caution must be taken in interpretation of
the CHIRPS data as it contains some estimated values, not
all true values. Complete comparison between the CMIP5
and CMIP6 scenarios is impossible because CMIP5 RCPs
are different from the SSP scenarios, which contain regional
forcings (land use and aerosols). For climate modeling,
parameterized convection models are used in this study,
which may be a source of uncertainty in the precipitation
projections (Finney et a. 2019; Finney et al. 2020; Wain-
wright et al. 2021b). Also, regional climate projections
unavoidably suffer from a significant body of uncertain-
ties, including emission scenarios, model configurations,
and regions of interest (Giorgi et al. 2009). Nevertheless,
we believe that a well-validated MRCM can give reliable

near-term climate projections, though still with some sys-
tematic biases and uncertainties.

5 Summary and conclusions

Based on the high-resolution MRCM simulations, near-term
climate change would significantly affect the large popula-
tion centers in Sudan and Ethiopia (i.e., East Africa) under
very high emissions scenarios (RCP8.5 and SSP5-8.5). The
projected regional climate change features a general warm-
ing of mean temperatures with a magnitude of about 2.0 °C
across the region, which further results in more frequent
and severe climate extremes. We project, however, consid-
erably heterogeneous impacts of climate change across the
regions. For example, the low plain region in East Africa
(Port Sudan, Atbara, Khartoum, Kassala, Gedaref, E1 Obeid,
Nyala, and Gode) is particularly vulnerable to heat extremes
in the near future with a TWmax approaching or exceeding
the USNWS extreme danger threshold of 31 °C. Notably,
the most vulnerable city to heat stress is Port Sudan, a city
close to the Red sea.

In addition to the temperature increase, large popula-
tion centers in East Africa are likely to experience small
but significant increases in precipitation. Furthermore, all
climate projections show a robust increase in autumn rain-
fall over the highlands of Ethiopia with more frequent and
strong rainfall extremes. That is, the recurrence interval of
extreme rainfall will decrease notably in Bahir Dar, Bole,
and Awassa where a 1-in-50-year extreme rainfall event in
the reference climate will become an approximately 1-in-
25-year event in the near future under the RCP8.5/SSP5-8.5
scenario.

Our study indicates that East Africa would inevitably see
exacerbated risks of extreme climate events, like danger-
ous heat and extreme rainfall, within a few decades with-
out urgent climate change mitigation strategies. These heat
extremes make the present semi-arid environments even
harsher, contribute to food insecurity, and pose a significant
public health challenge. Of particular note, most people in
this region who are primarily engaged in agriculture will
be vulnerable to these heatwaves. Moreover, enhanced
rainfall extremes may cause severe flooding along the Blue
Nile river with negative effects of agriculture. Our results
identify specific regional hotspots of the near-term climate
change and could help guide the development of a sound
adaptation strategy.
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