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Abstract It is well established that Africa is particularly exposed to climate extremes including heat
waves, droughts, and intense rainfall events. How exposed Africa is to the co‐occurrence of these events is
however virtually unknown. This study provides the first analysis of projected changes in the
co‐occurrence of five such compound climate extremes in Africa, under a low (RCP2.6) and high (RCP8.5)
emissions scenario. These changes are combined with population projections for a low (SSP1) and high
(SSP3) population growth scenario, in order to provide estimates of the number of people that may be
exposed to such events at the end of the 21st century. We make use of an ensemble of regional climate
projections from the Coordinated Output for Regional Evaluations (CORE) project embedded in the
Coordinated Regional Climate Downscaling Experiment (CORDEX) framework. This ensemble comprises
five different Earth System Model/Regional Climate Model (ESM/RCM) combinations with three different
ESMs and two RCMs. We show that all five compound climate extremes will increase in frequency, with
changes being greater under RCP8.5 than RCP2.6. Moreover, populations exposed to these changes are
greater under RCP8.5/SSP3, than RCP2.6/SSP1, increasing by 47‐ and 12‐fold, respectively, compared to the
present‐day. Regions of Africa that are particularly exposed are West Africa, Central‐East Africa, and
Northeast and Southeast Africa. Increased exposure is mainly driven by the interaction between climate and
population growth, and the effect of population alone. This has important policy implications in relation to
climate mitigation and adaptation.

Plain Language Summary It is well known that Africa is exposed to a range of different climate
hazards including droughts, heat waves, and extreme rainfall events, which cause major social and
economic suffering. It is, however, largely unknown how exposed the African population is to the
co‐occurrence of such climate hazards. This is important because compound events will likely increase the
suffering far and above that caused by individual climate hazards. In this study, we provide an analysis of
potential changes in five different compound events, and the exposure of the African population to them, at
the end of this century. Combining exposure to all compound events, the results show that compared to
the present‐day, the exposure of the African population may increase by 12‐ and 47‐fold in the best‐ and
worst‐case scenarios, respectively. The spatial distribution of changes shows that West Africa and central
and eastern regions of Africa may be particularly exposed. Increased exposure is mainly caused by the
interaction between climate and population growth, and the effect of population alone. These results imply
that any policy response designed to reduce exposure needs to address both climatic and socioeconomic
factors.

1. Introduction

Africa is particularly exposed and vulnerable to a wide range of different climate risks (Chersich et al., 2018;
Dosio, 2017; Hummel et al., 2018; Niang et al., 2014; Russo et al., 2016; Thornton et al., 2011). Policymakers
seeking to understand the climate risks faced by Africa in a changing climate therefore need information on
the climate hazards, exposure of assets, and vulnerability, if they are to plan and adapt effectively. To date,
the vast majority of climate risk assessments have investigated the risk posed by individual climate hazards;
however, there is significant evidence to show that this approach is incomplete and that the impacts result-
ing from the interplay and combination of a number of climate drivers and/or hazards often result in much
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larger impacts than consideration of individual hazards in isolation (Leonard et al., 2014; Zscheischler
et al., 2018). As such, failing to provide analysis of these compound events is likely to underestimate the risk
posed by climate impacts and thus will lead to inadequate adaptation planning (Hendry et al., 2019; Turner
et al., 2019).

Seneviratne et al. (2012) define such compound climate events as follows: “(1) two or more extreme events
occurring simultaneously or successively, (2) combinations of extreme events with underlying conditions
that amplify the impact of the events, or (3) combinations of events that are not themselves extremes but lead
to an extreme event or impact when combined.” Zscheischler et al. (2018) subsequently generalized this
definition to “the combination of multiple drivers, and/or hazards that contributes to societal or
environmental risk.”

Historically, there has been very little attention devoted to the analysis of compound climate events; how-
ever, recent years have seen a starburst of activity with a number of papers investigating compound climate
events. For example, the co‐occurrence of hot and dry periods (AghaKouchak et al., 2014; Feng et al., 2019;
Hao et al., 2018; Lu et al., 2018; Manning et al., 2019; Mazdiyasni & AghaKouchak, 2015), temporally com-
pound heat waves (Baldwin et al., 2019), compound coastal flooding (Hendry et al., 2019; Sadegh et al., 2018;
Wahl et al., 2015), tropical cyclones and deadly heat (Matthews et al., 2019), wind and precipitation extremes
(Martius et al., 2016), wildfire and extreme rainfall (Moftakhari & AghaKouchak, 2019), and temperature
and precipitation extremes (Turner et al., 2019; Zscheischler & Seneviratne, 2017).

This increase in activity notwithstanding, there is a real dearth of information on compound climate events
that the African continent may face in the future. The analysis by Hao et al. (2018), which provided a global
analysis of observed changes in the severity of compound dry and hot extremes, is the only research that pro-
vides any information, with Africa being one of the regions of the world that has seen a significant increase
in this type of compound event.

Given that there is evidence to show that changes in climate extremes as well as compound climate extremes
may increase in the future, makes it all the more important to analyze changes in compound events in Africa
(Kendon et al., 2019; Liu et al., 2017; Sedlmeier et al., 2016). This need is made all the greater still when one
considers that the African continent is witnessing rapid population growth, which will continue through to
the end of this century, with the population of sub‐Saharan Africa projected to double by 2050, and reach
almost 3.8 billion by 2100 (UN, 2019). As such, policymakers responsible for adaptation planning will clearly
be facing increasing risks over the course of this century.

Various studies have investigated the future exposure of the African population to climate hazards using cli-
mate models and projections of population. Liu et al. (2017), in a global analysis of future exposure to heat
wave days for various emissions scenarios and population projections, showed that the average exposure for
the African continent by the end of the century was over 118 times greater than the present‐day situation.
Asefi‐Najafabady et al. (2018) in an analysis of exposure to apparent temperature above 39°C in the Great
Lakes region of Africa showed that the largest increases in exposure were in low lying areas of Kenya,
Uganda, and the Democratic Republic of Congo. Harrington and Otto (2018) analyzed changes in extreme
heat using a single climate model and a range of population projections, for two different global warming
levels, and showed that for the east African subregion there may be a fivefold increase in extreme heat expo-
sure in a 2°C versus a 1.5°C warmer world. Ahmadalipour et al. (2019) analyzed changes in drought risk at
the national level across Africa and showed that all countries would see an increase in drought risk, with
Niger and Chad the two most at risk countries. Rohat et al. (2019) investigated exposure to dangerous heat
in 173 large African cities and showed that exposure may increase by a multiple of 20–52 by the 2090s. All
these studies investigate exposure to a single climate hazard. To the best of our knowledge, there are no stu-
dies that analyze future changes in exposure to compound climate events for Africa.

In this study we make use of high‐resolution regional climate projections from the newly performed
Coordinated Output for Regional Evaluations (CORE) embedded in the Coordinated Regional Climate
Downscaling Experiment (CORDEX) framework (e.g., Ciarlo et al., 2020; Remedio et al., 2019), to investi-
gate changes in five different compound climate extremes, which we combine with population projection
data to calculate exposed populations at the end of the century. This study represents the first analysis of
its kind for Africa.
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The rest of this paper is structured as follows: Initially, the data and methods used in the study are described
in section 2; the results are described in section 3; while section 4 provides a discussion of the results; and
finally, in section 5 we make some conclusions.

2. Materials and Methods
2.1. Climate Reanalysis Data and Regional Climate Model Ensemble

In this work, the ERA5 reanalysis data set at a spatial resolution of 0.25° (~28 km) from the Copernicus
Climate Change Service (C3S) (2017) is used to calculate the compound climate extremes for the reference
period 1981–2010. To estimate the potential changes in these events for the future, the newly performed
regional climate projections from Coordinated Output for Regional Evaluations (CORE) embedded in the
Coordinated Regional Climate Downscaling Experiment (CORDEX) framework for Africa are applied
(e.g., Ciarlo et al., 2020; Remedio et al., 2019). In order to take into account a low and a high emission sce-
nario, the Representative Concentration Pathways (RCPs) 2.6 and 8.5 (Moss et al., 2010) are analyzed for the
period 2070–2099. The model ensemble comprises five different Earth System Model/Regional Climate
Model (ESM/RCM) combinations with three ESMs and two RCMs at a spatial resolution of 0.22°: MPI‐
ESM‐LR/REMO2015, HadGEM2‐ES/REMO2015, NorESM1‐M/REMO2015, HadGEM2‐ES/RegCM4‐7,
and NorESM1‐M/RegCM4‐7. In order to perform the analysis on a consistent spatial unit, these data were
regridded to the same 0.25° resolution of the ERA5 data. The ESMs from Coupled Model Intercomparison
Projects Phase 5 (CMIP5) (Taylor et al., 2012) are selected in a way to cover a large range of climate sensitiv-
ities. The regional climate models REMO and RegCM have been evaluated and applied in numerous studies
for Africa (e.g., Abba Omar & Abiodun, 2017; Diallo et al., 2015; Diasso & Abiodun, 2017; Endris et al., 2013;
Fotso‐Nguemo, Vondou, Pokam, et al., 2017; Fotso‐Nguemo, Vondou, Tchawoua, et al., 2017; Giorgi
et al., 2012; Klutse et al., 2016; Ogwang et al., 2016; Tamoffo et al., 2019; Tang et al., 2019; Weber et al., 2018)
and other regions (e.g., Coppola et al., 2014; Giorgi et al., 2014; Jacob et al., 2012; Remedio et al., 2019;
Teichmann et al., 2013).

2.2. Population Data

To estimate the African population exposed to compound climate extremes for the reference period, the
annual population data from the Inter‐Sectoral Impact Model Intercomparison Project (ISIMIP) protocol
ISIMIP2b (https://www.isimip.org) covering the period 1981–2005 at a spatial resolution of 5 arc‐minutes
(~0.083°) is employed. Due to the fact that the ISIMIP2b population data are only available until the end
of 2005, the calculated population average comprises only 25 years for the reference period. For the scenario
period, the future population is derived from the projections based on the Shared Socioeconomic Pathways
(SSPs) provided by the NASA Socioeconomic Data and Applications Center (SEDAC) at a spatial resolution
of 7.5 arc‐minutes (0.125°) (Jones & O'Neill, 2016, 2017). Because of the fact that the population number is
given at 10‐year intervals, we calculated themean over the years 2070, 2080, 2090, and 2100 from the SSPs for
the scenario period 2070–2099. Both data sets were again regridded to a common 0.25° resolution in order to
be able to integrate them with the climate data. In order to provide an analysis of a best‐ and worst‐case sce-
nario, we use a stringent mitigation emissions scenario together with a low population growth scenario
(RCP2.6/SSP1), and a continued growth in global carbon emissions scenario and rapid population growth
scenario (RCP8.5/SSP3). We decided to use the combination of RCP2.6/SSP1 and RCP8.5/SSP3 in our inves-
tigation based on the work by Liu et al. (2017), who consider other combinations unlikely.

2.3. Methods
2.3.1. Definition of Hazards
Three different temperature and precipitation extremes were selected to detect their simultaneous occur-
rence for present, and for future climate conditions under the RCP2.6 and RCP8.5 emission scenarios. For
the calculation of heat waves, we used the description of Liu et al. (2017), who defined heat waves as three
or more consecutive days with a temperature above the 95th percentile of the daily maximum temperature of
the reference period. If the 95th percentile is lower than 25°C, the threshold is set to 25°C. In order to take
into account precipitation climate extremes, we defined a meteorological drought as five or more consecu-
tive days with a daily precipitation less than 1 mm and extreme precipitation with precipitation above the
95th percentile of precipitation on wet days (≥1 mm) of the reference period. Grid boxes with less than
100 wet days in 30 years were excluded for the calculation of extreme precipitation events to ensure a
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reasonable determination of the 95th percentile. The time series of climate extremes were calculated with
the ERA5 reanalysis data set and with the five regional climate change projections under each emission
scenario. Because the occurrence of wet days is different in the ERA5 and two scenario‐driven regional
climate projection data sets, there are differences in the areas that are excluded from analysis. This can be
seen in Figures 2a–2f, 3a–3c, 3g–3i, 5d–5f, 7a–7c, and 7g–7i.
2.3.2. Definition of Compound Events
For the investigation of compound climate extremes, we take the definition by Zscheischler et al. (2018),
who consider compound climate events as a combination of multiple drivers and/or hazards that contribute
to societal or environmental risk and specify it as follows: Compound climate extremes comprise a combina-
tion of two different climate extremes that can occur coincidentally (simultaneously) or sequentially within
a certain time period and that contribute to social or environmental risk. In detail, a coincident compound
event takes place when two different climate extremes overlap one or more days. A sequential compound
event occurs when an extreme event starts within 7 days after the termination of a preceding extreme event.
Adopting the typology described in Zscheischler et al. (2020), the coincident events that we analyze are mul-
tivariate compound climate events, and the sequential events are temporally compounding climate events.
Specifically, we analyze the following five different compound climate extremes (hereafter referred to as
compound events):

1. Coincident heat waves and droughts: at least three consecutive days when the maximum temperature is
above the 95th percentile value from the reference period (and this value must be greater than 25°C),
combined with at least five consecutive days where daily precipitation is less than 1 mm.

2. Coincident heat waves and extreme precipitation: at least three consecutive days when the maximum
temperature is above the 95th percentile value from the reference period (and this value must be greater
than 25°C), combined with days when precipitation on wet days (≥1 mm) is above the 95th percentile
value from the reference period.

3. Sequential droughts and extreme precipitation: at least five consecutive days when daily precipitation is
less than 1 mm, followed, within 7 days, by days when precipitation on wet days (≥1 mm) is above the
95th percentile value from the reference period.

4. Sequential heat waves and droughts: at least three consecutive days when the maximum temperature is
above the 95th percentile value from the reference period (and this value must be greater than 25°C),
followed, within 7 days, by at least five consecutive days where daily precipitation is less than 1 mm.

5. Sequential heat waves and extreme precipitation: at least three consecutive days when the maximum
temperature is above the 95th percentile value from the reference period (and this value must be greater
than 25°C), followed, within 7 days, by days when precipitation on wet days (≥1 mm) is above the 95th
percentile value from the reference period.

This combination of compound events was analyzed because of the wide‐ranging number of societal impacts
that they are associated with in the agriculture, water, infrastructure, and health sectors (Table 1). For each
compound event, the occurrence was detected, and the overlapping days for the coincident events were cal-
culated with the ERA5 reanalysis data set (for the reference period) and the regional climate change

Table 1
Overview of Analyzed Compound Events, Their Associated Societal Impacts, and Relevant Research Examples From the Literature

Compound event Societal impacts Relevant literature

Coincident heat waves
and droughts

Many societal impacts are related to this compound event including, increased risk of
wildfire, water availability problems, human mortality, impact on energy supplies,
and crop production

Sedlmeier et al. (2018), Hao
et al. (2018), Wu et al. (2019), Ye

et al. (2019)
Coincident heat waves and
extreme precipitation

Less is known about the potential impact of these compound events, but flash flooding is
one potential impact

Tencer et al. (2016)

Sequential droughts and
extreme precipitation

Less is known about the potential impact of these compound events, but flash flooding is
one potential impact

He and Sheffield (2020)

Sequential heat waves and
droughts

Many societal impacts are related to this compound event including, increased risk of
wildfire, water availability problems, human mortality, impact on energy supplies,
and crop production

AghaKouchak et al. (2014)

Sequential heat waves and
extreme precipitation

Less is known about the potential impact of these compound events, but flash flooding is
one potential impact

Tencer et al. (2016)
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projections (for the reference and future time period). Projected changes were then calculated for each cli-
mate model, and scenario combination. To aid interpretability, we present the results as the multimodel
mean number of compound events per year, in each 30‐year climate period. To obtain the total number of
events occurring within a 30‐year period, the frequencies have to be multiplied by 30. Additionally, to pro-
vide a basic assessment of the robustness of the results, we provide information on the level of model agree-
ment based on the sign of the change. Model agreement is classified as high, if at least four out of the five
model simulations are in agreement.
2.3.3. Exposure to Compound Events
In order to calculate exposed population to the compound events, we multiply the population by the number
of compound events in each grid cell, for both the reference and future time periods, and refer to this metric
as person‐events. We also investigate the relative importance of the different drivers of change in exposure
by using the approach first developed by Jones et al. (2015) and subsequently applied by Liu et al. (2017).
Change in exposure (ΔE) is defined as being the sum of the climate, population, and interaction effect as
follows:

ΔE ¼ PR × ΔC þ CR × ΔP þ ΔC × ΔP; (1)

where PR and CR denote the population and the climate in the reference period and ΔC and ΔP represent
the climate and the population change in the scenario period, respectively. The first term of 1 describes the
climate effect, which takes into account the influence of climate exposure, and the second one measures
the population effect. The last term considers the combined impacts (interaction) of simultaneous change
in both climate and population.

We analyze the changes in exposure, and the relative importance of the different drivers of change, for the
different subregions of Africa. We make use of the new updated IPCC reference regions for the African con-
tinent (Iturbide et al., 2020), as follows: Sahara (SAH), West Africa (WAF), Central Africa (CAF), Northeast
Africa (NEAF), Central‐East Africa (CEAF), Southwest Africa (SWAF), Southeast Africa (SEAF), and a new
defined region covering North Africa (NAF).

3. Results

To aid understanding of the results, all the values that we report in this section, both with respect to the com-
pound events for the future time period, and the change in exposure, and relative importance of the drivers
of change in exposure, are based on the multimodel mean values, unless otherwise stated. Also, to assist with
interpretation of the spatial patterns of change, we provide a topographical map of Africa in Figure S1 in the
supporting information, upon which the different countries of Africa are also labeled. A full breakdown of
the information relating to the exposure, and the relative importance of the drivers, in both the reference
and future time periods, including information on the range of uncertainty in the changes, is provided in
Tables S1–S23.

3.1. Coincident Climate Extremes
3.1.1. Heat Waves and Droughts
In the climate reference period (1981–2010), coincident heat waves and droughts occur on average 1.2 to 2.5
times per year, over almost the entire African continent. Exceptions are the equatorial regions from theWest
Coast to Central Africa, the coastal regions of Southeast Africa, and East Madagascar with 0.06 to 1 times per
year, or 1.8 to 30 times in a 30‐year period (Figure 1a). This pattern is mainly caused by fewer heat waves in
these regions. For the RCP2.6 scenario, the models project an increase of between 0 and 6 compound events
per year (Figure 1b), and for the RCP8.5 emission scenario demonstrates a stronger increase of between 2
and 16 events per year, partly more, for the continent (Figure 1c). Themost affected regions are located along
15°N, East Africa and Southern Africa. Both scenarios exhibit high model agreement for the entire conti-
nent. This compound event has an overlap duration of about 2 to 8 days for the reference period
(Figure 1d) that extends by up to 7 days for RCP2.6 (Figure 1e) and by between 1 and 21 days for RCP8.5
(Figure 1f) with high model agreement for most regions under RCP2.6 and for the whole of Africa under
RCP8.5.
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3.1.2. Heat Waves and Extreme Precipitation
This compound event occurs notably less frequently than coincident heat waves and droughts with on aver-
age 0.03 to 0.6 incidences per year in the reference period, which is limited by the infrequent occurrence of
extreme precipitation (Figure 2a). It appears only in West and Central equatorial Africa, coastal regions of
East and Southeast Africa, and East Madagascar. In the RCP2.6 scenario, an increase in frequency is pro-
jected of about 0.1 to 0.6 events per year over Equatorial Guinea and Gabon, and of about 0.1 to 0.2 events
per year over Southeast Africa and East Madagascar with high model agreement (Figure 2b). In the
RCP8.5 scenario, this event appears in all sub‐Saharan regions. A distinct increase is projected for
West‐Central Africa, the mountainous regions of Ethiopia, East to Southeast Africa, andMadagascar accom-
panied by high model agreement (Figure 2c). The strongest increase in frequency with up to six events per
year is shown for West‐Central Africa. The coincident appearance of heat waves and extreme precipitation
lasts about 1.5 days for today's climate (Figure 2d) and shows only a small increase in duration by up to
0.5 days over Gabon and Madagascar for both scenarios (Figures 2e and 2f).

3.2. Sequential Climate Extremes
3.2.1. Droughts and Extreme Precipitation
Almost the entire African continent is affected by sequential droughts and extreme precipitation events with
different annual frequencies in the reference period. The highest frequencies appear with 1 to 2.5 events per
year and more in Morocco, Northern Algeria, along the coast of the Mediterranean Sea, East Africa, and
Southern Africa, and the lowest ones along coastal areas of West and West‐Central Africa (Figure 3a). For
the RCP2.6 scenario, the models project small changes of between −0.4 and 0.6 events per year with mostly
highmodel agreement (Figure 3b). The climate change signal becomes clearer for the entire continent under
RCP8.5 showing an increase in frequency of about 0.2 to 2 events per year for regions between 15°S and 15°
N, Madagascar and eastern South Africa (Figure 3c). A decrease in frequency of between −0.6 and 0 events

Figure 1. (a) Mean annual frequency and (d) mean duration of coincident heat waves and droughts calculated from the ERA5 data set for the reference period
1981–2010. Projected changes of annual frequency and duration of coincident heat waves and droughts as ensemble mean using (b, e) RCP2.6 and (c, f) RCP8.5 for
the scenario period 2070–2099/1981–2010. The hatched areas indicate high model agreement (n ≥ 4) of the sign of the climate change signal.
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per year is projected for North Africa and Southwest Africa. This is caused by less frequent single events of
droughts and extreme precipitation in these regions (not shown). All distinct changes in frequency show
high model agreement in RCP8.5.
3.2.2. Heat Waves and Droughts
In the present climate, sequential heat waves and droughts appear in Morocco, Northern Algeria, and in
sub‐Saharan Africa, but not in the Sahara (Figure 3d). This is explained by the fact that heat waves and
droughts occur mainly coincidentally and not sequentially in the desert. Highest frequencies of sequential
heat wave and drought events can be observed with values from 0.2 to 0.8 events per year in Northern
Algeria, Southern Africa, Madagascar, and up to one event per year in Morocco. Both scenarios show more
frequent events in the future with increases of 0.1 to 1 events per year for RCP2.6 and with 0.4 to 3 more
events per year for RCP8.5 in sub‐Saharan Africa (Figures 3e and 3f). The most affected regions are along
or south of 15°N, along the Equator, Southern Africa, and Madagascar with high model agreement. The cli-
mate change pattern of RCP8.5 seems to be dominated by the climate change signal of heat waves as ana-
lyzed under 2°C and 3°C global warming by Weber et al. (2018).
3.2.3. Heat Waves and Extreme Precipitation
Under present climate conditions, sequential heat waves, and extreme precipitation events occur mostly in
sub‐Saharan Africa, in particular with high frequencies of 0.3 to 1.2 incidences per year in Central Africa,
East to Southeast Africa, and East Madagascar (Figure 3g). In the RCP2.6 scenario, the models simulate
an increase of sequential events of 0.2 to 0.6 events per year for equatorial and Southern Africa,
Madagascar, and of up to one event per year in Gabon (Figure 3h). A distinct increase of sequential heat
waves and extreme precipitation is simulated in the RCP8.5 scenario for the whole of sub‐Saharan Africa
(Figure 3i). The strongest increase is projected with one to four more events per year at the equator,

Figure 2. (a) Mean annual frequency and (d) mean duration of coincident heat waves and extreme precipitation calculated from the ERA5 data set for the
reference period 1981–2010. Projected changes of annual frequency and duration of coincident heat waves and extreme precipitation as ensemble mean using
(b, e) RCP2.6 and (c, f) RCP8.5 for the scenario period 2070–2099/1981–2010. The dotted areas denote not sufficient (n < 100) wet days in 30 years to determine the
95th percentile precipitation, and the hatched areas indicate high model agreement (n ≥ 4) of the sign of the climate change signal.
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(Figure 4b). Strong population growth is expected along the Nile and its delta, Nigeria, Ethiopia, around
Lake Victoria and Malawi. This trend is projected to intensify in the SSP3 scenario (Figure 4c).
3.3.2. Exposure to Coincident Heat Waves and Droughts
Mean annual exposure to coincident heat waves and droughts amounts to between 0 and 5,000
person‐events per grid box for uppermost North and sub‐Saharan Africa for the reference period, but with
higher exposure between 5,000 and 500,000 person‐events in populous regions along the coastal regions
from Morocco to North Tunisia, West Africa, Ethiopia, around Lake Victoria, and Malawi. However, the
exposure exceeds 500,000 person‐events in the Nile Delta (Figure 5a).

Figure 4. (a) Mean population derived from ISIMIP2b for 1981–2005 and from (b) SSP1 and (c) SSP3 for 2070–2100.

Figure 5. (a, d) Exposure to coincident climate extremes calculated from the ERA5 and the ISIMIP2b population data set for the reference period 1981–2010.
Projected changes in exposure to coincident climate extremes as ensemble mean using (b, e) RCP2.6/SSP1 and (c, f) RCP8.5/SSP3 for the scenario period
2070–2099/1981–2010. The dotted areas denote not sufficient (n < 100) wet days in 30 years to determine the 95th percentile precipitation, and the hatched areas
indicate high model agreement (n ≥ 4) of the sign of the climate change signal.

10.1029/2019EF001473Earth's Future

WEBER ET AL. 9 of 19



At the end of the century, the exposure increases in the aforementioned regions and expands in the same
areas for RCP2.6/SSP1 with high model agreement (Figure 5b). For the RCP2.6/SSP1 scenario, the strongest
growth in mean exposure is projected for WAF (605.8 million person‐events), CEAF (318.5 million person‐
events), and NEAF (242.7 million person‐events) for RCP2.6/SSP1 (Figure 6a; Table S1). In this scenario, the
interaction effect (as a product of population growth and increase in frequency of compound events) contri-
butes with up to 57.1% in six out of eight subregions at most (except for NAF and SEAF) to the exposure
change (Table S2). In the RCP8.5/SSP3 scenario, the exposure increases strongly for almost all regions
between 15°S and 15°N as well as Southeast Africa and Madagascar showing high model agreement
(Figure 5c). The strongest growth in mean exposure is simulated for WAF (2.2 billion person‐events),
CEAF (1.7 billion person‐events), and NEAF (1.0 billion person‐events) (Figure 6b; Table S3), whereas the
interaction effect makes up the most contributions from 51.8% to 81.1% to the exposure change in
RCP8.5/SSP3 (Table S4).
3.3.3. Exposure to Coincident Heat Waves and Extreme Precipitation
In the reference period, the exposure by annual coincident heat waves and extreme precipitation stretches
over West and Central equatorial Africa, small areas from East to Southeast Africa and East Madagascar
with values between 0 and 1,000 person‐events per grid box (Figure 5d).

For RCP2.6/SSP1 scenario the model ensemble projects mainly a growth in exposure for sub‐Saharan Africa
including Madagascar, especially in the aforementioned regions with high model agreement (Figure 5e).
The three regions with the highest change in mean exposure are SEAF (3.8 million person‐events), CAF
(1.9 million person‐events), and CEAF (1.5 million person‐events) (Figure 6c; Table S5). In six out of eight
subregions, the interaction effect contributes to the exposure change with a maximum of 69.3%
(Table S6). The broad bandwidths of relative contribution effects are caused by the high variability in the
model results. In the RCP8.5/SSP3 scenario, the exposure increases and covers the coastal regions of West

Figure 6. Regional sums of change in exposure to coincident climate extremes for different African subregions (bars, primary y axis) and relative contribution of
the population, climate, and interaction effects (marker, secondary y axis). (a, c) RCP2.6/SSP1 and (b, d) RCP8.5/SSP3 for scenario period 2070–2099/1981–2010.
The whiskers show the ensemble minimum and maximum. The African subregions are denoted as Sahara (SAH), West Africa (WAF), Central Africa (CAF),
Northeast Africa (NEAF), Central‐East Africa (CEAF), Southwest Africa (SWAF), Southeast Africa (SEAF), and North Africa (NAF).
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Africa, Ethiopia, from the Equator to South Africa, and Madagascar with high model agreement (Figure 5f).
In detail, the highest increase in mean exposure is simulated for SEAF (47.7 million person‐events), CEAF
(46.8 million person‐events), and WAF (32.0 million person‐events) (Figure 6d; Table S7). However, the
growth in exposure coincides with a high uncertainty depicted by broad bandwidths that may be caused
by the high spatial variability of the extreme precipitation component. Major relative contributor to the
exposure change is the interaction effect with a range between 78.4% and 93.3% in the different subregions
(Table S8).
3.3.4. Exposure to Sequential Droughts and Extreme Precipitation
For present climate conditions, almost the entire African continent, except the Sahara, exhibits an exposure
to annual sequential droughts and extreme precipitation with values between 0 and 1,000 person‐events per
grid box and higher exposure between 5,000 and 100,000 person‐events along the coastal regions from
Morocco to North Tunisia, in the Nile Delta, West Africa, Ethiopia, around Lake Victoria, and
Southeastern Africa (Figure 7a).

Figure 7. (a, d, and g) Exposure to sequential climate extremes calculated from the ERA5 and the ISIMIP2b population data set for the reference period
1981–2010. Projected changes in exposure to sequential climate extremes as ensemble mean using (b, e, and h) RCP2.6/SSP1 and (c, f, and i) RCP8.5/SSP3 for the
scenario period 2070–2099/1981–2010. The dotted areas denote not sufficient (n < 100) wet days in 30 years to determine the 95th percentile precipitation, and the
hatched areas indicate high model agreement (n ≥ 4) of the sign of the climate change signal.
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In the RCP2.6/SSP1 scenario, the exposure increases particularly in the aforementioned regions and expands
in some areas in sub‐Saharan Africa, but decreases in South Africa except for the eastern coastal regions
(Figure 7b). The projected changes show high model agreement for the entire continent. The regions with
the highest growth in mean exposure are CEAF (71.0 million person‐events), NEAF (43.1 million person‐
events), and WAF (40.6 million person‐events), whereas the population effect accounts for 78.1% to
102.8% of the exposure change in the different subregions (Figure 8a; Tables S9 and S10). Values of more
than 100% are a result of high absolute values of the population effect and lower absolute values of exposure
change caused by negative absolute values of the climate and interaction effect. In the RCP8.5/SSP3 sce-
nario, the trend of increasing exposure by annual sequential events strengthens for the whole of Africa
and results in more positive exposure change in eastern parts of South Africa with high model agreement
(Figure 7c). In detail, the regions with the strongest growth in mean exposure are CEAF (223.6 million
person‐events), WAF (134.3 million person‐events), and NEAF (113.3 million person‐events) (Table S11).
Similar to the RCP2.6/SSP1 scenario, the population effect contributes most to the absolute change in

Figure 8. Regional sums of change in exposure to sequential climate extremes for different African subregions (bars, primary y axis) and relative contribution of
the population, climate, and interaction effects (marker, secondary y axis). (a, c, and e) RCP2.6/SSP1 and (b, d, and f) RCP8.5/SSP3 for scenario period 2070–2099/
1981–2010. The whiskers show the ensemble minimum and maximum. The African subregions are denoted as Sahara (SAH), West Africa (WAF), Central
Africa (CAF), Northeast Africa (NEAF), Central‐East Africa (CEAF), Southwest Africa (SWAF), Southeast Africa (SEAF), and North Africa (NAF).
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exposure with a range between 52.5% and 155.8% in the different subregions (Figure 8b; Table S12). Due to
the fact that sequential droughts and heat waves are projected to be less frequent in NAF and SAH (see
Figure 3c), the climate contribution to the exposure change is negative and caused a negative interaction
effect in these subregions.
3.3.5. Exposure to Sequential Heat Waves and Droughts
Exposure to sequential heat waves and droughts is given in the uppermost North Africa and sub‐Saharan
Africa between 0 and 1,000 person‐events in the reference period. Higher exposure between 1,000 and
10,000 person‐events is located in isolated areas of Morocco and North Algeria, Nigeria, around Lake
Victoria, and Southern Africa (Figure 7d).

Under the RCP2.6/SSP1 scenario, the exposure increases over the entire African continent, except for South
Africa, showing a decrease for most areas, which coincides with high model agreement (Figure 7e). A clear
increase in exposure is projected for North Algeria, West Africa and Ethiopia, around Lake Victoria, and
Malawi. The highest values of mean exposure are simulated for WAF (36.4 million person‐events), SEAF
(24.6 million person‐events), and CEAF (24.5 million person‐events) (Table S13). The interaction effect con-
tributes up to 67.3% at most to the exposure change, except for NAF, where the population effect is higher
(Figure 8c; Table S14). Under the RCP8.5/SSP3 scenario, a strong increase in exposure is simulated for
African regions between 15°S and 15°N including Madagascar with high model agreement (Figure 7f).
The subregions showing the highest increase in mean exposure are WAF (215.6 million person‐events),
CEAF (187.4 million person‐events), and SEAF (138.7 million person‐events), but the values have an inher-
ent uncertainty depicted through broad bandwidths (Table S15). The interaction effect contributes up to
86.3% at most to the growth in exposure change, except for NAF, where the contribution of the population
effect is higher (Figure 8d; Table S16).
3.3.6. Exposure to Sequential Heat Wave and Extreme Precipitation
In the present climate, the population in sub‐Saharan Africa and Madagascar is mainly subjected to expo-
sure by sequential heat waves and extreme precipitation up to 1,000 person‐events per grid box
(Figure 7g). A higher exposure is observed between 5,000 and 50,000 person‐events in Ethiopia, around
Lake Victoria, and Malawi.

The RCP2.6/SSP1 scenario shows an increase in exposure in West Africa, Ethiopia, Central Africa, around
Lake Victoria, East to Southeast Africa, and East Madagascar (Figure 7h). A decrease in exposure is simu-
lated for western South Africa. All changes in exposure exhibit high model agreement. The highest increase
in mean exposure is simulated for CEAF (44.8 million person‐events), SEAF (29.6 million person‐events),
and WAF (19.8 million person‐events) (Table S17). The interaction effect contributes with 46.0% to 77.7%
in seven out of eight subregions at most to the exposure change, except for CEAF where the population
and interaction effects are equal (Figure 8e; Table S18). In the RCP8.5/SSP3 scenario, the increase in expo-
sure expands in area from Morocco to North Tunisia and the Nile Delta, sub‐Saharan Africa, and
Madagascar, except for Namibia, Botswana, and western South Africa, which show mainly a small increase
in exposure (Figure 7i). A strong growth in exposure is projected for Nigeria, Ethiopia, around Lake Victoria,
and Malawi. The increase in exposure coincides with high model agreement. The subregions showing the
highest increase in exposure are CEAF (290.6 million person‐events), WAF (162.5 million person‐events),
and SEAF (156.4 million person‐events) (Table S19). The largest contributor to the growth in the exposure
change is the interaction effect with a range from 73.4% to 91.1% (Figure 8f; Table S20).

4. Discussion

This work has analyzed changes in a range of different compound events over Africa, both in terms of their
overall incidence, but also combined with projected changes in population to provide estimates of the num-
ber of people exposed to such events at the end of the century (2070–2099). The results clearly show that for
all of the compound events analyzed, some considerable changes will be seen over large parts of Africa by the
end of the century, with the changes in the incidence of such events being greater under the higher emis-
sions RCP8.5 scenario compared to RCP2.6. Understanding the causal factors that would explain these pro-
jected changes in compound events goes beyond the scope of this paper. Nevertheless, it is possible to suggest
possible mechanisms that could explain these patterns. For example, changes in large‐scale circulation
(including the movement of the Inter Tropical Convergence Zone [ITCZ]), sea surface temperature,
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insulation, soil moisture, and related processes could all play a part in helping to explain the changes in heat
waves, droughts, and extreme precipitation that compose the compound events that we have analyzed here.
This is clearly an issue requiring further research and analysis.

The most significant compound event over Africa in terms of the number of people exposed is coincident
heat waves and drought (Tables S21–S23). This is true for both the RCP2.6/SSP1 and RCP8.5/SSP3 scenarios,
with themultimodel mean projection showing there to be ~1.9 billion and ~7.3 billion person‐events, respec-
tively, across the African continent. These numbers represent a 14‐ and 52‐fold increase in the number of
person‐events compared to the reference period. The least significant compound event in terms of the num-
ber of people exposed is coincident heat waves and extreme precipitation, with the multimodel mean projec-
tion showing there to be ~9.4 million and ~190 million person‐events under RCP2.6/SSP1 and RCP8.5/SSP3
scenarios, respectively, which represents a 17‐ and 342‐fold increase compared to the reference period
(Tables S22 and S23). Clearly, while coincident heat waves and extreme precipitation are the least important
in absolute terms, they are the most important in terms of relative change, certainly under RCP8.5/SSP3
(Table S23). As such, this compound event may represent an emerging threat in Africa, which, given that
the awareness of this compound event will most likely be low, could present a particular challenge in plan-
ning to adapt for it. For the other compound events, there are generally relatively small differences between
them in terms of the number of person‐events (Tables S21–S23).

Within Africa, different regions are more exposed than others to the different compound events. Overall,
however, irrespective of whether or not the compound events are considered individually or in aggregate,
there are four regions that consistently appear to be particularly exposed. These are West Africa,
Central‐East Africa, Northeast Africa, and Southeast Africa (Tables S21–S23). This pattern is consistent
across both RCP2.6/SSP1 and RCP8.5/SSP3 scenarios. That West Africa and central and eastern parts of
Africa are shown to have the largest exposed populations (in both absolute and relative terms) to these com-
pound events provides further evidence that these areas are particularly at risk from climate change. This
finding supports the research of Ahmadalipour et al. (2019), Rohat et al. (2019), and Russo et al. (2019),
who, while analyzing different climate risks, all showed that these same regions would be particularly
exposed in the future. It is also worth noting that in terms of the overall ranking of regions based on an aggre-
gation of person‐events across the five compound events, that North Africa falls down the ranking the most,
going from rank two in the reference period, to rank six (based on absolute numbers), and rank eight (based
on relative change in the number of person‐events) by the end of the century, and this is true across both
scenarios (cf. Tables S21–S23). West Africa is the most exposed region overall, in absolute terms by the
end of the century, but in terms of the relative increase, Central‐East Africa is the most exposed region.
This is a finding that Rohat et al. (2019) also made in their analysis of changes in exposure to dangerous heat
in African cities. This pattern of most (and least) exposed regions is largely explained by differences in popu-
lation growth over the 21st century, with western and eastern African countries generally projected to grow
more rapidly than North African countries. This point is clearly of importance when considering an appro-
priate policy response to address these climate risks, particularly for regional development banks and agen-
cies (Muccione et al., 2016).

Understanding the relative importance of the different drivers of the change in the projected exposure to the
different compound events (climate, population, and interaction effects) provides an important means of
informing a policy response to try and reduce the exposure of the African population.

For both coincident compound events, under the RCP2.6/SSP1 scenario the interaction and population
effects explain most of the change in exposure, with the interaction effect generally being dominant across
all regions (Figure 6). Under the RCP8.5/SSP3 scenario, the interaction effect is completely dominant in
explaining the change in exposure to both compound events. In both scenarios and for all coincident com-
pound events, the climate effect alone is shown to play a minor role in explaining the change in exposure.

For the sequential droughts and extreme precipitation, the population effect is the dominant factor in
explaining change in exposure, and this is true across both scenarios, with the importance of the interaction
effect increasing somewhat under the RCP8.5/SSP3 scenario (Figures 8a and 8b). The climate effect is shown
to be of minor importance. For the sequential heat waves and droughts, the interaction effect is the domi-
nant factor in explaining change in exposure in all regions apart from North Africa, and across both scenar-
ios (Figures 8c and 8d). The climate effect alone is again shown to be of minor importance. For sequential
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heat waves and extreme precipitation, the population and interaction effects are the most important in
explaining change in exposure, with the interaction effect being dominant, and this dominance is particu-
larly marked under RCP8.5/SSP3 (Figures 8e and 8f). The climate effect is again shown to be of minor impor-
tance in explaining the change in exposure.

Taken together, these results show that generally, across all compound events and scenarios, the change in
exposure at the end of the 21st century is explained mostly by the interaction effect, and population effect,
with the climate effect playing a very minor role overall. Placing these results in the context of the broader
literature on changes in exposure to climate risks is not straightforward, since to date there are no compar-
able studies for Africa in relation to compound events. This limitation notwithstanding, it is still possible to
make some broad comparisons. The dominance of the interaction effect found here is broadly in keeping
with the findings of Liu et al. (2017) in their analysis of changes in exposure to extreme heat, but in our ana-
lysis, the importance of the population effect is much greater than the climate effect, which is different from
what Liu et al. report for Africa. Our results are also similar to those of Rohat et al. (2019), who report that by
the end of the 21st century, the most important drivers of change in the regions of Africa that they analyzed
were the interaction effect and population effect and that the climate effect alone was generally not that
important in explaining changes in exposure. That the climate effect plays such an unimportant role in
the results presented here differs from the findings of Coffel et al. (2018), who in their global analysis of expo-
sure to heat stress found that the climate effect was the most important driver in exposure; however, they
also reported that in hot regions (Africa being one), the interaction effect was a considerable factor. That
the climate effect is of minor importance in driving changes in exposure in our analysis is due to the fact that
we are analyzing changes in two climate events, which, in purely probabilistic terms, reduces the size of the
projected changes that we are likely to see. In contrast to similar analyses focusing on changes in exposure to
one climate hazard, the changes that we report in the incidence of compound events are thus relatively mod-
est. However, while changes in the frequency of compound climate events may not individually be the main
driver of changes in exposed population, the influence of climate change is expressed strongly through the
interaction effect with rapid population growth in Africa by the end of the 21st century.

Given the importance of the interaction and population effects, clearly, any policy response designed to
reduce the exposure of African populations to these compound events needs to focus on both regional socio-
economic development (and thus population growth) and climate mitigation efforts. The importance of the
focus of the policy response on these two factors is underscored by analysis of the difference in exposure
under the two different scenarios we investigated. Aggregating across compound events, under RCP2.6/
SSP1 (stringent mitigation and slow population growth), the increase in exposure compared to the
present‐day for Africa as a whole is ~2.3 billion person‐events, which compares to an increase of ~9.7 billion
person‐events under a worst‐case climate scenario RCP8.5, together with fast population growth (SSP3)
(Tables S22 and S23). These figures represent a 12‐ and 47‐fold increase in exposure compared to the
present‐day. Clearly, being able to achieve rapid and major reductions in global carbon emissions, together
with faster socioeconomic and regional development in Africa, would lead to a huge reduction in exposure of
~7.4 billion person‐events. This much‐reduced exposure under RCP2.6/SSP1 compared to RCP8.5/SSP3 is,
as to be expected, true across all individual compound events (Tables S22 and S23). While it is clearly the case
that the RCP2.6/SSP1 scenario is much more desirable than the RCP8.5/SSP3 scenario, realizing this highly
ambitious scenario is nevertheless still projected to result in a 6‐ to 17‐fold increase in the absolute exposure
when aggregating all compound events, compared to the present‐day, across all regions. As such, this would
still represent a major adaptation challenge, requiring an effective policy response (Hoegh‐Guldberg
et al., 2019).

While our analysis identifies West Africa and eastern and central regions of Africa as being particularly
exposed to changes in the compound events we have investigated, it necessarily provides an incomplete pic-
ture of the full policy response, and priorities that may be set, as our analysis provides no information in rela-
tion to the vulnerability and adaptive capacity of these different areas (Williges et al., 2017). Our analysis
provides changes at a relatively high spatial resolution of 28 km. Ideally, we would be able to combine this
information on changes in compound event hazard and population exposed with similar gridded informa-
tion in relation to a range of socioeconomic and sociopolitical factors, which are typically used as indicators
of vulnerability and adaptive capacity (Thomas et al., 2018). Sadly, this is not possible today, since such data
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sets do not exist for Africa, and indeed many other parts of the world (Stern et al., 2013). The analyses that do
consider changes in vulnerability and adaptive capacity in Africa, have all been at the national level where
the necessary data sets are more readily available (Ahmadalipour et al., 2019; Asefi‐Najafabady et al., 2018).
We did not consider this a useful addition to this analysis at this point but clearly appropriate consideration
needs to be given to these issues when developing a policy response.

Our analysis has shown that there are major projected increases in the exposure of the African population to
a range of different compound events. It is however important to address some limitations in relation to the
sensitivity of the results to changes in the way in which the climate hazards are defined. Clearly, if the results
of our analysis were overly sensitive to the way in which the hazards were defined, then our interpretation of
the results and conclusions may be affected. To investigate this issue, we carried out a sensitivity analysis in
relation to the number of dry days required in order to trigger a drought event, when analyzing the sequen-
tial droughts and extreme precipitation. Figure S2 shows the results of varying the number of dry days from
three to five, and to seven. Clearly, there is a negative relationship between the number of dry days and the
incidence of this compound event. While the quantity of such events clearly changes, the overall qualitative
spatial pattern of the changes does not change, with the same areas being affected. As such, any policy
response informed by these results would still focus on the same areas regardless of how the drought length
was specified. We take this as an indication of a robust finding for sequential droughts and extreme precipi-
tation in the analysis that we present.

An additional limitation is that, while we have made use of the best currently available regionally down-
scaled climate projection data set from CORDEX‐CORE, the ensemble size is small. The applied model
ensemble comprises only five ESM/RCM members in which only three Earth System Models (ESM) and
two Regional Climate Models (RCMs) are used, within which the regional climate model REMO is overre-
presented, composing as it does three of the five RCM combinations. As such, our analysis, while based on
the best currently available high‐resolution climate and population data for Africa, provides a necessarily
limited quantification of uncertainty in the projected changes in compound events. Moreover, both RCMs
utilize parameterized convection schemes, that is, no resolved convection, and as such, it is to be expected
that different results might be obtained with convection permitting models (Kendon et al., 2019).

5. Conclusions

Knowledge of the incidence of, and exposure of the African population to, compound climate events is cur-
rently very poor. This paper has analyzed projected changes in the incidence of five different compound
events, and the exposure of the African population to them at the end of the 21st century, for two different
scenarios, one based on an assumption of stringent reductions in global carbon emissions, and rapid socio-
economic development (RCP2.6/SSP1), and the other based on continued growth in global carbon emissions
together with slow socioeconomic development (RCP8.5/SSP3). We show that the incidence of all com-
pound events will increase by the end of the century under both scenarios, which, when combined with pro-
jections of population change and aggregated across all compound events, results in a projected 12‐ to 47‐fold
increase in exposure compared to the present‐day, under RCP2.6/SSP1 and RCP8.5/SSP3, respectively. The
difference between these two different possible future worlds translates into a reduction of ~7.4 billion
person‐events in the RCP2.6/SSP1 scenario. This is further evidence of, and motivation for, the need to
urgently and massively reduce global carbon emissions and reach net‐zero emissions as soon as possible.

The regional pattern of exposure to these compound events withWest Africa, Central‐East Africa, Northeast
Africa, and Southeast Africa, being the four regions with the largest exposure at the end of the 21st century,
is of significance for regional development and potentially also in relation to climate finance decision mak-
ing. However, because our analysis only focuses on changes in exposure at the end of the 21st century, we
have presented no evidence of how quickly the ranking of the different subregions may change over time.
In our analysis we show that at the end of the century, Central‐East Africa rises to being the second most
exposed region, compared to the fifth most exposed region in the present‐day. Similarly, North Africa falls
from being the second most exposed region in the present‐day to the sixth most important at the end of
the century. Clearly, development and investment decisions are made for a range of time horizons, and as
such, being able to understand the temporal evolution of exposure in the different regions would represent
a valuable piece of information. This is an avenue of future work that is worthy of exploration. This
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exploration of the temporal evolution of exposure should of course be coupled with analysis of the drivers of
change. We have shown that overall the interaction effect (simultaneous changes in population and climate
change) and the population effect are the main drivers of changes in exposure at the end of the century, but
how the importance of these drivers change through time may provide important insights for the develop-
ment of effective adaptation responses.

Taken together, these insights highlight the need for careful analysis of these results in order to inform and
develop effective policy responses, which will require not only strong mitigation action at the global level,
but also rapid socioeconomic development at the regional level, in order to reduce the exposure of the
African population. Even if suchmitigation and development policies were successful in realizing something
like an RCP2.6/SSP1 scenario, this would still represent a considerable adaptation challenge, and effective
adaptation policies would need to be developed to deal with the still major projected increases in exposure
in such a world, by the end of the 21st century.

Being able to connect the incidence of these compound events with direct societal impacts is an area in need
of major new research in general, and for the African continent in particular. While some progress has been
made for some of the more intensively studied compound events, for example, extreme temperature and pre-
cipitation (AghaKouchak et al., 2014; Turner et al., 2019), there is a real dearth of evidence for the less com-
mon events. This paper, in providing the first analysis of projected changes in compound events and exposed
population in Africa, provides a solid foundation upon which the consideration of compound events in cli-
mate risk assessments at the continental and regional level can begin, such that a more complete picture of
the climate risks that Africa may face can start to be established, and more effective adaptation policies
developed.
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