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Abstract Investigation of the pressing impacts of climate change on drought is vital for sustainable
societal and ecosystem functioning. The magnitude of how much the drought will change and the way
how droughts would affect society and the environment are inadequately addressed over East Africa.
This study aimed at assessing future drought changes using an ensemble of five Global Climate Models
(GCMs) in the Coupled Model Intercomparison Project (CMIP5) over East Africa. To this end, drought
characteristics were investigated under the Representative Concentration Pathways (RCPs) 2.6, 4.5, and 8.5
in the near term (the 2020s; 2011–2040), midcentury (2050s; 2041–2070), and end of century (2080s;
2071–2,100). The changes of the Standardized Precipitation Index (SPI) and Standardized
Precipitation‐Evapotranspiration Index (SPEI) were first compared, and the SPEI was used for measuring
future droughts as it showed stronger changes due to its inclusion of temperature effects. Drought area in
East Africa is likely to increase at the end of the 21st century by 16%, 36%, and 54% under RCP 2.6, 4.5,
and 8.5, respectively, with the areas affected by extreme drought increasing more rapidly than severe and
moderate droughts. Spatially, drought event, duration, frequency and intensity would increase in Sudan,
Tanzania, Somalia, and South Sudan, but generally decrease in Kenya, Uganda, and Ethiopian highlands.
Results also confirm that drought changes over East Africa follow the “dry gets drier and wet gets wetter”
paradigm. The findings provide important guidance for improving identification of causes, minimizing the
impacts and enhancing the resilience to droughts in East Africa.

1. Introduction

Climate change and the accelerated population growth have become the key limiting factors for sustainable
human resources development and natural systems conservation. In the Anthropocene, drought may not be
seen as purely “natural hazards” because human has altered drought characteristics (Haile, Tang, Li,
et al., 2020; Tang, 2020; Van Loon et al., 2016). As global warming increases, the magnitude of climate
change impacts on the environment and society increases (Touma et al., 2015). Notably, greenhouse gases
are driving the regional warming and drying conditions leading to increased megadroughts around the
world (Ault et al., 2016; Leng et al., 2015). The rapidly increasing population is challenging the food security
of 7.6 billion current world's population that is projected to be 9.8 and 11.2 billion in 2050 and 2100, respec-
tively (United Nations, 2017). An increase in food demands due to the rapid population growth may lead to
severe food insecurity and may challenge the 2030 United Nations (UN) zero‐hunger agenda planned to be
achieved through securing sustainable development (FAO, 2017; Fujimori et al., 2019). Furthermore, the
rapid population growth has increased water consumption, thereby substantially intensified the frequency
of global droughts by 27% (Wada et al., 2013).

Climate change is one of the most pressing challenges the human being and the natural ecosystems are
facing (IPCC, 2007, 2013). Under climate change, food and water insecurity are likely to increase unless early
adaptations strategies and development programs are applied more efficiently (AghaKouchak, 2015b;
Brown & Funk, 2008; Lobell et al., 2008). Since 2008, an average of 22.5 million people displaced annually,
due to climate‐ or weather‐related disasters such as droughts and floods (Bower et al., 2015). According to
the Intergovernmental Panel on Climate Change (IPCC), more intense and longer droughts have been
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observed over wider areas during the twentieth century dominantly linked to higher temperatures and
decreased precipitation (IPCC, 2007). Marvel et al. (2019) suggested that anthropogenic influences have been
aggravating drought since the beginning of the twentieth century. However, the previously reported increase
in global drought during the twentieth century is overestimated, mainly due to the use of the Palmer
Drought Severity Index and the data sets used to determine the evapotranspiration component (Trenberth
et al., 2014). These disagreements have made the twentieth century drought trends ambiguous and lack con-
sensus on climate change patterns on drought (Schwalm et al., 2017). Nevertheless, given the projected cli-
mate warming in the 21st century and the forcing factor of climate change, drought is likely to set in more
quickly, be more intense and last longer (Cook et al., 2015; Dai, 2011, 2013; Sheffield & Wood, 2008;
Trenberth et al., 2014). These suggest that more frequent and severe droughts are expected in the 21st cen-
tury across many regions (Cook et al., 2015; Schwalm et al., 2017; Touma et al., 2015). Moreover, climate
models project increased drought areas across many regions in the 21st century, suggesting droughts are
intensifying in magnitude and severity globally (Cook et al., 2014a; Sheffield & Wood, 2008). To this end,
the growing concern on the impacts of climate change on droughts has made it the “most far‐reaching of
all‐natural disasters' on Earth” (United Nations, 2014).

Dry lands in arid and semiarid regions, for example, East Africa face potential threats due to the effects of
climate change and the resultant aridification is gradually exacerbating land degradation and desertification
(Huang et al., 2017; Park et al., 2018). Even under limited or lessened global warming, climate change can
substantially affect the socioeconomic basis of Africa as the well‐being of livelihoods is strongly linked to
the climatic conditions (Weber et al., 2018). These effects are more pronounced in the drought‐vulnerable
East African countries, where aridification and recurrent drought is persisting (AghaKouchak, 2015a;
Verschuren et al., 2000). There is also a longe existing feature of reduced interannual rainfall variability that
may further intensify drought conditions (Wolff et al., 2011). These suggest that there is an increasing risk of
drought‐related stresses for natural and human systems, which indicates the pressing need to quantitatively
explore the projected changes in drought conditions due to climate change over East Africa.

Therefore, evaluating the magnitude of the projected droughts and their impacts is very important over East
Africa. Although some researches have been carried out to address this issue (e.g., Nguvava et al., 2019;
Osima et al., 2018; Spinoni et al., 2020), the magnitude of how much the drought is projected and the way
how those impacts would affect the society and the environment remain largely unexplored. Therefore, this
study was designed to fill this gap by focusing on understanding of future drought severity levels (moderate,
severe, and extreme), and characteristics (drought area, event, duration, frequency, and intensity) at differ-
ent spatiotemporal scales. Moreover, there is a paradigm indicating the climate change impacts on wet/dry
regions stating “the dry regions tend to get drier, and wet regions tend to get wetter” (Feng & Zhang, 2015;
Moraes Frasson et al., 2019; Yang et al., 2019). This directly links to the phenomena of droughts, which is the
centerpiece of this study over East Africa. Therefore, the projected impact of climate change on future East
African drought conditions would have great importance for the society and policymakers for effective
drought mitigation, adaptation and reduce future drought risks.

This paper has outlined as follows: Following section 1, section 2 provides details of the study area, data
sources, GCMs, RCPs, study timeframe, and drought analysis methods. Section 3 presents drought time ser-
ies results and the major drought characteristics changes, followed by detailed discussions in section 4.
Finally, section 5 contains the summary and concluding remarks.

2. Materials and Methods
2.1. Study Area

East Africa also called the Greater Horn of Africa (Anyah & Semazzi, 2006; Nicholson, 2017) comprises 11
countries in Africa, including Kenya, Uganda, Tanzania, Ethiopia, Eritrea, Djibouti, Somalia, South
Sudan, Sudan, Rwanda, and Burundi. It is located between the latitudes of 11°S and 23°N, and longitudes
of 21°E and 51°E covering an area of 6.22 million km2 (Figure 1). East Africa is home to the Great East
African Rift Valley, the Nile River basin, and mountains such as Kilimanjaro, Mount Kenya, and Ras
Dashan. The hottest and lowest depressions including Lake Assal and Danakil Depression are situated in
East Africa (Camberlin, 2018). Moreover, freshwater lakes such as Lake Victoria and Lake Tana are also
located in the region (Vanderkelen et al., 2018). East Africa is a tropical region, of which 81% of the region
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comprises warm and 19% cool‐climate condition and agroecological, the
environments in East Africa are categorized as 37% arid, 28% semiarid,
30% subhumid, and 5% humid (Kate, 2009).

The estimated East African population was about 330 million in the year
2015, and it is projected to be more than doubled in 2050
(UNDESA, 2015). The population is mainly dependent on agriculture
and nomadism sectors. The mean annual rainfall ranges from less than
100 in some arid and semiarid areas of Sudan, Djibouti, Eritrea,
Somalia, and Ethiopia to more than 2,000 mm in the highlands of
Ethiopia, Tanzania, and Kenya (Fenta et al., 2017; Gebrechorkos,
Hülsmann, & Bernhofer, 2019b). The climate of East Africa consists of
three rainy seasons including, long rains (March–May), summer rains
(July–September), and short rains (October–November). Generally, the
climate and topography range from wet highlands to arid lowlands and
coastal areas (Dinku et al., 2011). East Africa is one of the most vulnerable
regions to climate change and nonclimate factors threatening the food
security of the population (Gebrechorkos, Hülsmann, & Bernhofer,
2019a, 2019b). There is a strong linkage between the livelihood and cli-
mate in most countries of East Africa. Food security in most countries is
mainly dependent on rainfed agriculture, which provides a living for
80% of East Africans and contributes more than 40% of the regional
Gross Domestic Product (Seitz & Nyangena, 2009). However, rainfed agri-
culture in East African countries is highly vulnerable to climate change
where a frequent crop yield failure has been affected the livelihoods of

the region's population in the past few decades (Adhikari et al., 2015). Further details about East Africa
can be found in different literature (Haile et al., 2019; Nicholson, 2017, and references therein).

2.2. Data Sets, Models, RCPs, and Study Periods

Investigation of the projected impacts of climate change on drought over East Africa subject to various
Coupled Model Intercomparison Project Phase 5 (CMIP5) participating Global Climate Models (GCM)
and Representative Concentration Pathways (RCPs) possess noteworthy. The Inter‐Sectoral Impact Model
Inter‐comparison Project (ISIMIP) project was mainly initiated for global and regional climate change
impacts and adaptation studies (Warszawski et al., 2014) for the 21st century. Thus, data were extracted from
five GCMs provided by ISIMIP Fast Track simulation round (https://www.isimip.org/), namely, HadGEM2‐
ES, IPSL‐CM5A‐LR, MIROC‐ESM‐CHEM, GFDL‐ESM 2M, and NorESM1‐M (Table 1; Warszawski
et al., 2014). These data sets were downscaled to a spatial resolution of 0.5° and were bias corrected using
a trend‐preserving approach (Hempel et al., 2013). The GCMs' ensemble mean was used to detect future
drought events in the 21st century.

There are several reasons for choosing CMIP5 from the ISIMIP data set. First, the biased corrected data pro-
vided by ISIMIP is more reliable than other data sets provided by other projects like CORDEX for projecting
temperature (Ito et al., 2020). As a result, in drought studies at which temperature plays an important role,

Figure 1. Map of East African countries.

Table 1
List of GCMs of ISIMIP Used for This Study

GCM Institute References

HadGEM2‐ES Met Office Hadley Centre Collins et al. (2011)
IPSL‐CM5A‐LR Institute Pierre‐Simon Laplace, Paris, France Dufresne et al. (2013)
MIROC5 Japan Agency for Marine‐Earth Science and Technology

(JAMSTEC), Atmosphere and Ocean Research Institute,
The University of Tokyo, and National Institute
for Environmental Studies, Japan

Watanabe et al. (2011)

MPI‐ESM‐LR Max Planck Institute for Meteorology Giorgetta et al. (2013)
NorESM1‐M Norwegian Climate Centre Bentsen et al. (2013)
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the ISIMIP data would be the best option. Second, the data provided
by ISIMIP was biased corrected using observations at the historical
period (Hempel et al., 2013). Thus, the data match well with observed
precipitation and temperature data sets in the historical period.
Third, these GCMs were selected for their long history of develop-
ment and evaluation, and a preference for higher resolution and
above all these GCMs established worldwide performance for under-
taking future climate change impacts on drought (Giuntoli et al., 2015;
Prudhomme et al., 2014; Wanders et al., 2015).

RCPs of 2.6, 4.5, and 8.5 were considered to analyze the projected changes in drought due to climate change.
These climate scenarios (projections) were designed to represent the various possible states of the future cli-
mate system (Van Vuuren et al., 2012). The RCPs were selected considering the mitigation scenario leading
to medium stabilization scenarios (RCPs 2.6 and 4.5) and a higher stabilization scenario (RCP 8.5) (Moss
et al., 2010). The study period covers 1981–2099 partitioned in a reference period and future projections
for ease of climate analysis. The experimental setups were historical/reference period (1981–2010), near
term (the 2020s; 2011–2040), midcentury (the 2050s, 2041–2070) and end of century (the 2080s,
2071–2099). Since the historical GCM data were simulated until 2005, the data for the time period of
2006–2010 were taken from associated RCPs of each GCM. For this study, the different GCMs were used
subject to different future periods in relation to the reference period.

To evaluate the reliability of GCMs simulation over East Africa, we assessed their simulated precipitation
and temperature in the historical period (1981–2010) and 8 years of projections (2011–2018) against observed
data from the Climatic Research Unit (CRU TS 4.03; Harris et al., 2014, 2020). To this end, we considered
validation metrics such relative bias (RBias), correlation coefficient (CC), and root‐mean‐square error
(RMSE) for the simulated and observed precipitation and temperature data sets (supporting information
Table S1). Moreover, the error was decomposed into random and systematic part following AghaKouchak
et al. (2012) method.

2.3. Drought Analysis Procedures

The widely used drought indices of the Standardized Precipitation Index (SPI; McKee, Doesken, & Kleist,
1993) and Standardized Precipitation‐Evapotranspiration Index (SPEI; Vicente‐Serrano et al., 2010) were
used to quantify the future droughts. Both SPI and SPEI are used to assess the future drought conditions over
East Africa. The SPI was calculated using gamma distribution fitting to the historical data to estimate the
future SPI data sets, whereas the SPEI is estimated based on a log‐logistic distribution fitting on historical
data to estimate the future SPEI data sets (Hosseini‐Moghari et al., 2019). The SPI uses the precipitation data
sets under the standardized condition and is mainly recommended for meteorological droughts (Hayes
et al., 2011). The SPEI enhances the robustness of the drought projection if PET is incorporated in future
drought assessment. The SPEI is typically developed and used to investigate the effects of climate change
on drought in the context of global warming. The SPEI is quantified using precipitation (P) and evapotran-
spiration (PET) as input variables resulted in the water balance (P‐PET) outputs with the temperature effect
being considered in PET estimates (Vicente‐Serrano et al., 2010). The SPI/SPEI is quantified at 12‐month
(SPI/SPEI12) timescale forced with P and PET ensemble data set (averages of all ISIMIP‐GCMs considered).
The SPI/SPEI12 is selected as it is mostly useful to detect drought conditions in arid dominated regions such
as East Africa. The drought severity status is examined using SPI/SPEI drought index levels (Table 2). PET
quantification requires temperature, radiation, humidity, and other near‐surface meteorological data as
input. Accordingly, the PET was estimated using the Penman‐Monteith approach as it gives a better estimate
of the true trend in global drought due to its more comprehensive physics (Sheffield et al., 2012).

A threshold value of −1 is usually used to identify the availability of drought conditions for the SPI/SPEI
drought index.

Furthermore, droughts were evaluated using drought events, duration, frequency, intensity, and drought
area (Table 3). These parameters are usually used to analyses the characteristics of drought conditions under
various spatiotemporal conditions. These parameters were used to detect the potential effects of climate
change on drought characteristics in the context of global warming. Various parameters such as areal

Table 2
Classification Scales of Drought Severity Using SPI/SPEI Drought Indices

Drought severity levels SPI/SPEI value

No drought SPI/SPEI > −1
Moderate drought −1.0 ≥ SPI/SPEI > −1.5
Severe drought −1.5 ≥ SPI/SPEI > −2.0
Extreme drought −2.0 ≥ SPI/SPEI
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extent, events, duration, frequency, and intensity are robust drought measuring parameters (Cook
et al., 2014b; Gebrechorkos et al., 2019; Gebrechorkos, Hülsmann, & Bernhofer, 2019b).

In addition, a boxplot was used to show the spread of the projected drought characteristic changes of the
drought event, duration, frequency, and intensity. A box‐and‐whisker plot (i.e., boxplot) is a graphical repre-
sentation for comparing a large number of observations in a data set using the central value,
spread/distribution, and overall range/variability along with outliers (if there is in the data set)
(Gebremicael et al., 2019). This graph is typically useful to show the most extreme values (the maximum,
minimum values, and the outliers), the lower (25%) and upper (75%) quartiles, and the median ordered from
lowest to the highest value in the data set.

The long‐term projected drought (2011–2099) was analyzed relative to the baseline period (1981–2010) for
each RCP. The drought changes were computed as the percentage of change departure (expressed in percen-
tage changes/magnitude) from the baseline period. The projected droughts show drought events and
drought‐vulnerable areas throughout the 21st century, which is believed useful to develop sustainable adap-
tation strategies for the human‐natural systems. These help to drive a better understanding of how the
drought is being affected by climate change useful for policymakers to put practical solutions.

2.4. Uncertainty Analysis of the Projected Droughts

Future climate change projections and analysis are subject to different sources of uncertainties. To minimize
these possible uncertainties, an ensemble‐based experiment was applied and the SPEI was calculated from
each of the GCM (see Table 1). Considering the minimum value of the SPEI as lower and maximum as the
upper bound of the uncertainty range, the uncertainty in the GCM projections was drawn for the period
between 1981 and 2099 for each RCP scenarios (RCPs 2.6, 4.5, and 8.5). The mean of the five models was
used to show the average trends of the future drought useful to detect possible uncertainty ranges of the
GCMs.

The projected drought changes were also compared against the preexisting agroecological and climatic
characteristics of East Africa to assess the dry/wet patterns. The information on the agroecological and
climate conditions of East Africa was obtained from the Agro‐ecological Zones of Africa data set
(http://hdl.handle.net/1902.1/22616). According to Kate (2009), the agroecological classification is based
on the length of crop growth periods (LGP) conducive for crop growth under the conditions of mean
temperature ≥5°C and P exceed half the PET (P > 0.5PET). Accordingly, the classifications include arid
(LGP < 70 days), semiarid (70–180 days of LGP), subhumid (180–270 days of LGP), and humid
(LGP > 270 days). Moreover, the climatic condition is classified based on the altitudinal range with areas
higher than 1,200 m a.s.l. as cool and if lower is a warm climate. Thus, making decisions on projected
drought changes in comparison with the preexisting agroecological and climatic characteristics is important
in this regard. The widely known paradigm ‘dry gets drier and wet gets wetter’ (Cook et al., 2014b; H. Feng &
Zhang, 2015; Greve et al., 2014) has been used as a basis to verify whether our results support the argument
or otherwise.

Table 3
Drought Parameter Equations Used for Drought Analysis

Drought parameter Equation Symbol and units

Drought area
Da ¼∑n

i¼1da
na

× 100
Da = drought area (%)
da = number of pixels with SPEI values ≤ −1
n = total number of pixels

Drought duration
D ¼ ∑n

i¼1di
n

D = drought duration (months)
di = duration of ith drought event
n = total number of drought events

Drought frequency
F ¼ nm

Nm
× 100

F = drought frequency (%),
nm = number of drought months,
Nm = total number of months

Drought intensity
I ¼ 1

n
∑
n

i¼1
SPEIi

�
�
�
�

�
�
�
�

I = drought intensity (−),
n = number of drought occurrences in months with SPEI < −1,
SPEIi = SPEI value below the threshold (−1)
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3. Results
3.1. Long‐Term Drought Projections Using SPI and SPEI

Figure 2 shows the projected SPI and SPEI time series drought values for each RCP scenario during the
entire study period (1981–2099). The SPI projection from the ensemble means of the five GCMs shows a
decreasing trend of droughts due to increasing trend of precipitation. However, the ensemble mean projects
an increase in SPEI compared to SPI time series for each scenario. This suggests that the SPI shows a
decrease in drought projection whereas the SPEI projects an increase in droughts. As presented in
Figure 2, the difference in the trend of the SPI/SPEI time series increases with time and RCP scenarios
(RCP 2.6 to 8.5) attributed to increasing in temperature and precipitation. For that, we have evaluated the
reliability of the GCMs using different evaluation metrics for precipitation (supporting information
Table S2) and temperature (supporting information Table S3) with observed data. The validation metrics
has proved the reliability of the ISIMIP data set used in studying drought conditions over East Africa.
Moreover, using ensemble mean from the Coordinated Regional Downscaling EXperiment (CORDEX),
Osima et al. (2018) projected an increase in temperature by more than 1°C and 1.5°C over East Africa, under
1.5°C and 2°C warming levels, respectively. These suggest that the temperature is playing a leading role in
the future climate system of East Africa. Similarly, due to the greater influence of temperature changes,
the projected changes in drought characteristics using the SPEI index are stronger than the changes in
SPI (Touma et al., 2015). Thus, the projected increase in PET (mainly due to temperature increase) in the
context of global warming has enhanced the severity of future droughts in East Africa. Osima et al. (2018)
also indicated that East Africa will warm faster than the global mean which further strengthens the role
of temperature in the region.

The projected SPI/SPEI time series data also indicate that the effect of PET is a more important variable in
detecting future drought risks than precipitation. Nguvava et al. (2019) analyzed SPI and SPEI time series
in East Africa, using CORDEX model setups and RCPs (4.5 and 8.5), and projected an increase in severity
and frequency of SPEI as compared to SPI suggesting the magnitude and robustness of SPEI for drought pro-
jections. Using four drought indices Jiang et al. (2014) revealed that the effects of climate change in drought
conditions showed a temperature increase (2°C) suggesting the importance of the SPEI drought index. This
further implies that the SPEI is more robust in revealing future droughts as a result of the increased tempera-
ture in the context of global warming. Thus, considering the role of temperature in the PET during SPEI esti-
mation can give an acceptable result, which is essential for policymakers in the region. Furthermore,
comparing the SPI/SPEI drought projection can help to show the importance of PET (mainly temperature)
for future drought assessments over East Africa. The use of SPEI for understanding future drought character-
istics may also help to get evidence of future drought risks that will help to minimize the drought impacts.
The calculated SPEI 12 is also consistent in magnitude and direction with SPEI 1, 3, and 6 SPEI timescales
(supporting information Figure S1). Accordingly, the SPEI has been used in this study to predict future
drought projections over East Africa described in the following sections. The SPEI time series alongwith their
uncertainty bound among the GCMs is presented in Figure 3. These suggests that the projected time series of
SPEI for RCPs 2.6, 4.5, and 8.5 scenarios during the period 1981 to 2099 showed an increasing trend in
drought conditions over East Africa with uncertainties varying across the time periods and RCPs.

3.2. Long‐Term Projected Changes in Drought Magnitude and Extent

Figure 4 shows a time series of the drought area percentage of pixels with SPEI values less than or equal to
−1 against the total number of pixels in East Africa during 1981–2099. The average changes in the drought
areas between the given periods were calculated in percentage of the drought pixels. Overall, the drought
area is likely to increase as time increase over East Africa (Figure 4). For the RCP 2.6 scenario, the projected
change in drought area in all future periods is likely to increase in the 2020s (9%), 2050s (17%) and 2080s
(16%). The RCPs 4.5 and 8.5 scenarios also showed an increasing change pattern of drought area by 7.7%
and 14.5% in the 2020s, 22% and 41.5% in the 2050s, and 36% and 39% 2080s, respectively (Figure 4). The
drought area is also calculated for SPEI 1, 3, and 6, which showed consistent direction with SPEI 12 with
small differences in magnitude (supporting information Figure S2). In summary, the projected change in
drought area has shown an increase in all RCPs and periods except RCP 2.6, which showed a slight decrease
in the 2080s. The patterns are characterized by increased drying over most of East Africa attributed to
increased evaporation due to increase in temperature. This is also in agreement with Dai (2011) who
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showed that the occurrence of warming since the 1980s has contributed to the upward trend in global
drought areas.

3.3. Projected Changes in Drought Severity Levels

To further understand the future drought conditions of East Africa, drought severity levels (moderate, severe
and extreme droughts) for the different periods have been analyzed as shown in Figure 5. The change in
drought area under moderate drought (SPEI value ranges from −1 to −1.5) was evaluated for each period.

Figure 3. The projected time series of SPEI for RCPs 2.6, 4.5, and 8.5 scenarios for the period 1981 to 2099. The gray filled
range corresponds to the uncertainty bound using the minimum (lower bound) and maximum (upper bound) of the
GCMs. The x axis represents time in months. The mean is calculated using the SPEI values of the GCMs given in Table 1.

Figure 2. Comparison of projected time series of SPI and SPEI for RCPs 2.6, 4.5, and 8.5 scenarios for the period 1981 to
2099. The x axis represents time in months. The data used were ensemble mean of the five models given in Table 1
(GFDL‐ESM 2 M, HadGEM2‐ES, IPSL‐CM5A‐LR, MIROC‐ESM‐CHEM, and NorESM1‐M). The dotted gray vertical line
is a partition line among the study time periods of the reference period (1981–2010), the 2020s (2011–2040), 2050s
(2041–2070), and 2080s (2071–2099).
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The result showed that moderate drought in RCP 2.6 showed an increasing trend during the 2020s by 7.5%,
in the 2050s and 2080s by 12% each. Similarly, the moderate drought under RCP 4.5 shows a consistent
increase by 6%, 13%, and 17% in the 2020s, 2050s, and 2080s, respectively. The moderate drought areas under
RCP 8.5 scenario showed increasing during the near future (the 2020s; 10%) and midcentury (2050s; 17%),
and then decreased afterward during the end of century (the 2080s; 11.6%), respectively (Figure 5). This
implies the moderate drought areas increases under RCPs 2.6, 4.5, and 8.5 for all periods except during
the 2080s (RCP 8.5).

Similarly, the change in the percentage area of severe drought levels (SPEI value of −1.5 to −2) has been
investigated for each RCPs and period (Figure 5). The result indicated that severe droughts will consistently
increase as time increases for all RCP scenarios (except during the 2080s under RCP 8.5). Thus, the severe
drought areas will increase by 1.4% in the 2020s, 3.8% in 2050s, and 3.5% in the 2080s under RCP 2.6.
Similarly, the severe drought areas for the RCPs 4.5 and 8.5 projections are likely to increase by 1.4% and
3.4% in the 2020s, 6% and 12.3% in the 2050s, and 11% and 13.5% in the 2080s, respectively (Figure 5).

The future occurrences of change in the percentage areas of pixels under extreme drought (SPEI values less
than or equal to −2) were also assessed in a similar approach with the moderate and severe droughts
(Figure 5). Under the RCP 2.6 projection, the extreme drought areas have been increased by 0.2%, 1%, and
0.8% during the 2020s, 2050s, and 2080s, respectively. In addition, the extreme drought will increase by
0.2%, 3%, and 8% during the 2020s, 2050s, and 2080s, respectively, under the RCP 4.5 projection. The extreme
drought also shows increasing changes by 1%, 12%, and 29% during the 2020s, 2050s, and 2080s, respectively,
under RCP 8.5 projection. Generally, all RCP scenarios except RCP 2.6 (which showed little change) the
extreme drought area is likely to increase as time increases.

From the above findings, the projected change in moderate, severe and extreme droughts is greater under
RCP 8.5 as compared to RCP 4.5 and RCP 2.6 in the 2020s and 2050s. During 2080s, however, the opposite
is true. Thus, the future droughts in East Africa are predicted to be under extreme drought followed by severe
and moderate droughts, consecutively.

3.4. Temporal Drought Area Change Projections
3.4.1. Monthly Drought Area Projection
Figure 6 reveals monthly drought variations for the SPEI ≤ −1 value for each RCP and period of analysis.
The drought areas are increasing as the time frame increases from the 2020s to the 2080s for each scenario.
The average changes have been quantified for eachmonth in the future comparing to the reference period as

Figure 4. The projected time series of drought area (%). The color‐filled range corresponds to the uncertainty bound using the minimum (lower bound) and
maximum (upper bound) of the GCMs for each RCPs. The horizontal panel shows drought area (%) time series values from each RCP scenario in the period
1981–2099. Drought area was calculated as the number of SPEI values less than or equal to −1 divided by the total number of pixels as proposed by Dai (2011). The
dotted gray vertical lines are partition lines among the study time periods of the 2020s (2011–2040), 2050s (2041–2070), and 2080s (2071–2099).
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a baseline. The results indicate that there is a positive change for each future period and RCP scenarios in all
months. The higher drought area change under RCP 2.6 is predicted to be August (9.7%), April (17.5%), and
May (17.5%) for the near term, midterm, and end of the century, respectively.

Figure 5. The projected time series drought levels showing the areal extent of different drought severity levels. The dark
yellow, purple and red filled range corresponds to the uncertainty bound using the minimum (lower bound) and
maximum (upper bound) of the GCMs for moderate, severe and extreme drought levels for each RCPs, respectively.
Moderate (SPEI −1 to −1.5), severe (SPEI −1.5 to −2) and extreme drought (SPEI ≤ −2) in the time series. The x axis
represents time in months.
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The drought months showing relatively greater drought changes under RCP 4.5 will be October (8.3%), May
(23.4%), and May (37.4%) in the 2020s, 2050s, and 2080s, respectively. Similarly, under RCP 8.5, the higher
the change in droughts is found in the months of October (15.8%) in the 2020s, August (42.5%) in the 2050s,
and April (54.8%) in the 2080s. In summary, August, April, and May will show relatively higher drought
month under RCP 2.6 during the study periods, whereas October and May will face bigger drought changes
under RCP 4.5 in all periods. Meanwhile, October, August, and April are likely showing higher values of
drought months under RCP 8.5 during all periods in East Africa.
3.4.2. Seasonal Drought Area Projection
Figure 7 presents seasonal average drought change variations for the SPEI ≤ −1 value of each RCP. The sea-
sonal average drought change is increasing consistently with an increase of time period from 2020s to 2080s
for each scenario. Average seasonal changes in all periods were estimated to identify which season is likely to
be most vulnerable to future drought. It was found that under all RCP scenarios, all seasons (winter, spring,
summer, and autumn) have shown positive changes for all the three future periods. The higher drought sea-
sons in the RCP 2.6 projection will be in autumn by 9.5% and 17.2% in the 2020s and 2050s, respectively, and
Spring by 17% at the end of the 21st century. The higher drought seasons in RCP 4.5 projection will occur
during autumn (8%) in the 2020s, and summer and spring by 23% and 37%, in the 2050s and 2080s, respec-
tively. Similarly, the greater seasonal drought changes will occur in autumn by 15.8% in the 2020s, and sum-
mer and spring by 42% and 54% seasons during the 2050s and 2080s, respectively, for the RCP 8.5 projection.
In summary, the future higher drought change seasons are found to be in autumn and spring (for RCP 2.6),
summer and spring (for RCP 4.5), and autumn, summer, and spring (for RCP 8.5). This implies that the East
African region is likely to face a relatively greater drought changes in autumn, summer, and spring seasons
during all periods under all RCP scenarios, respectively.

3.5. Projected Changes in the Spatial Patterns of Drought
3.5.1. Drought Characteristic Conditions During the Base Period (1981–2010)
Figure 8 presents drought conditions during the base period (1981–2010). The change in drought character-
istic conditions in the future periods was quantified with reference to the base period for each RCPs. The
average drought event is estimated to have six events with higher values found in Ethiopia, northern
Kenya, and western Somalia. The average drought duration is also estimated to be 8 months during the base

Figure 6. Monthly average drought area changes in percentage for the SPEI ≤ −1 for each RCP.
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period with higher durations occurred at various locations across East Africa. In addition, the average
drought frequency during the base period was 17% for which the higher frequencies are concentrated at
the central parts of East Africa. For the drought intensity, the average value during the base period is 1.44
having higher values at eastern Somalia and Ethiopia and northern Tanzania (Figure 8).
3.5.2. Drought Events
In this study, the drought event is a period in which the SPEI value is continuously less than or equal to −1
for at least 3 months or more following the definitions given in Schwalm et al. (2017). Figure 9 presents the
spatial changes of future drought events (2011–2099) in reference to the baseline period (1981–2010). Under
RCP 2.6, drought events have shown an increase during the 2020s followed by similar increasing patterns in
2050s and 2080s. Similarly, the RCPs 4.5 and 8.5 projections have also shown a consistent increasing pattern
except RCP 8.5, which showed a positive but slight decrease in the 2080s. However, the magnitude of change
follows similar patterns in all RCPs across the time period over East Africa (Figure 9).

The average values of changes in drought event also reveal similar trends. In in the RCP 2.6, the average
change in drought event is projected to be three, four, and four events in the 2020s, 2050s, and 2080s, respec-
tively. Similarly, the drought event change in RCP 4.5 and 8.5 were two and three events for the 2020s, four
and five events for the 2050s, and five and three events for the 2080s, respectively. With an increase in future
time, all RCP scenarios except RCP 8.5 (which showed slight decreases) have shown similar increasing pat-
terns on the spatial drought event changes in majority areas of East Africa. Notwithstanding this, the magni-
tude of change in the spatial patterns of drought event showed a consistent pattern in all RCP scenarios across
all time periods. Particularly, higher change of drought events during all periods is likely to occur in parts of
Djibouti, Eritrea, Sudan, South Sudan, and Tanzania under RCPs 2.6 and 4.5, whereas under the RCP 8.5 sce-

nario the drought events will be less during themiddle and end of 21st
century. A lower change in the drought events will occur during all
periods and scenarios in Kenya, Uganda, and Ethiopian highlands.
Similarly, the box‐and‐whisker diagrams shown in Figure 11a also
reveals similar results. The differences between the medians and
means of the projected drought vary as the scenarios and time period
increases. The drought change is showing a decreasing trend under
RCP 8.5 (in the 2080s). The outliers reveal the existence of higher vari-
abilities in future drought events.
3.5.3. Drought Duration
The duration of the drought, the lifespan of droughts in months
under climate change, was also quantified for each scenario.
Figure 10 presents the spatial changes of future drought durations
during 2011–2099 compared to the reference period (1981–2010).
Under all RCP scenarios, the drought duration has shown a consis-
tent increase with increasing timeframe. Likewise, the drought dura-
tion magnitude has shown a consistent increase with the increasing
of RCP scenarios.

Figure 7. Seasonal average drought area change percentage variations for the SPEI ≤ −1 for each RCP.

Figure 8. Drought characteristic conditions (drought event, duration, frequency,
and intensity) during the reference period (1981–2010).
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Similarly, the average values of changes in the drought duration exhibited similar patterns. Under RCP 2.6
the average drought duration change is 5, 7, and 7 months for the 2020s, 2050s, and 2080s, respectively. The
drought duration changes in RCP 4.5 and 8.5 also showed the same patterns with an average value of 4 and

Figure 9. Projected changes in drought events (in number). Drought event is a period in which the SPEI value is
continuously less than or equal to −1 for at least 3 months or more as given in Schwalm et al. (2017). The horizontal
panel shows spatial drought event change for each RCP scenario across each timeframe. The vertical panel shows the
spatial drought event change in the 2020s (2011–2040), 2050s (2041–2070), and 2080s (2071–2099).

Figure 10. Projected changes in drought duration in months. The horizontal panel shows spatial drought duration
change for each RCP scenario across each timeframe. The vertical panel shows the spatial drought duration change in
the 2020s (2011–2040), 2050s (2041–2070), and 2080s (2071–2099).
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7months for the 2020s, 10 and 32months for the 2050s, and 29 and 108months during 2080s, respectively. In
summary, all RCP scenarios have shown a similar increasing pattern on spatial change of drought duration
as time increases. Moreover, although drought in Eritrea, Sudan, South Sudan and parts of Somalia,
Ethiopia, and Tanzania shows a consistently higher duration in all periods and scenarios, it is more pro-
nounced in RCP 8.5 during the mid and end century and RCP4.5 during the end century. In agreement with
the drought events, the duration of drought in Kenya, Uganda, and the majority of Ethiopian highlands will
continue to be lower in all periods.

The box‐and‐whisker diagrams shown in Figure 11b also indicated that the projected changes in drought
duration have higher variabilities in RCPs 2.6 and 4.5 scenarios. The observed mean andmedian values, sug-
gesting small variabilities in the magnitude of change in drought durations. On the contrary, the mean and
median values under the RCP 8.5 projection showed a large difference in the 2050s and surprisingly large
variabilities with higher magnitudes during the 2080s, which explicitly shows large variabilities in the future
drought durations. It is worthwhile to mention that some outliers exist under all RCP scenarios during the
2020s and 2050s, which implies that there is a possibility of high variabilities in drought durations.
3.5.4. Drought Frequency
Analysis of the drought frequency of under climate change was also undertaken to further understand
how frequent the drought is likely to occur in East Africa. Figure 12 shows the spatial changes of future
(2011–2099) drought frequency (%) compared to the reference period (1981–2010). Under the RCP 2.6
projection, drought frequency is likely to increase from the 2020s to 2050s and starts to decrease afterward
during the 2080s. Under the RCPs 4.5 and 8.5 scenarios, the drought frequency also showed similar increas-
ing patterns from the 2020s to 2080s. Generally, all RCP scenarios have shown similar increasing patterns
with increasing time periods. The magnitude of spatial drought frequency also increases from RCPs 2.6 to
8.5 in each study period (Figure 12).

The average values of the drought frequency changes were also quantified using a similar approach as in the
drought duration. Accordingly, the average change in the drought frequency under RCP 2.6 is found to be
9%, 17%, and 16% in the 2020s, 2050s, and 2080s, respectively. Correspondingly, the change in the drought

Figure 11. Box‐and‐whisker diagrams showing the spread of the projected drought changes, (a) drought event, (b) duration, (c) frequency, and (d) intensity. The
black horizontal line in each box represents the median. The dotted point inside each box represents the mean value. The bottom and top edges of the boxes
indicate the 25th and 75th percentiles, respectively; meanwhile, the top and bottom of each whisker represents the most extreme data values. The black dotted
points, in some scenarios, above or below of the whisker represent outliers.

10.1029/2020EF001502Earth's Future

HAILE ET AL. 13 of 23



frequency under RCPs 4.5 and 8.5 projections were found to be 8% and 15%, 22% and 41%, and 36% and 54%
in the 2020s, 2050s, and 2080s, respectively. The frequency of drought fellows the same pattern with the
duration in which Sudan, South Sudan and parts of Somalia, Ethiopia, and Tanzania are likely to have a fre-
quent drought in all periods and scenarios. In contrast, southeastern Ethiopia, Uganda, and Kenya are likely
to have a relatively lower drought frequency.

The box‐and‐whisker diagrams have also shown that the projected change in drought frequency exhibited
low differences in the mean and median values under all RCP scenarios (except RCP 8.5 in the 2080s) and
time periods (Figure 11c). It is also boldly indicated in Figure 11c that the large data ranges exist in all
RCP scenarios and each time period. The box‐and‐whisker plots with higher 25th and 75th percentile ranges
reflect higher variability in future drought frequencies.
3.5.5. Drought Intensity
The drought intensity for all periods and scenarios was also investigated in East Africa. Figure 13 indicates
the spatial changes of future drought intensities during 2011–2099, by comparing with the baseline period.
Under RCP 2.6, the spatial intensity change in drought has shown an increasing pattern from the 2020s to
2050s and then starts to decrease during the end of the 21st century. The drought intensity under RCP 4.5
decreases in the 2020s and then increases afterward in the 2050s and 2080s. The drought intensity under
RCP 8.5 has also shown increasing spatial change patterns with an increase in the time period from the
2020s to 2080s (Figure 13). The change in intensity of drought is consistent with the duration and frequency
of droughts where the countries that will receive higher and frequent drought are likely to experience a
higher intensity of drought. This is essential to understand how intensified drought is persisting in a specific
area per a given period.

Similar trends were observed on the average values of drought intensity changes under all RCP scenarios.
For the RCP 2.6 projection, the average change in drought frequency is 0.1%, 11% and 3% in the 2020s,
2050s, and 2080s, respectively. Likewise, the drought intensity changes in the RCPs 4.5 and 8.5 projections
were −10% and 5% in the 2020s, 6% and 32% in the 2050s, and 17% and 57% in the 2080s, respectively. All
RCP scenarios have shown similar increasing patterns with an increase in time periods except RCP 2.6 in
the 2080s and RCP 4.5 in the 2020s. The magnitude of spatial drought intensity also increases in all periods
as we go from RCP 2.6 to RCP 8.5 scenarios.

Figure 12. Projected changes in drought frequency (%). The horizontal panel shows spatial drought frequency change for
each RCP scenario across each timeframe. The vertical panel shows the spatial drought frequency change in the 2020s
(2011–2040), 2050s (2041–2070), and 2080s (2071–2099).
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Similarly, in the box‐and‐whisker diagrams, the differences between themedians andmeans of the projected
drought intensities show similar patterns under all RCP scenarios (Figure 11d). The outliers in each RCP sce-
nario in all periods demonstrate large variabilities in the projected changes of drought intensity. This graph
also shows a clear sign of an increase in drought intensity in all periods and RCP scenarios except RCP 4.5 in
the 2020s. These suggest that the variability of future drought intensity increases as the time increases in the
context of global warming.

3.6. Uncertainty Analysis of the Projected Droughts

As indicated in the sections described above, the temporal and spatial drought magnitude is expected to be
higher at the end of the 21st century, considering the average value of the RCPs, as compared to the 2020s
and 2050s. Figures 3–5 present the uncertainty analysis of the mean SPEI time series values, time series
drought area percentage, and drought severity levels percentage area. The ranges of the SPEI values
characterize how the drought is accurately projected along with its uncertainty. The observed uncertainty
increases with increased future drought projections due to the effect of climate changes. These uncertainties
are largely linked to precipitation and temperature (demonstrated in PET), and the associated hydrocli-
matic governing factors in the region. This finding is in agreement with Orlowsky and
Seneviratne (2013) who reported that the dominant source of uncertainties in future drought is due
to internal climate variability during the near term and formulation of GCMs by the end of the 21st
century. Another factor that drives the observed uncertainties that cause differences in drought projec-
tion is the disparities in use of P and PET data sets and roles of natural variabilities attributed to large‐scale
oscillations such as El Niño–Southern Oscillation (ENSO) and La Niña conditions (Sheffield et al., 2012).

Moreover, climate‐related uncertainty is associated with the inability to predict the scale, intensity, and
impact of climate change on human and natural environments (Mehata et al 2019). Different sources of
uncertainties exist in future climate projections, which include internal climate variability, GCM data sets
and future climate scenarios (Lu et al., 2019; Meresa et al., 2016; Meresa & Romanowicz, 2017; Orlowsky
& Seneviratne, 2013). By far, climate change projections are inherently uncertain due to assumptions made
about the formulation, parameterization, and boundary conditions of the underlying factors in climate
(Mackay et al., 2019; Meresa & Romanowicz, 2017). Furthermore, the local factors such as complex terrain,
large inland water bodies and land heterogeneity complimented by large‐scale climate interactions result in

Figure 13. Projected changes in drought intensity (%). The horizontal panel shows spatial drought intensity change for
each RCP scenario across each timeframe. The vertical panel shows the spatial drought intensity change in the 2020s
(2011–2040), 2050s (2041–2070), and 2080s (2071–2099).
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diverse climate patterns over East Africa (Haile et al., 2019; Osima et al., 2018). Duan and Mei (2014) indi-
cated that GCM initial conditions and scenarios used could also produce large uncertainties in drought
responses to climate change. Given the inherent difficulty of drought quantification, the climate change pro-
jections on droughts are already inevitably hard.

Despite the fact that large uncertainties are observed in the magnitude of the changes which are more pro-
nounced in the 2020s and 2080s, the projected droughts are expected to increase inmultiple countries of East
Africa by the end of the 21st century. This suggests that considering specific hydroclimatological, geographi-
cal conditions, and climate mitigation measures are indispensable to minimize the concerns associated with
the increased future drought projections. To reduce these uncertainties a thorough evaluation of the uncer-
tainties and more rigorous considerations of the different sources of uncertainty could have paramount
importance.

4. Discussion
4.1. Comparison of SPI and SPEI in Future Drought Assessments

To understand the future drought characteristics, this study has compared the results of SPI and SPEI
drought indices' time series for RCPs 2.6, 4.5, and 8.5 scenarios for the period of 1981 to 2099. The SPEI is
shown more drought conditions in the future as compared to the SPI suggesting an increase in PET as com-
pared to precipitation. Various studies (Ahmadalipour et al., 2017; S. Feng et al., 2017; Jeong et al., 2014;
Nguvava et al., 2019; Spinoni et al., 2020) assessed drought in East Africa and beyond using SPI and SPEI
that resulted in differences in magnitude and direction. For example, Nguvava et al. (2019) revealed that
SPEI has simulated higher drought magnitude as compared to SPI in East Africa and suggested an effective
land management practices can reduce the amount of water loss through evaporation. Drought projections
based on precipitation only would result in decreasing drought over the Horn of Africa from those based on
both precipitation and PET (Spinoni et al., 2020). Jeong et al. (2014) assessed drought risks to see the effects
of temperature and PET on drought by comparing future drought events, suggesting long‐term and extreme
drought events would likely occur due to future increases in temperature and PET. Feng et al. (2017) com-
pared multiple drought indices about the future drought risk outcomes in drought‐prone regions, and indi-
cated more extreme droughts to occur especially at the end of 21st century. Ahmadalipour et al. (2017)
investigated the changes in hydrometeorological drought characteristics, the SPEI results indicate that the
frequency and duration of drought events is expected to increase whereas SPI indicates decreasing trends.
The differences in drought risk projections, due to use of SPI and SPEI, would highlight the need to consider
appropriate drought indices in projecting future drought changes. Furthermore, these studies suggest for
considering the role of temperature in future drought assessments. This implies that studying drought using
the SPI is insufficient for analyzing the impacts of climate change. Thus, SPEI has become more robust to
detect possible future drought risks in the context of global warming. Understanding future drought risks
is useful for minimizing the drought impacts via introducing adaptation and mitigation measuring and
through building drought resilience over East Africa. According to Meza et al. (2019) and Hagenlocher
et al. (2019) drought vulnerability and risk assessments across spatiotemporal scales have shown an increase
consistent with increasing droughts suggesting a need for reducing social, environmental, and economic
impacts of droughts by creating drought‐resilient societies. A study by Nguvava et al. (2019) in East Africa
indicated that incorporating PET in quantifying the severity of future drought projections is better than
using only precipitation. According to Sheffield and Wood (2008), an increase in drought during the 21st
century is primarily driven by increased evaporation from higher temperatures. To this effect, the use of
SPEI for drought projection is advantageous to understand future drought changes over East Africa so as
to minimize.

4.2. Projected Changes in Drought Characteristics Over East Africa

The projected SPEI drought results show an increase in drought conditions throughout the 21st century
under the RCP scenarios considered. The future drought changes have been detected using temporal scales
such as drought area, different drought severity levels (moderate, severe, and extreme) and different time-
frames using monthly and seasonal timescales. In addition, drought event, duration, frequency, and inten-
sity were used for analyzing the future spatial drought changes.
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The projected change in drought area has shown an increase in all RCPs and periods. Specifically, the pro-
jected change in drought area is predicted to show a large increase by the end of the 21st century. These sug-
gest that East Africa will face unprecedented increases in drought area by the end of the 21st century under
RCP 8.5 scenario if drought mitigation and adaptation mechanisms are inadequate. Similarly, the extreme
drought severity level is likely to dominate the future drought followed by severe and moderate drought
levels consecutively. It is worth to indicate that all drought severity levels show a positive increasing trend
with much higher magnitude suggesting worst droughts in the future. The projected change in drought area
is in line with previous studies, which presented an increase in drought area in large parts of East Africa
(Dai, 2011; Seitz & Nyangena, 2009). The increased upward trend in global drought areas is due to the occur-
rence of global warming since the 1980s (Dai, 2011, 2013). It can be concluded that the increased drying over
most parts of East Africa is attributed to increased evaporation due to temperature increase but not due to
decreased precipitation.

Moreover, future drought changes in seasonal and monthly basis have been reported to show an increasing
trend. The projected change monthly patterns have shown a positive increase in all RCPs and time periods.
The projected drought months reveals that May and April are likely to show the highest increase in drought
occurrence during the end of the 21st century. Similarly, the seasonal analysis reveals that the biggest
drought area changes will likely occur in spring by the end of the 21st century. Thus, the spring season will
likely face an increased dryness with a relative increase in temperature during the end of the 21st century. In
East Africa, the spring season is associated with the long rains season known by themain agricultural season
in East Africa. During the long rain season (March–May) the higher drought is likely to occur as greater
drought changes are projected across East Africa. As indicated by Haile et al. (2019) and Haile, Tang,
Leng, et al. (2020) the long rains season has been reported to have increased drought trends in the past four
decades and our results revealed the continued drought increase in the future that needs better drought pro-
tection measures.

In addition, the drought characterizing features such as drought event, duration, frequency, and intensity
have projected for the future in reference to the baseline period. The drought event, duration, frequency,
and intensity have shown a consistently increasing trend, under RCPs 4.5 and 8.5, with the increasing time-
frame. However, the drought event has shown a positive, but decreasing trend under RCPs 2.6 and 8.5 dur-
ing the 2080s. Under RCP 8.5, Touma et al. (2015) found increases in the spatial extent, duration, and
occurrence of droughts in subtropical and tropical regions, suggesting the increasing risk of
drought‐related stress for natural and human systems. Similarly, Gizaw and Gan (2017) suggested that
East Africa will experience a drier climate in the 2050s and 2080s with an increase in drought‐prone areas
calling for actionable policies geared toward adaptation and mitigation. Furthermore, the projected increase
in drought over East Africa is in line with previous studies covering similar geographical settings (Cook
et al., 2014b; Nguvava et al., 2019; Zhao&Dai, 2017). Using regionalmodel simulations, Nguvava et al. (2019)
projected an increase in the intensity and frequency of droughts over large parts of East Africa. For example,
during the end of the 21st century, the frequency and intensity of droughts are expected to increase as the
climate warms (Cook et al., 2014b). Indeed, this study has shown that drought quantifying parameters such
as drought events, duration, frequency, and intensity have become largely a clear indicator of the 21st cen-
tury climate change impacts in response to drought changes. Generally, the projected changes in drought
characterizing parameters are much greater under RCP 8.5. The higher change magnitudes are most pro-
nounced after the 2050s, which is consistent with the projected increase in global warming (IPCC, 2013).
Seitz and Nyangena (2009) indicated that millions of people are likely to be adversely affected by climate
change in East Africa, particularly arid and semiarid areas, the Great Lakes region and the coastal regions.

4.3. Analysis of Drought Change Patterns on Wetting/Drying Conditions

In this study, we showed how drought may change for the 21st century in the context of continuing global
warming. It is still important to demonstrate the projected drought condition in relation to the
wetting/drying patterns over East Africa due to climate change effects. Assessment of drying and wetting
patterns is largely valid to recommend area‐specific drought monitoring and management strategies. The
wetting/drying pattern is directly linked to the widely known “dry gets drier and wet gets wetter” paradigm
(Cook et al., 2014b; H. Feng & Zhang, 2015; Greve et al., 2014). This pattern is mainly associated with the P
and PET, which are themain variables in the calculation of the SPEI. These are further associated with water
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balance (P‐PET) estimations where the humid regions hold wet with positive P‐PET value whereas arid
regions result in deficit/negative P‐PET values (Feng & Zhang, 2015; Kumar et al., 2015; Liu &
Allan, 2013; Yang et al., 2019). To cross validate whether the temporal trends of the dry regions tend to
get drier, and wet regions tend to get wetter works or otherwise with our results, assessment of the
inherited agroclimatic characteristics of East Africa is required for making expert decisions.

The preexisting inherited agroecological and climatic characteristics of East Africa are diverse in nature. By
far, East Africa is a tropical region with 81% warm climate and 37% arid agroecology (Figure 14; Kate, 2009).
As presented in the spatial drought patterns of East Africa (Figures 8–10, 12, and 13), a decrease in future
droughts is expected in Rwanda, Uganda, Kenya, and Ethiopian highlands. These areas are particularly
characterized by humid agroecology that represents a wet region (Figure 14). On the contrary, the magni-
tude and spatial variability of drought patterns in the arid and semiarid countries, including Sudan, South
Sudan, Somalia, Djibouti, Eritrea, large parts of Ethiopia, Kenya, and small parts of Tanzania are likely to
increase in drought. Greater drought changes over arid and semiarid dry lands highlight for higher risk of
future droughts over 65% of the East African landscapes. This increased drought changes are in agreement
with the agroecological paradigm and supports the argument “dry will get drier and the wet will get wetter.”
A comparison of the agroclimatic and drought change projections clearly shows the consistent dry/wet
changes in East Africa (Figure 14). From this analysis, it is worthwhile to note that the largest part of East
Africa is expected to increase in drying trends suggesting acute mitigation measures on the basis of existing
local conditions.

4.4. Mitigation Measures to Impacts of Future Droughts

Drought projection changes relative to the reference period have shown a large‐scale increase, particularly
toward the end of the 21st century and for the warmer RCP 8.5 emission scenario. Based on the analysis
of the projected drought indicators, a recurrent drought is expected to increase in the magnitude, time,
and spatial variability over most East Africa countries. Osima et al. (2018) noted that East Africa will warm
faster than the global mean temperature, suggesting a greater focus on the impacts of climate on drought
responses and drought alleviation strategies. Thus, higher severity and frequency of the drought conditions
could create a significant negative impact, particularly in the Horn African countries (Eastern Ethiopia,
Djibouti, Eritrea, and Somalia). The combined effects will likely impact the livelihoods of people living in
the coastal areas, lake regions, highlands, and arid and semiarid lands of Kenya, Tanzania, Somalia,
Ethiopia, and Sudan (Osima et al., 2018). Climate change projections will lead to increasing aridity in
East Africa affecting key sectors such as agriculture, water, energy and health (Osima et al., 2018;
Serdeczny et al., 2017).

Figure 14. Environmental and climatic conditions of East Africa. (a) Agroecological zones and (b) warm/cool climate
obtained from the Agro‐ecological Zones of Africa data set (http://hdl.handle.net/1902.1/22616).
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Therefore, understanding of projected spatiotemporal change in future drought patterns over East Africa is
critical for taking mitigation measures before the full range of projected drought risks affects the societal set-
ups and the overall environments. These future drought risks/impacts due to future climate change would
cause large‐scale damages for local to regional to global terrestrial lands and may create intrasocietal and
intersocietal inequalities. This is particularly pronounced under the existing increase of the greenhouse
gas concentrations and associated warming of the climate system. Thus, it is worth mentioning the acute
actions/prevention measures that should be taken in terms of different early warning systems and facilities
derived from policies and strategies for the policymakers.

Various mitigation measures, including greater implementation of environmental rehabilitation approaches
and water resources management strategies, are essential (Gebrechorkos, Hülsmann, & Bernhofer, 2019a,
2019b; Gebremeskel et al., 2018; Haile et al., 2019). This is particularly important to combat future water
shortages and land degradation over East Africa. The solutions put forward should also encompass the wider
challenges affecting drought monitoring and management. Thus, efficient drought management and mon-
itoring, designing response policies and strategies at national, regional, and international levels are required
for building resiliencies to future droughts (Haile et al., 2019; Sheffield et al., 2014). These activities could
further help to minimize the natural climate variabilities and anthropogenic influences in aggravating
future drought conditions (Haile et al., 2019). Further, building a drought‐resilient economy is needed for
drought‐vulnerable societies as it can help for better preparedness for coping awareness for early warning
of droughts (Sheffield et al., 2014). These could help to reduce the future impacts of droughts on socioeco-
nomic activities and the natural ecosystem functions across East Africa. In addition, considering the impacts
of climate changes on droughts, serious attention should be given to particularly vulnerable regions in need
of urgent assistance and support. Furthermore, providing efficient drought forecasts and drought early
warning facilities should be much strengthened in East Africa (Mwangi et al., 2014; Shukla et al., 2014).
Thus, future sustainable drought management is pressing through designing policy, strategies and social
infrastructures.

5. Summary and Conclusion

The projected climate change impacts on drought patterns are vital to address the various risks of future
droughts. This study takes a particular look at the future droughts over East Africa helpful to address the
core challenges of droughts. Five GCMs obtained from the ISIMIP were used to quantify projected droughts
in the future (2011–2099) under RCPs 2.6, 4.5, and 8.5 in reference to the baseline period (1981–2010). The
future periods were partitioned into the near term (2011–2040), midcentury (2041–2070), and end of the 21st
century (2071–2100) for easy of policymaking and infrastructure decisions.

The main findings are summarized as follows.

1. The SPEI is showing more drought conditions in the future as compared to the SPI over East Africa.
Thus, future drought risks can be minimized by incorporating PET data in drought quantification rather
than using only precipitation in the context of global warming.

2. The projected change in drought area has shown an increase in all RCPs and periods over East Africa.
During the end of the 21st century, the drought area is predicted to increase by 36% and 54% under
RCPs 4.5 and 8.5, respectively. Much of the future droughts in East Africa lay under extreme drought fol-
lowed by consecutively severe and moderate drought severity levels. The projected drought will likely
show greater drought changes in May and April and the corresponding spring season.

3. The drought event, duration, frequency, and intensity have shown an increasing spatial drought change
patterns with increasing time periods under all RCPs with exceptions in drought event changes.
Specifically, higher drought changes are likely to occur in Sudan, South Sudan, Djibouti, parts of
Eritrea, Somalia, and Tanzania, whereas Uganda, Kenya, and Ethiopian highlands are likely to have
shown lower drought changes over East Africa.

4. Uncertainty analysis of the climate change impacts on drought patterns shows that projected drought
changes are likely to increase under higher uncertainties with increasing timeframe from the near future
to the end of the 21st century.

5. Results also showed strong agreements with the “drying will get drier and wetting will get wetter” con-
ditions supported by the agroclimatic conditions of East Africa.
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The drought projection partitioned in different future periods is important for policymaking, infrastructure
decisions and overall monitoring of climate change impacts on drought. The projected drought conditions
are key for developing drought adaptation and mitigation policies. This study has created a good insight
to understand the likely future drought conditions in East Africa.

Data Availability Statement

Data used for this study were extracted from Inter‐Sectoral Impact Model Inter‐comparison Project (ISIMIP)
Fast Track simulation round (https://www.isimip.org/) and Climatic Research Unit (https://crudata.uea.ac.
uk/cru/data/hrg/cru_ts_4.03/).

References
Adhikari, U., Nejadhashemi, A. P., & Woznicki, S. A. (2015). Climate change and eastern Africa: A review of impact on major crops. Food

and Energy Security, 4(2), 110–132. https://doi.org/10.1002/fes3.61
AghaKouchak, A., Mehran, A., Norouzi, H., & Behrangi, A. (2012). Systematic and random error components in satellite precipitation data

sets. Geophysical Research Letters, 39, L09406. https://doi.org/10.1029/2012GL051592
AghaKouchak, A. (2015a). A multivariate approach for persistence‐based drought prediction: Application to the 2010–2011 East Africa

drought. Journal of Hydrology, 526, 127–135. https://doi.org/10.1016/j.jhydrol.2014.09.063
AghaKouchak, A. (2015b). Recognize anthropogenic drought. Nature, 524(7566), 409–411. https://doi.org/10.1038/524409a
Ahmadalipour, A., Moradkhani, H., & Demirel, M. C. (2017). A comparative assessment of projected meteorological and hydrological

droughts: Elucidating the role of temperature. Journal of Hydrology, 553, 785–797. https://doi.org/10.1016/j.jhydrol.2017.08.047
Anyah, R. O., & Semazzi, F. H. M. (2006). Climate variability over the Greater Horn of Africa based on NCAR AGCM ensemble. Theoretical

and Applied Climatology, 86(1–4), 39–62. https://doi.org/10.1007/s00704-005-0203-7
Ault, T. R., Mankin, J. S., Cook, B. I., & Smerdon, J. E. (2016). Relative impacts of mitigation, temperature, and precipitation on

21st‐century megadrought risk in the American Southwest. Science Advances, 2, e1600873. https://doi.org/10.1126/sciadv.1600873
Bentsen, M., Bethke, I., Debernard, J. B., Iversen, T., Kirkevåg, A., Seland, Ø., et al. (2013). The Norwegian Earth SystemModel, NorESM1‐

M—Part 1: Description and basic evaluation of the physical climate. Geoscientific Model Development, 6(3), 687–720. https://doi.org/
10.5194/gmd-6-687-2013

Bower, E., Meneghetti, L., & O'Connor, K. (2015). Global estimates 2015,people displaced by disasters, Internal Displacement Monitoring
Centre Norwegian.

Brown, M. E., & Funk, C. C. (2008). Climate: Food security under climate change. Science, 319(5863), 580–581. https://doi.org/10.1126/
science.1154102

Camberlin, P. (2018). Climate of Eastern Africa (Vol. 1). Oxford: Oxford University Press. https://doi.org/10.1093/acrefore/
9780190228620.013.512

Collins, W. J., Bellouin, N., Doutriaux‐Boucher, M., Gedney, N., Halloran, P., Hinton, T., et al. (2011). Development and evaluation of an
Earth‐System model—HadGEM2. Geoscientific Model Development, 4(4), 1051–1075. https://doi.org/10.5194/gmd-4-1051-2011

Cook, B. I., Ault, T. R., & Smerdon, J. E. (2015). Unprecedented 21st century drought risk in the American Southwest and Central Plains.
Science Advances, 1, e1400082. https://doi.org/10.1126/sciadv.1400082

Cook, B. I., Smerdon, J. E., Seager, R., & Coats, S. (2014a). Global warming and 21 st century drying. Climate Dynamics, 43(9–10),
2607–2627. https://doi.org/10.1007/s00382-014-2075-y

Cook, B. I., Smerdon, J. E., Seager, R., & Coats, S. (2014b). Global warming and 21st century drying. Climate Dynamics, 43(9–10),
2607–2627. https://doi.org/10.1007/s00382-014-2075-y

Dai, A. (2011). Drought under global warming: A review. Wiley Interdisciplinary Reviews: Climate Change, 2(1), 45–65. https://doi.org/
10.1002/wcc.81

Dai, A. (2013). Increasing drought under global warming in observations and models. Nature Climate Change, 3(1), 52–58. https://doi.org/
10.1038/nclimate1633

Dinku, T., Ceccato, P., & Connor, S. J. (2011). Challenges of satellite rainfall estimation over mountainous and arid parts of East Africa.
International Journal of Remote Sensing, 32(21), 5965–5979. https://doi.org/10.1080/01431161.2010.499381

Duan, K., & Mei, Y. (2014). Comparison of meteorological, hydrological and agricultural drought responses to climate change and
uncertainty assessment. Water Resources Management, 28(14), 5039–5054. https://doi.org/10.1007/s11269-014-0789-6

Dufresne, J. L., Foujols, M. A., Denvil, S., Caubel, A., Marti, O., Aumont, O., et al. (2013). Climate change projections using the
IPSL‐CM5 Earth System Model: From CMIP3 to CMIP5. Climate Dynamics, 40(9‐10), 2123–2165. https://doi.org/10.1007/s00382-012-
1636-1

FAO. (2017). The state of food security and nutrition in the world. Building resilience for peace and food security, Rome. http://www.fao.
org/3/a-I7695e.pdf

Feng, H., & Zhang, M. (2015). Global landmoisture trends: Drier in dry and wetter in wet over land. Scientific Reports, 5, 1, 18018–6. https://
doi.org/10.1038/srep18018

Feng, S., Trnka, M., Hayes, M., & Zhang, Y. (2017). Why do different drought indices show distinct future drought risk outcomes in the U. S.
Great Plains? Journal of Climate, 30(1), 265–278. https://doi.org/10.1175/JCLI-D-15-0590.1

Fenta, A. A., Yasuda, H., Shimizu, K., Haregeweyn, N., & Woldearegay, K. (2017). Quantitative analysis and implications of drainage
morphometry of the Agula watershed in the semi‐arid northern Ethiopia. Applied Water Science, 7(7), 3825–3840. https://doi.org/
10.1007/s13201-017-0534-4

Fujimori, S., Hasegawa, T., Krey, V., Riahi, K., Bertram, C., Bodirsky, B. L., et al. (2019). Implications of climate change mitigation. Nature
Sustainability, 2(5), 386–396. https://doi.org/10.1038/s41893-019-0286-2

Gebrechorkos, S. H., Bernhofer, C., & Hülsmann, S. (2019). Impacts of projected change in climate on water balance in basins of East
Africa. Science of the Total Environment, 682, 160–170. https://doi.org/10.1016/j.scitotenv.2019.05.053

Gebrechorkos, S. H., Hülsmann, S., & Bernhofer, C. (2019a). Long‐term trends in rainfall and temperature using high‐resolution climate
datasets in East Africa. Scientific Reports, 9, 11376. https://doi.org/10.1038/s41598-019-47933-8

10.1029/2020EF001502Earth's Future

HAILE ET AL. 20 of 23

Acknowledgments
Funding for this research is provided by
the National Natural Science
Foundation of China (Grants 41730645,
41790424, and 41425002), the Strategic
Priority Research Program of the
Chinese Academy of Sciences
(XDA20060402), and the International
Partnership Program of Chinese
Academy of Sciences (131A11KYSB
20170113) and Newton Advanced
Fellowship. The first author is spon-
sored by the Chinese Academy of
Sciences‐The World Academy of
Sciences (CAS‐TWAS) President's PhD
fellowship program.

https://www.isimip.org/
https://crudata.uea.ac.uk/cru/data/hrg/cru_ts_4.03/
https://crudata.uea.ac.uk/cru/data/hrg/cru_ts_4.03/
https://doi.org/10.1002/fes3.61
https://doi.org/10.1029/2012GL051592
https://doi.org/10.1016/j.jhydrol.2014.09.063
https://doi.org/10.1038/524409a
https://doi.org/10.1016/j.jhydrol.2017.08.047
https://doi.org/10.1007/s00704-005-0203-7
https://doi.org/10.1126/sciadv.1600873
https://doi.org/10.5194/gmd-6-687-2013
https://doi.org/10.5194/gmd-6-687-2013
https://doi.org/10.1126/science.1154102
https://doi.org/10.1126/science.1154102
https://doi.org/10.1093/acrefore/9780190228620.013.512
https://doi.org/10.1093/acrefore/9780190228620.013.512
https://doi.org/10.5194/gmd-4-1051-2011
https://doi.org/10.1126/sciadv.1400082
https://doi.org/10.1007/s00382-014-2075-y
https://doi.org/10.1007/s00382-014-2075-y
https://doi.org/10.1002/wcc.81
https://doi.org/10.1002/wcc.81
https://doi.org/10.1038/nclimate1633
https://doi.org/10.1038/nclimate1633
https://doi.org/10.1080/01431161.2010.499381
https://doi.org/10.1007/s11269-014-0789-6
https://doi.org/10.1007/s00382-012-1636-1
https://doi.org/10.1007/s00382-012-1636-1
http://www.fao.org/3/a-I7695e.pdf
http://www.fao.org/3/a-I7695e.pdf
https://doi.org/10.1038/srep18018
https://doi.org/10.1038/srep18018
https://doi.org/10.1175/JCLI-D-15-0590.1
https://doi.org/10.1007/s13201-017-0534-4
https://doi.org/10.1007/s13201-017-0534-4
https://doi.org/10.1038/s41893-019-0286-2
https://doi.org/10.1016/j.scitotenv.2019.05.053
https://doi.org/10.1038/s41598-019-47933-8


Gebrechorkos, S. H., Hülsmann, S., & Bernhofer, C. (2019b). Regional climate projections for impact assessment studies in East Africa.
Environmental Research Letters, 14, 044031. https://doi.org/10.1088/1748-9326/ab055a

Gebremeskel, G., Gebremicael, T. G., & Girmay, A. (2018). Economic and environmental rehabilitation through soil and water conserva-
tion, the case of Tigray in northern Ethiopia. Journal of Arid Environments, 151, 113–124. https://doi.org/10.1016/j.jaridenv.2017.12.002

Gebremicael, T. G., Mohamed, Y. A., van der Zaag, P., Gebremedhin, A., Gebremeskel, G., Yazew, E., & Kifle, M. (2019). Evaluation of
multiple satellite rainfall products over the rugged topography of the Tekeze‐Atbara basin in Ethiopia. International Journal of Remote
Sensing, 40(11), 4326–4345. https://doi.org/10.1080/01431161.2018.1562585

Giorgetta, M. A., Jungclaus, J., Reick, C. H., Legutke, S., Bader, J., Böttinger, M., et al. (2013). Climate and carbon cycle changes from 1850
to 2100 in MPI‐ESM simulations for the Coupled Model Intercomparison Project phase 5. Journal of Advances in Modeling Earth
Systems, 5, 572–597. https://doi.org/10.1002/jame.20038

Giuntoli, I., Vidal, J. P., Prudhomme, C., & Hannah, D. M. (2015). Future hydrological extremes: The uncertainty from multiple global
climate and global hydrological models. Earth System Dynamics, 6(1), 267–285. https://doi.org/10.5194/esd-6-267-2015

Gizaw, M. S., & Gan, T. Y. (2017). Impact of climate change and El Niño episodes on droughts in sub‐Saharan Africa. Climate Dynamics,
49(1–2), 665–682. https://doi.org/10.1007/s00382-016-3366-2

Greve, P., Orlowsky, B., Mueller, B., Sheffield, J., Reichstein, M., & Seneviratne, S. I. (2014). Global assessment of trends in wetting and
drying over land. Nature Geoscience, 7(10), 716–721. https://doi.org/10.1038/NGEO2247

Hagenlocher, M., Meza, I., Anderson, C. C., Min, A., Renaud, F. G., Walz, Y., et al. (2019). Drought vulnerability and risk assessments: State
of the art, persistent gaps, and research agenda. Environmental Research Letters, 14, 083002. https://doi.org/10.1088/1748-9326/ab225d

Haile, G. G., Tang, Q., Leng, G., Jia, G., Wang, J., Cai, D., et al. (2020). Long‐term spatiotemporal variation of drought patterns over the
Greater Horn of Africa. Science of the Total Environment, 704, 135299. https://doi.org/10.1016/j.scitotenv.2019.135299

Haile, G. G., Tang, Q., Li, W., Liu, X., & Zhang, X. (2020). Drought: Progress in broadening its understanding. WIREs Water, 7(2), 1–25.
https://doi.org/10.1002/wat2.1407

Haile, G. G., Tang, Q., Sun, S., Huang, Z., Zhang, X., & Liu, X. (2019). Droughts in East Africa: Causes, impacts and resilience. Earth‐Science
Reviews, 193, 146–161. https://doi.org/10.1016/j.earscirev.2019.04.015

Harris, I., Jones, P. D., Osborn, T. J., & Lister, D. H. (2014). Updated high‐resolution grids of monthly climatic observations—The CRU
TS3.10 Dataset. International Journal of Climatology, 34(3), 623–642. https://doi.org/10.1002/joc.3711

Harris, I., Osborn, T. J., Jones, P., & Lister, D. (2020). Version 4 of the CRU TS monthly high‐resolution gridded multivariate climate
dataset. Scientific Data, 7(1), 1–18. https://doi.org/10.1038/s41597-020-0453-3

Hayes, M., Svoboda, M., Wall, N., & Widhalm, M. (2011). The lincoln declaration on drought indices: Universal meteorological drought
index recommended. Bulletin of the American Meteorological Society, 92(4), 485–488. https://doi.org/10.1175/2010BAMS3103.1

Hempel, S., Frieler, K., Warszawski, L., Schewe, J., & Piontek, F. (2013). A trend‐preserving bias correction &ndash; The ISI‐MIP approach.
Earth System Dynamics, 4(2), 219–236. https://doi.org/10.5194/esd-4-219-2013

Hosseini‐Moghari, S. M., Araghinejad, S., Ebrahimi, K., & Tourian, M. J. (2019). Introducing modified total storage deficit index (MTSDI)
for drought monitoring using GRACE observations. Ecological Indicators, 101, 465–475. https://doi.org/10.1016/j.ecolind.2019.01.002

Huang, J., Li, Y., Fu, C., Chen, F., Fu, Q., Dai, A., et al. (2017). Dryland climate change: Recent progress and challenges. Reviews of
Geophysics, 55, 719–778. https://doi.org/10.1002/2016RG000550

IPCC (2007). Climate change 2007: The physical science basis; Contribution of working group I to the fourth assessment report of the
intergovernmental panel on climate change. Retrieved October 21, 2018, from https://www.ipcc.ch/publications_and_data/publica-
tions_ipcc_fourth_assessment_report_wg1_report_the_physical_science_basis.htm

IPCC (2013). Climate change 2013: The physical science basis IPCC working group I contribution to AR5. Retrieved October 18, 2018, from
http://www.ipcc.ch/report/ar5/wg1/

Ito, R., Shiogama, H., Nakaegawa, T., & Takayabu, I. (2020). Uncertainties in climate change projections covered by the ISIMIP and
CORDEX model subsets from CMIP5. Geoscientific Model Development, 13(3), 859–872. https://doi.org/10.5194/gmd-13-859-2020

Jeong, D. I., Sushama, L., & Khaliq, M. N. (2014). The role of temperature in drought projections over North America, 289–303. Climate
Dynamics, 127(2), 289–303. https://doi.org/10.1007/s10584-014-1248-3

Jiang, R., Xie, J., He, H., Luo, J., & Zhu, J. (2014). Use of four drought indices for evaluating drought characteristics under climate change in
Shaanxi, China: 1951–2012. Natural Hazards, 75(3), 2885–2903. https://doi.org/10.1007/s11069-014-1468-x

Kate, S. (2009). Agro‐ecological zones of Africa. Washington, DC: International Food Policy Research Institute (IFPRI) [dataset]. http://hdl.
handle.net/1902.1/22616

Kumar, S., Allan, R. P., Zwiers, F., Lawrence, D. M., & Dirmeyer, P. A. (2015). Revisiting trends in wetness and dryness in the presence of
internal climate variability and water limitations over land. Geophysical Research Letters, 42, 10,867–10,875. https://doi.org/10.1002/
2015GL066858 Received

Leng, G., Tang, Q., & Rayburg, S. (2015). Climate change impacts on meteorological, agricultural and hydrological droughts in China.
Global and Planetary Change, 126, 23–34. https://doi.org/10.1016/j.gloplacha.2015.01.003

Liu, C., & Allan, R. P. (2013). Observed and simulated precipitation responses in wet and dry regions 1850–2100. Environmental Research
Letters, 8, 034002. https://doi.org/10.1088/1748-9326/8/3/034002

Lobell, D. B., Burke, M. B., Tebaldi, C., Mastrandrea, M. D., Falcon, W. P., & Naylor, R. L. (2008). Prioritizing climate change adaptation
needs for food security in 2030. Science, 319(5863), 607–610. https://doi.org/10.1126/science.1152339

Lu, J., Carbone, G. J., & Grego, J. M. (2019). Uncertainty and hotspots in 21st century projections of agricultural drought from CMIP5
models. Scientific Reports, 9(1), 4922–4912. https://doi.org/10.1038/s41598-019-41196-z

Mackay, J. D., Barrand, N. E., Hannah, D. M., Krause, S., Jackson, C. R., Everest, J., et al. (2019). Future evolution and uncertainty of river
flow regime change in a deglaciating river basin. Hydrology and Earth System Sciences, 23(4), 1833–1865. https://doi.org/10.5194/hess-
23-1833-2019

Marvel, K., Cook, B. I., Céline, J. W., Durack, P. J., Smerdon, J. E., & Williams, A. P. (2019). Twentieth‐century hydroclimate changes
consistent with human influence. Nature, 569(7754), 59–65. https://doi.org/10.1038/s41586-019-1149-8

McKee, T. B., Doesken, N. J., & Kleist, J. (1993). The relationship of drought frequency and duration to time scales. Proceedings of the IX
Conference on Applied Climatology (179–184). Boston, MA: American Meteorological Society.

Meresa, H. K., Osuch, M., & Romanowicz, R. (2016). Hydro‐meteorological drought projections into the 21‐st century for selected polish
catchments. Water (Switzerland), 8, 206. https://doi.org/10.3390/w8050206

Meresa, H. K., & Romanowicz, R. J. (2017). The critical role of uncertainty in projections of hydrological extremes. Hydrology and Earth
System Sciences, 21(8), 4245–4258. https://doi.org/10.5194/hess-21-4245-2017

10.1029/2020EF001502Earth's Future

HAILE ET AL. 21 of 23

https://doi.org/10.1088/1748-9326/ab055a
https://doi.org/10.1016/j.jaridenv.2017.12.002
https://doi.org/10.1080/01431161.2018.1562585
https://doi.org/10.1002/jame.20038
https://doi.org/10.5194/esd-6-267-2015
https://doi.org/10.1007/s00382-016-3366-2
https://doi.org/10.1038/NGEO2247
https://doi.org/10.1088/1748-9326/ab225d
https://doi.org/10.1016/j.scitotenv.2019.135299
https://doi.org/10.1002/wat2.1407
https://doi.org/10.1016/j.earscirev.2019.04.015
https://doi.org/10.1002/joc.3711
https://doi.org/10.1038/s41597-020-0453-3
https://doi.org/10.1175/2010BAMS3103.1
https://doi.org/10.5194/esd-4-219-2013
https://doi.org/10.1016/j.ecolind.2019.01.002
https://doi.org/10.1002/2016RG000550
https://www.ipcc.ch/publications_and_data/publications_ipcc_fourth_assessment_report_wg1_report_the_physical_science_basis.htm
https://www.ipcc.ch/publications_and_data/publications_ipcc_fourth_assessment_report_wg1_report_the_physical_science_basis.htm
http://www.ipcc.ch/report/ar5/wg1/
https://doi.org/10.5194/gmd-13-859-2020
https://doi.org/10.1007/s10584-014-1248-3
https://doi.org/10.1007/s11069-014-1468-x
http://hdl.handle.net/1902.1/22616
http://hdl.handle.net/1902.1/22616
https://doi.org/10.1002/2015GL066858
https://doi.org/10.1002/2015GL066858
https://doi.org/10.1016/j.gloplacha.2015.01.003
https://doi.org/10.1088/1748-9326/8/3/034002
https://doi.org/10.1126/science.1152339
https://doi.org/10.1038/s41598-019-41196-z
https://doi.org/10.5194/hess-23-1833-2019
https://doi.org/10.5194/hess-23-1833-2019
https://doi.org/10.1038/s41586-019-1149-8
https://doi.org/10.3390/w8050206
https://doi.org/10.5194/hess-21-4245-2017


Meza, I., Siebert, S., Döll, P., Kusche, J., Herbert, C., Eyshi Rezaei, E., et al. (2019). Global‐scale drought risk assessment for agricultural
systems. Natural Hazards and Earth System Sciences Discussions, 20, 695–712. https://doi.org/10.5194/nhess-2019-255

Moraes Frasson, R. P., Pavelsky, T. M., Fonstad, M. A., Durand, M. T., Allen, G. H., Schumann, G., et al. (2019). Global relationships
between river width, slope, catchment area, meander wavelength, sinuosity, and discharge. Geophysical Research Letters, 46, 3252–3262.
https://doi.org/10.1029/2019gl082027

Moss, R. H., Edmonds, J. A., Hibbard, K. A., Manning, M. R., Rose, S. K., Van Vuuren, D. P., et al. (2010). The next generation of scenarios
for climate change research and assessment. Nature, 463(7282), 747–756. https://doi.org/10.1038/nature08823

Mwangi, E., Wetterhall, F., Dutra, E., Di Giuseppe, F., & Pappenberger, F. (2014). Forecasting droughts in East Africa.Hydrology and Earth
System Sciences, 18(2), 611–620. https://doi.org/10.5194/hess-18-611-2014

Nguvava, M., Abiodun, B. J., & Otieno, F. (2019). Projecting drought characteristics over East African basins at specific global warming
levels. Atmospheric Research, 228, 41–54. https://doi.org/10.1016/j.atmosres.2019.05.008

Nicholson, S. E. (2017). Climate and climatic variability of rainfall over eastern Africa. Reviews of Geophysics, 55, 590–635. https://doi.org/
10.1002/2016rg000544

Orlowsky, B., & Seneviratne, S. I. (2013). Elusive drought: Uncertainty in observed trends and short‐and long‐term CMIP5 projections.
Hydrology and Earth System Sciences, 17(5), 1765–1781. https://doi.org/10.5194/hess-17-1765-2013

Osima, S. E., Indasi, V., Zaroug, M. A. H., Edris, H., Gudoshava, M., Misiani, H., et al. (2018). Projected climate over the Greater Horn of
Africa under 1.5°С and 2°С global warming. Environmental Research Letters, 13, 065004. https://doi.org/10.1088/1748-9326/aaba1b

Park, C. E., Jeong, S. J., Joshi, M., Osborn, T. J., Ho, C. H., Piao, S., et al. (2018). Keeping global warming within 1.5°C constrains emergence
of aridification. Nature Climate Change, 8(1), 70–74. https://doi.org/10.1038/s41558-017-0034-4

Prudhomme, C., Giuntoli, I., & Robinson, E. L. (2014). Hydrological droughts in the 21st century, hotspots and uncertainties from a global
multimodel ensemble experiment. Proceedings of the National Academy of Science, 111(9), 3262–3267. https://doi.org/10.1073/
pnas.1222473110

Schwalm, C. R., Anderegg, W. R. L., Michalak, A. M., Fisher, J. B., Biondi, F., Koch, G., et al. (2017). Global patterns of drought recovery.
Nature, 548(7666), 202–205. https://doi.org/10.1038/nature23021

Seitz, J., & Nyangena, W. (2009). Economic impact of climate change in the East African community (EAC). … Process in the EAC Region.
Arusha, Tanzania, (August). Retrieved from http://global21.eu/download/Economic_Impact_Climate_Change_EAC.pdf

Serdeczny, O., Adams, S., Baarsch, F., Coumou, D., Robinson, A., Hare, W., et al. (2017). Climate change impacts in Sub‐Saharan Africa:
From physical changes to their social repercussions. Regional Environmental Change, 17(6), 1585–1600. https://doi.org/10.1007/s10113-
015-0910-2

Sheffield, J., & Wood, E. F. (2008). Projected changes in drought occurrence under future global warming from multi‐model, multi‐
scenario, IPCC AR4 simulations. Climate Dynamics, 31(1), 79–105. https://doi.org/10.1007/s00382-007-0340-z

Sheffield, J., Wood, E. F., Chaney, N., Guan, K., Sadri, S., Yuan, X., et al. (2014). A drought monitoring and forecasting system for
sub‐Sahara African water resources and food security. Bulletin of the American Meteorological Society, 95(6), 861–882. https://doi.org/
10.1175/BAMS-D-12-00124.1

Sheffield, J., Wood, E. F., & Roderick, M. L. (2012). Little change in global drought over the past 60 years. Nature, 491(7424), 435–438.
https://doi.org/10.1038/nature11575

Shukla, S., McNally, A., Husak, G., & Funk, C. (2014). A seasonal agricultural drought forecast system for food‐insecure regions of East
Africa. Hydrology and Earth System Sciences, 18(10), 3907–3921. https://doi.org/10.5194/hess-18-3907-2014

Spinoni, J., Barbosa, P., Bucchignani, E., Cassano, J., Tereza, C., & Christensen, J. H. (2020). Future global meteorological drought hotspots:
A study based on CORDEX data. Journal of Climate, 1–72. https://doi.org/10.1175/JCLI-D-19-0084.1

Tang, Q. (2020). Global change hydrology: Terrestrial water cycle and global change. Science China Earth Sciences, 63(3), 459–462. https://
doi.org/10.1007/s11430-019-9559-9

Touma, D., Ashfaq, M., Nayak, M. A., Kao, S. C., & Diffenbaugh, N. S. (2015). A multi‐model and multi‐index evaluation of drought
characteristics in the 21st century. Journal of Hydrology, 526, 196–207. https://doi.org/10.1016/j.jhydrol.2014.12.011

Trenberth, K. E., Dai, A., Van Der Schrier, G., Jones, P. D., Barichivich, J., Briffa, K. R., & Sheffield, J. (2014). Global warming and changes
in drought. Nature Climate Change, 4(1), 17–22. https://doi.org/10.1038/nclimate2067

UNDESA (2015). United Nations Department of Economic and Social Affairs. List of African countries by population. Geneva, Switzerland.
United Nations (2014). Land and drought|UNCCD, New York, USA. Retrieved October 18, 2018, from https://www.unccd.int/issues/land-

and-drought
United Nations. (2017). World population prospects. Key findings and advance tables. The 2017 revision.
Van Loon, A. F., Gleeson, T., Clark, J., Van Dijk, A. I. J. M., Stahl, K., Hannaford, J., et al. (2016). Drought in the anthropocene. Nature

Geoscience, 9(2), 89–91. https://doi.org/10.1038/ngeo2646
Van Vuuren, D. P., Riahi, K., Moss, R., Edmonds, J., Thomson, A., Nakicenovic, N., et al. (2012). A proposal for a new scenario framework

to support research and assessment in different climate research communities. Global Environmental Change, 22(1), 21–35. https://doi.
org/10.1016/j.gloenvcha.2011.08.002

Vanderkelen, I., van Lipzig, N. P. M., & Thiery, W. (2018). Modelling the water balance of Lake Victoria (East Africa)—Part 2: Future
projections. Hydrology and Earth System Sciences, 22(10), 5527–5549. https://doi.org/10.5194/hess-22-5527-2018

Verschuren, D., Laird, K. R., & Cumming, B. F. (2000). Rainfallanddroughtinequatorialeast Africa during the past 1, 100 years. Solar Cells,
403(6768), 410–414. https://doi.org/10.1038/35000179

Vicente‐Serrano, S. M., Beguería, S., & López‐Moreno, J. I. (2010). A multiscalar drought index sensitive to global warming: The standar-
dized precipitation evapotranspiration index. Journal of Climate, 23(7), 1696–1718. https://doi.org/10.1175/2009JCLI2909.1

Wada, Y., Van Beek, L. P. H., Wanders, N., & Bierkens, M. F. P. (2013). Human water consumption intensifies hydrological drought
worldwide. Environmental Research Letters, 8, 034036. https://doi.org/10.1088/1748-9326/8/3/034036

Wanders, N., Wada, Y., & Van Lanen, H. A. J. (2015). Human and climate impacts on the 21st century hydrological drought. Journal of
Hydrology, 526, 208–220. https://doi.org/10.1016/j.jhydrol.2014.10.047

Warszawski, L., Frieler, K., Huber, V., Piontek, F., Serdeczny, O., & Schewe, J. (2014). The Inter‐Sectoral Impact Model Intercomparison
Project (ISI–MIP): Project framework. Proceedings of the National Academy of Sciences, 111(9), 3228–3232. https://doi.org/10.1073/
pnas.1312330110

Watanabe, S., Hajima, T., Sudo, K., Nagashima, T., Takemura, T., Okajima, H., et al. (2011). MIROC‐ESM 2010: Model description and
basic results of CMIP5‐20c3m experiments. Geoscientific Model Development, 4(4), 845–872. https://doi.org/10.5194/gmd-4-845-2011

Weber, T., Haensler, A., Rechid, D., Pfeifer, S., Eggert, B., & Jacob, D. (2018). Analyzing regional climate change in Africa in a 1.5, 2, and
3°C global warming world. Earth's Future, 6(4), 643–655. https://doi.org/10.1002/2017EF000714

10.1029/2020EF001502Earth's Future

HAILE ET AL. 22 of 23

https://doi.org/10.5194/nhess-2019-255
https://doi.org/10.1029/2019gl082027
https://doi.org/10.1038/nature08823
https://doi.org/10.5194/hess-18-611-2014
https://doi.org/10.1016/j.atmosres.2019.05.008
https://doi.org/10.1002/2016rg000544
https://doi.org/10.1002/2016rg000544
https://doi.org/10.5194/hess-17-1765-2013
https://doi.org/10.1088/1748-9326/aaba1b
https://doi.org/10.1038/s41558-017-0034-4
https://doi.org/10.1073/pnas.1222473110
https://doi.org/10.1073/pnas.1222473110
https://doi.org/10.1038/nature23021
http://global21.eu/download/Economic_Impact_Climate_Change_EAC.pdf
https://doi.org/10.1007/s10113-015-0910-2
https://doi.org/10.1007/s10113-015-0910-2
https://doi.org/10.1007/s00382-007-0340-z
https://doi.org/10.1175/BAMS-D-12-00124.1
https://doi.org/10.1175/BAMS-D-12-00124.1
https://doi.org/10.1038/nature11575
https://doi.org/10.5194/hess-18-3907-2014
https://doi.org/10.1175/JCLI-D-19-0084.1
https://doi.org/10.1007/s11430-019-9559-9
https://doi.org/10.1007/s11430-019-9559-9
https://doi.org/10.1016/j.jhydrol.2014.12.011
https://doi.org/10.1038/nclimate2067
https://www.unccd.int/issues/land-and-drought
https://www.unccd.int/issues/land-and-drought
https://doi.org/10.1038/ngeo2646
https://doi.org/10.1016/j.gloenvcha.2011.08.002
https://doi.org/10.1016/j.gloenvcha.2011.08.002
https://doi.org/10.5194/hess-22-5527-2018
https://doi.org/10.1038/35000179
https://doi.org/10.1175/2009JCLI2909.1
https://doi.org/10.1088/1748-9326/8/3/034036
https://doi.org/10.1016/j.jhydrol.2014.10.047
https://doi.org/10.1073/pnas.1312330110
https://doi.org/10.1073/pnas.1312330110
https://doi.org/10.5194/gmd-4-845-2011
https://doi.org/10.1002/2017EF000714


Wolff, C., Haug, G., Timmermann, A., Sinninghe Damsté, J. S., Brauer, A., Sigman, D. M., et al. (2011). Reduced interannual rainfall
variability in East Africa during reduced interannual rainfall variability in East Africa during the Last Ice Age variability in East Africa
during the Last Ice Age. Nature, 333(6043), 743–747. https://doi.org/10.1126/science.1203724

Yang, T., Ding, J., Liu, D., Wang, X., & Wang, T. (2019). Combined use of multiple drought indices for global assessment of dry gets drier
and wet gets wetter paradigm. Journal of Climate, 32(3), 737–748. https://doi.org/10.1175/JCLI-D-18-0261.1

Zhao, T., & Dai, A. (2017). Uncertainties in historical changes and future projections of drought. Part II: Model‐simulated historical and
future drought changes. Climatic Change, 144(3), 535–548. https://doi.org/10.1007/s10584-016-1742-x

10.1029/2020EF001502Earth's Future

HAILE ET AL. 23 of 23

https://doi.org/10.1126/science.1203724
https://doi.org/10.1175/JCLI-D-18-0261.1
https://doi.org/10.1007/s10584-016-1742-x


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG (Modified PDFX1a settings for Blackwell publications)
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


