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Abstract

This study examines the impacts of 1.5 °C and 2.0 °C global warming levels (GWLs) on
the characteristics of four major drought modes over Eastern Africa in the future under
two climate forcing scenarios (RCP4.5 and RCP8.5). The droughts were quantified using
two drought indices: the standardized precipitation evapotranspiration index (SPEI) and the
standardized precipitation index (SPI) at 12-month scale. Four major drought modes were
identified with the principal component analysis (PCA). Multi-model simulation datasets
from the Coordinated Regional Climate Downscaling Experiment (CORDEX) were ana-
lysed for the study. The skill of the models to reproduce the spatial distribution and fre-
quency of past drought modes over Eastern Africa was examined by comparing the simu-
lated results with the Climate Research Unit (CRU) observation. The models give realistic
simulations of the historical drought modes over the region. The correlation between the
simulated and observed spatial pattern of the drought modes is high (r > 0.7). Over the
hotspot of the drought modes, the observed drought frequency is within the simulated val-
ues, and the simulations agree with the observation that the frequency of SPI-12 droughts
is less than that of SPEI-12 droughts. For both RCP4.5 and RCP8.5 scenarios, the sim-
ulation ensemble projects no changes in the spatial structure of the drought modes but
suggests an increase in SPEI-12 drought intensity and frequency over the hotspots of the
drought modes. The magnitude of the increase, which varies over the drought mode hot-
spots, is generally higher at 2 °C than at 1.5 °C global warming levels. More than 75% of
the simulations agree on these projections. The projections also show that the increase in
drought intensity and frequency is more from increased potential evapotranspiration than
from reduced precipitation. Hence, the study suggests that to reduce impacts of global
warming on future drought, the adaptation activities should focus on reducing evaporative
loss surface water.
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1 Introduction

Drought is a threat in Eastern Africa because of its socio-economic impacts on agri-
culture, water resources and the environment (Lyon and DeWitt 2012; Cook and Vizy
2012). Drought induces a wide range of devastating situations in this region. For
example, the drought of 1970s over the northeast of Eastern Africa induced more that
300,000 deaths and that of Ethiopia in 1984—1985 led to about 450,000 deaths (Degefu
1987). The widespread drought episode of 1999 affected Kenya, Ethiopia, Burundi, Eri-
trea, Rwanda and Uganda, causing economic instabilities over these countries (UNDP
2008). In 1998-2005, a persistent drought destroyed crops and livestock and caused a
major food shortage in Tanzania (Kijazi and Reason 2009). The 2008—2010 droughts
hit most Eastern Africa countries and affected over 8 million people (Muller 2014).
Eastern Africa drought of 2010-2011 caused a widespread famine that resulted in
humanitarian crises, affecting more than 11 million people (FEWSNET 2011; Robin-
son et al. 2014). It was the worst drought in the past 60 years over this region (Funk
2011; ACTED 2011). In December 2015, the government of Ethiopia calls for emer-
gency assistance for about 10 million people because of drought caused by seasonal rain
failure in the region. The aftereffects of this drought continued for a prolonged period
and by 2016 about 22 million people required food relief assistance, and about 2 million
people experienced acute malnutrition (Philip et al. 2018). As drought remains a critical
problem in Eastern Africa, there is a need for more studies on drought characteristics
(e.g., intensity and frequency) over the region. Such studies will provide information for
developing reliable mitigation measures against drought.

Studies have reported an increase in the frequency and intensity of droughts in
Eastern Africa over the past three decades particularly in Somalia, Ethiopia and
Kenya, (e.g. Viste et al. 2013; Shongwe et al. 2011; Damberg and Aghakouchak
2014). Some of these studies have projected that this increase may continue into the
future due to global warming (IPCC 2014; Dai 2011; Shongwe et al. 2011; Anyah
and Qiu 2010). For example, the analysis of temperature trends of station data that
was done by Christy et al. (2008) over Kenya and Tanzania showed a rise in mini-
mum temperature over this region. Omumbo et al. (2011) found a statistically signifi-
cant upward trend in minimum, maximum and mean temperatures over some parts of
Eastern Africa for the past 30 years. These temperature trends will generally accel-
erate drought condition in the region (Damberg and Aghakouchak 2014). Patricola
and Cook (2011) simulated large precipitation reductions at the end of twenty-first
century over parts of Eastern Africa. Based on the Coupled Model Intercomparison
Project version 3 (CMIP3) models, Anyah and Qiu (2010) projected the high likeli-
hood of increase in extreme warmer minimum and maximum temperatures as well as
increase in the number of days with T,,;, and T,,,, greater than 2 °C over tropical East-
ern Africa. Adhikari et al. (2016) projected a decreased water supply for agriculture in
Tanzania especially in dry seasons, under the business-as-usual climate scenario (i.e.
RCP 8.5). However, most of these studies have used temperature and/or precipitation
to characterize drought. Instead, drought in this region is influenced by both rainfall
and evapotranspiration, and various studies (e.g. Cook and Vizy 2012; Nguvava et al.
2019; Abiodun et al. 2019; Abiodun et al. 2021) have shown that global warming
may increase evapotranspiration in the future. Hence, there is a need to use a drought
index that incorporates both rainfall and potential evapotranspiration to quantify the
future impact of climate change on droughts in Eastern Africa.
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As part of efforts to minimize impacts of the global warming, the 21st Conference of
the Parties to the United Nations Framework Convention on Climate Change (UNFCCC)
resolved to limit the increase in global mean average temperature to well below 2 °C above
pre-industrial levels, and in fact to pursue efforts to limit the temperature increase to 1.5
°C, because some studies have shown that 2 °C above pre-industrial levels is inadequately
safe (UNFCCC 2015). Peters et al. (2013) highlighted that with the continuing emissions
of carbon dioxide that follows the high end emission scenarios, it may be more difficult to
limit global warming below 2 °C. To limit the warming below 2 °C, immediate, significant
and sustained global mitigations are required. However, understanding the differences in
regional impacts of 1.5 °C and 2 °C global warming is essential and has been the topic
of investigation by several studies. For example, James and Washington (2013) reported
larger precipitation anomalies observed at 2 °C over continental Africa, and these anoma-
lies found to be strengthened and extended at higher warming levels, i.e. 3 °C and 4 °C.
King et al. (2017) reported that limiting warming to 1.5 °C relative to 2 °C would reduce
the frequency of extreme heat events and heat in the Coral Sea region off the Australian
coast by 26% and 22% respectively. Su et al. (2017) documented a lower evapotranspiration
rate for 1.5 °C relative to warming of 2°C over the Tarim River Basin, China. They further-
more projected that regional warming of 1.5 °C would occur later than the global average,
whereas regional warming of 2 °C would occur earlier than the global average. Ying et al.
(2017) found that relative to the pre-industrial era, the mean temperature over Asia would
increase by 2.3 °C and 3.0 °C, at global warming targets of 1.5 °C and 2 °C respectively.
However, only few studies have reported the impacts of the various global warming levels
(GWLs) on the Eastern Africa climate (e.g. Osima et al. 2018; Nguvava et al. 2019). Most
future projection studies have focused on specific time period using certain emission sce-
nario (e.g. Otieno and Anyah 2013; Niang et al. 2014; Adhikari et al. 2016). Therefore, the
current study analysed drought projections using the various GWLs at certain emission
scenarios.

Future climate change projections are usually based on Global Climate Model (GCMs)
simulations (e.g. Wang et al. 2017; Ying et al. 2017). But, due to their low horizontal grid
resolutions, these simulations do not resolve well the influence of local forcings (like ter-
rain and vegetation effects, and land-sea contrasts) that modulate the climate signal at finer
scales (Rummukainen 2010). Downscaling GCM simulations with regional climate mod-
els (RCMs) accounts for some of the processes not resolved by GCMs. For instance, Su
et al. (2017) used regional model COSMO-CLM a downscale of GCM ECHAMBS6 to pro-
ject potential evapotranspiration rates under global warming scenarios 1.5 °C and 2 °C
in China. However, robust climate change projections require a multi-RCM downscaling
of multi-GCM simulations. This has been a big challenge for many institutions in Africa
because of the associated computational cost. To address the challenge, the Coordinated
Regional Climate Downscaling Experiment (CORDEX; Giorgi et al. 2009; Giorgi and
Gutowski 2015) has provided a multi-RCM downscaling of some GCMs and made the data
available publicly. Despite this, only few studies have utilized the CORDEX data impact of
climate change on Eastern Africa climate (e.g. Souverijns et al. 2016; Endris et al. 2013);
meanwhile, there is dearth of information on future projection of drought under the 1.5 °C
and 2 °C warming above the pre-industrial level.

Hence, the aim of this study is to utilize the CORDEX datasets in examining the influ-
ence of 1.5 °C and 2 °C warming on drought in Eastern Africa under two future climate
scenarios (RCP4.5 and RCP8.5). Section 2 of this paper describes the datasets and methods
used in analysing them. Section 3 presents and discusses the results of the analysis while
Section 4 gives the conclusion remarks.
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2 Methodology
2.1 The study domain

Eastern Africa region consists of eight developing countries (i.e. Tanzania, Ethiopia,
Somalia, Kenya, Uganda, Djibouti, Burundi, Rwanda, and South Sudan) located in the
easterly part of sub-Saharan Africa (Fig. 1). In this study, we have defined the region as
the area lying within 28 °E and 52 °E longitudes and 12 °S and 12 °N latitudes. The region
generally has a semi-arid climate and experiences small variations in temperature through-
out the year, but exhibits a high degree of spatiotemporal variability in rainfall (Yang et al.
2015). Eastern Africa is characterized by two major rainfall regimes: the bimodal regime
rains in March-May (MAM) and October-December (OND) and the unimodal regime
rains in June—September (JJAS) and December—March (DJFM) (Nicholson 2017; Yang
et al. 2015).

2.2 Data and methods

Observation and simulation datasets (i.e. monthly total precipitation, maximum, minimum
and mean temperature) were analysed for the study. The observed datasets were extracted
from the Climate Research Unit (CRU v.3.22; Harris et al. 2014) of the University of
East Anglia, UK. The CRU datasets are gridded (0.5° x 0.5° global grid resolution) com-
piled from meteorological station data over the period 1901-2014 (Harris et al. 2014).
These data were downloaded from http://badc.nerc.ac.uk/data/cru/. The model simulation
datasets were the outputs of 20 CORDEX RCMs forced by CMIP5 GCMs over COR-
DEX Africa region (CORDEX data archive: http://cordex.dmi.dk/joomla). The RCM-
GCM matrix is shown in Table 1. The period from 1971 to 2001 was used to calculate
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Table 1 Regional climate models and the corresponding CMIP5 global climate models downscaled

CORDEX Driving GCMs RCP4.5 RCP8.5
RCMs (CIMAPS)
1.5°C 2°C 1.5°C 2°C
SMHI-RCA4 ICHEC_EC_EARTH 2010-2039 2031-2060 2005-2034 2021-2050
CanESM2 2002-2031 2017-2046 1999-2028 2012-2041
CNRM-CM5 2021-2050 2042-2071 2015-2044 2029-2058
CSIRO-MK3.6 2020-2049 2033-2062 2018-2047 2030-2059
HadGEM2-ES 2016-2045 2032-2061 2010-2039 2023-2052
IPSL-CM5A-LR 2002-2031 2020-2049 2002-2031 2016-2045
MIROC-MIROC5 2026-2055 2059-2088 2019-2048 2034-2063
MPI-ESM-LR 2006-2035 2029-2058 2004-2033 2021-2050
NorESM1-M 2027-2056 2062-2091 2019-2048 2034-2063
DMI-HIRHAMS NorESM-M 2027-2056 2062-2091 2019-2048 2034-2063
CLMcom-CCLM4-8-17 ICHEC_EC_EARTH 2010-2039 2031-2060 2005-2034 2021-2050
MPI-ESM-LR 2006-2035 2029-2058 2004-2033 2021-2050
HadGEM2-ES 2016-2045 2032-2061 2010-2039 2023-2052
CNRM-CM5 2021-2050 2042-2071 2015-2044 2029-2058
CNRM-ALADINS2 CNRM-CM5 2021-2050 2042-2071 2015-2044 2029-2058
BCCR-WRF331 NorESM-M 2027-2056 2062-2091 2019-2048 2034-2063
KNMI-RACMO22E ICHEC 2006-2035 2028-2057 2003-2032 2021-2050
HadGEM2-ES 2016-2045 2032-2061 2010-2039 2023-2052

the historical drought of model simulations and compare with gridded observation. The
projected change in drought for 1.5 °C and 2 °C global warming were analysed using the
30-year period the GCM simulation reaches 1.5 °C and 2 °C warming for both RCP 4.5
and RCP8.5. Details of how the 30-year periods of 1.5 °C and 2 °C warming level were
calculated can be obtained from Vautard et al. (2014). The impact of these warming levels
was determined by comparing the simulation with those of reference period (1971-2000).
This reference period “1971-2000” was chosen because it is the most commonly used
control period in climate impact application studies and in several previous research on
GWL over Africa (e.g. Nikulin et al. 2018; Osima et al. 2018; Pinto et al. 2018). There-
fore, it is used here to ensure that the results of the present study are consistent with other
previous studies. In addition, using a climatological period starting beyond 1971 might
cause the results to overlap with the GWL climatological projections. All simulations
dataset were regraded to 0.5° x 0.5°.

The standardized precipitation evapotranspiration index (SPEI; Vicente-Serrano et al.
2010; Begueria et. 2014) was used to quantify drought on this study. SPEI characterize
droughts based on climate water balance i.e. precipitation (P) minus potential evapora-
tion (PET). Estimation of PET will be done using Hargreaves (Hg) equation (Hargreaves
and Samani 1985). The Hg equation requires daily maximum and minimum temperatures
(TMAX and TMIN), monthly mean precipitation and the latitudinal position of the site.
Other popular PET methods are available. These include Thornthwaite (Th; Thornth-
waite 1948) and Penman—Monteith (PM; (Monteith 1965; Penman 1948)) equations. Th
computation only requires mean daily temperature and latitudinal position of the site, but
has some drawbacks. Among the deficiencies is that the Th equation underestimates PET
in tropical and humid equatorial regions. PM is a more physically based method for cal-
culation of PET, but the method is highly demanding in terms of data (e.g. wind speed,
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relative humidity and solar radiation). Unfortunately, these datasets are not readily avail-
able in the study domain. Begueria et al. (2014) showed that the use of the Hg method
is the best option especially over regions with limited data. To understand the range of
drought intensity, SPEI values are categorized according to classes (Mavromatis 2007).
Normal conditions are established from the aggregations of two classes: — 1 < indices <
0 (mild drought) and 0 < indices < 1 (slightly wet). The values are positive or negative
for greater or less than mean precipitation, respectively. The more negative the value for a
given location, the more severe the drought. In the present study, SPEI is used to character-
ize 12-month droughts, which impact both agriculture and surface hydrological systems
especially reservoirs and streams. The period 1971-2000 was used as the reference period
for calculating the SPEI-12 and SPI-12 for the historical and future climates.

The principal component analysis (PCA; Jolliffe 2002) was used to obtain drought
modes over the study domain. The PCA is a multivariate variable-reduction procedure
commonly used in climate research for defining the leading spatial and temporal patterns
of climate variability (Richman 1986). For the PCA, we calculated the covariance matrix
from standardised normalised variables, calculated the matrix’s eigenvectors and eigenval-
ues and ordered the eigenvectors according to the magnitude of eigenvalues. The eigenvec-
tor with the highest eigenvalue represents the first principal factor and the mode with the
largest variability in the dataset. PCA has been used for the regionalization of drought at
different spatial and temporal scales (e.g. Santos et al. 2010; Indeje and Semazzi 2000;
Ujeneza and Abiodun 2015). Here, we applied PCA with a varimax rotated option, because
previous studies (e.g. Jolliffe 2002) showed that varimax rotation enhances the physical
application and understanding of PCA results. The PCA was applied to the SPEI-12 and
SPI-12 of each dataset (observations and RCM simulations), and the first four principal
factors of the PCA were retained as the most significant drought modes (DM1, DM2, DM3
and DM4) in the dataset.

3 Results and discussion
3.1 Observed and simulated drought modes in historical climate

To assess the credibility of CORDEX RCMs in simulating historical drought modes over
Eastern Africa, the characteristic of the simulated drought modes in historical climate is
compared with the observed (Figs. 2 and 3). The RCM ensemble replicates the spatial pat-
tern of the observed drought modes well (Fig. 2). For all the drought modes, the correlation
between the simulated and observed pattern is high (r > 0.7). The model ensemble mean
features the core hotspot of the modes (depicted by red boxes) at location as in observa-
tion. The first drought mode (DM1) explains about 21% (CRU) and 13% (model ensem-
bles mean) of the drought variability and features its highest positive loadings (~ 0.8) over
northeast Kenya and south Somalia and a negative loading (& 0.6) over north Sudan and
northwestern Ethiopia. The second drought mode (DM2) explains 12% (CRU) and 14%
(ensembles mean) of the SPEI-12 variance and features its highest positive loadings (~
0.6) over Tanzania. DM2 highest negative loadings (=~ 0.2) are located far north of Eastern
Africa. Drought mode (DM3) explains 11% and 16% of CRU and ensemble mean respec-
tively of the SPEI-12 variance and shows its highest positive loadings (=~ 0.6) over the
horn of Africa (i.e. north Somalia and east Ethiopia). The last drought mode for this work
(DM4) accounts for 11% (CRU) and 15% (ensembles mean) of the variability and features
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Fig.2 The observed and simulated (ensembles mean) loadings of 12-month SPEI over Eastern Africa for
the period 1971-2000. The percentage of variance explained on each mode (DM1, DM2, DM3 and DM4)
of CRU, and each ensemble is indicated in the lower right corner of each panel. The spatial correlation
between observed and simulated loadings for each mode is shown above each variance. The red boxes rep-
resent the core hotspots (positive loadings) of the drought modes

its highest positive loading over most parts of South Sudan and some parts of west-central
Ethiopia and negative loadings along the Eastern Africa coastal area.

In general, these drought modes correspond to different rainfall climate zones in Eastern
Africa (Cook and Vizy 2012; Lyon 2014; Yang et al. 2015). DM1 area has bimodal rainfall
climatology with peaks during MAM (heavy rains) and OND (light rains). According to
Yang et al. (2015), DM4 area has similar pattern of rainfall climatology as DM1 area, and
therefore, the differences can be on the large scale systems (Teleconnections) that influence
their climate. For instance, DM4 region is affected strongly by the Somali jet (Findlater
1977; Segele et al. 2009) and Asian monsoon (Camberlin 1997; Vizy and Cook 2003),
and relatively, no effect occurs to DM1 region. DM2 and DM3 have both unimodal rainfall
climatology and with similarities in their intensity ranges at peak season but differs in the
time of season. While DM2 peaks in DJFM, DM3 peaks in JJAS.

The capability of RCMs to reproduce the spatial pattern of the drought modes varies
among the simulations (Fig. 3a and b). For all drought modes, the correlation between indi-
vidual simulation and the observation varies between 0.3 and 0.9. All the simulations show
their best performance in simulating DM2 (r = 0.6 < r < 0.9) and their worst performance
in simulating DM3 (r = 0.3 < r < 0.8). The majority of the models (95%) correlations
were above 0.7 in DM2 and in DM3, and majority of the models (80%) correlations were
below 0.6. The best performance of the model in simulating DM2 may be that the modes
are mostly controlled by the large-scale atmospheric circulation or teleconnections (e.g.
ENSO and IOD) that are well reproduced by the forcing GCM simulations. Several studies
have shown DM2 hotspot to have high correlation with tropical Pacific Ocean and western
Indian Ocean (e.g. Trenberth et al. 2014; Nicholson 1996; Tierney et al. 2013; Dutra et al.
2013; Lott et al. 2013). As for DM4, Lyon (2014) and Segele et al. (2009) have reported
that the hotspot is mostly linked with tropical Atlantic Ocean but also local processes have
some impacts. The recent analysis by Nguvava (2020) has shown that the DM1 region
is linked with several teleconnections including IOD, ENSO as well as Tropical Atlantic
Ocean. Having such diversity could also be the reason for the climate models to have weak
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Fig.3 a The observed and simulated loadings of the 12-month SPEI over Eastern Africa for the period
1971-2000. The percentage of variance explained by the CRU and each RCM model for all drought modes
is indicated in the lower right corner of each panel. The spatial correlation between the observed and the
simulated loadings is shown beneath each variance. b The same as Fig. 3a but for other RCMs

identification of this drought mode. Another interesting observation is that every model
has produced the pattern as of CRU although not in the same order. For example, CCLM-
CNRM, CCLM-MPI, RACMO-ICHEC, REMO-MPI and WRF-NCC (Fig. 3a) all show
drought mode 3 with highest variance than other modes, and therefore, this is a leading
mode for these models. Among the RCMs analyzed, RACMO-ICHEC shows very low
correlation of drought modes with CRU especially for DM1 (= 0.3). This describes that
RACMO-ICHEC identifies only a small part of DM1 positive loading that CRU observed.
Similar results can be seen for RCA-ICHEC but for DM3 (Fig. 3b). Based on these obser-
vations, the global model ICHEC that was downscaled with different RCMs seems to carry
the weakness of not being able to capture properly the global patterns that control drought
over the most part of Eastern Africa except for DM2 region which has the highest correla-
tion in both RACMO-ICHEC (r = 0.7) and RCA-ICHEC

The RCMs give generally weak simulations of drought frequency over the core hotspot
of the DM1, DM2, DM3 and DM4 (Fig. 4). The models have either underestimated or
overestimated the drought frequency. For example, for DM2, simulations have generally
underestimated drought frequency because less than 25% of the simulation lies in the quar-
tile the observation is in, and more than 75% of the simulation produces results below the
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observed value. As for DM4, simulations generally overestimated the drought frequency
as they produce frequency above the observed value, i.e. the observed frequency found
below the first quartile of the model simulations. However, for all the DMs, the observed
drought frequency (SPEI-12 and SPI-12) falls within the simulations spread. Also, for all
the drought modes, the drought frequency of DMI is best simulated by the models for
both SPEI-12 and SPI-12 indices while DM2 drought frequency was poorly simulated
for all the drought indices. In addition, the performance of the simulations at reproducing
the drought frequency is generally better with SPI-12 than with SPEI-12 (especially for
DM1, DM3 and DM4). For instance, in DM1, more than 75% of the simulations overes-
timate the SPEI-12 drought frequency, but less than 75% of them overestimate the SPI-12
drought frequency. Also, in DM3 and DM4, while the observed SPI-12 drought frequency
is within the first and third quartiles of the simulated values, the observed SPEI-12 drought
frequency is below the first quartile. The better performance of the RCMs in simulating
SPI-12 than SPEI-12 suggests a larger bias in the simulated PET than in the simulated
precipitation in Eastern Africa region. Nevertheless, for all DMs, the observation and the
simulations agree that SPEI-12 droughts are more frequent than the SPI-12 droughts. The
difference ranges from ~ 3 months/decade (CRU) and ~ 2 months/decade (RCM median)
in DMI to ~ 0.5 month’s decade™' (CRU) and ~ 3 months decade™' (RCM median) in
DMA4. This suggests that the inclusion of the PET enhances the intensity and frequency of
the droughts over the hotspots. The results agree with Vicente-Serrano et al. (2010, 2012)
that SPI may underestimate drought severity and frequency.

3.2 Impacts 1.5 °C and 2 °C warming on drought modes under RCP4.5 and 8.5
scenarios

The simulation ensemble mean projects no changes in the spatial structure of the drought
modes under both 1.5 °C and 2.0 °C global warming (Figs. 5 and 6). The correlation
between the spatial distribution of the drought modes in past and future climate is very
strong ((r = 0.9 < r < 1)), the location of drought mode cores remains the same, and the
changes in the percentage of variance of explained by each drought mode are very small
(< 2%). This suggests that the global warming may not alter the location and structure of
these major drought patterns. The weak sensitivity of the structure of the drought modes
to the global warming may be attributed and may be because the location of the large-
scale drivers (e.g. ENSO, IOD) has been projected not to change with the global warming.
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Fig.5 The projected spatial structure of the 12-month SPEI over Eastern Africa for the future climate,
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Fig.6 The same as Fig. 5 but for RCP 8.5

For example, Vecchi and Wittenberg (2010) found no clear evidence of ENSO activity to
increase or decrease when considering future global warming trends, and Stevenson et al.
(2011) indicated insignificant weakening of ENSO variability with higher CO, concentra-
tions. Cai et al. (2013) also documented a non-change of the IOD mean frequency with
global warming levels but only a minor change of an amplitude reduction between positive
and negative dipole events.

The RCMs project a substantial increase in the intensity and frequency of SPEI-12
droughts over DM1, DM2, DM3 and DM4 hotspots under both 1.5 °C and 2 °C global
warming (Fig. 7). The magnitude of the increase, which is generally higher under 2.0 °C
than 1.5 °C warming, varies over the DM cores. The highest increase in SPEI-12 drought
intensity (i.e. reduced SPEI-12: — 0.4 and — 0.6 for 1.5 °C and 2 °C warming, respectively)
and frequency (about 15 and 20 months per decade™! for 1.5 °C and 2 °C warming, respec-
tively) occurs over DM4 hotspot, while the least increase in the intensity (i.e. reduced
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Fig.7 Projected changes with regard to the intensity (a, b) and the frequency (¢, d) of 12-month droughts
(SPEI < — 1; 12-month SPI < — 1) under a future climate, at 1.5 °C and 2.0 °C global warming levels
under the RCP4.5 scenario. The changes are calculated with respect to the historical climate (1971-2000).
The boxplot shows the interquartile of the simulation spread: minimum, 1st quartile, median, 3rd quartile
and maximum values

SPEI-12: — 0.1 and — 0.3 for 1.5 °C and 2 °C warming respectively) and frequency (about
10 and 12 months per decade™! for 1.5 °C and 2 °C warming, respectively) occurs over
DMI hotspot. But, the largest difference between the impacts of the two warming levels is
over DM3. However, there are some discrepancies among the simulations on the sign and
magnitude of the projected changes. For example, in the 2 °C warming projection over the
DM4 (Fig 7a and c), the projected changes in the drought intensity vary from — 1.6 to +
0.4, and the changes in drought frequency vary from — 10 to 70 months decade™!. Never-
theless, more than 75% of the simulations agree on the both 1.5 °C and 2 °C warming will
increase drought intensity and frequency over the four drought hotspots. This result agrees
with previous studies that project a decrease in precipitation and an increase potential
evapotranspiration over most parts of Eastern Africa (e.g. Cook and Vizy 2012). However,
the use of SPEI-12 in the present study combines the projected changes in precipitation
and evapotranspiration in accessing impacts of the global warming on droughts.

The projected changes in SPI-12 drought differ from that of SPEI-12 in many aspects
(Fig. 7). For example, over three of the DMs (DM1, DM2 and DM3), the projected changes
(ensemble mean) in SPI drought characteristics have opposite sign to that of SPEI-12. In
contrast to SPEI-12 results, an increase in SPI-12 (wet condition) and a decrease in SPI-
12 drought frequency are projected over the three DM hotspots (DM1, DM2 and DM3).
Under the 1.5 °C warming level, the maximum increase in SPI (about + 0.2) and the maxi-
mum decrease in drought frequency occur over the DM3. In addition, over DM1 hotspot,
where the signs of changes in SPI-12 and SPEI-12 drought are the same, the magnitude of
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the changes (for both drought intensity and frequency) is smaller in SPI-12 than SPEI-12.
Under 2 °C warming, the simulation ensemble projects a decrease of about — 0.1 in SPI-12
drought intensity (compared to about — 0.6 in SPEI-12) with the simulation spread ranging
between — 0.6 and + 0.4 (compared — 1.4 and 0.2 in SPEI-12). The corresponding increase
in SPI-12 drought frequency (ensemble mean) is about 3 months decade™" (compared to 20
months per decade™" in SPEI-12). Furthermore, the level of agreement among the simula-
tions on the projections is weaker in SPI-12 (less than 75% of the simulations agree) than
in SPEI-12 (more than 75% of the simulations agree). The differences in SPI-12 and SPEI-
12 projection are due the influence of potential evapotranspiration on droughts. While the
SPEI-12 projection accounts for this influence, SPI-12 projections do not. It is expected
that the global warming would enhance potential evapotranspiration, and hence induce a
drier climate over Eastern Africa. However, the difference between the SPEI-12 and SPI-
12 projection stresses the need to include potential evapotranspiration in projecting impact
of global warming on droughts over the region.

The RCP8.5 projection features similar drought characteristics as in RCP4.5 projection
(Fig. 8). The spatial distribution of the droughts modes is the same with that in historical
and RCP4.5 patterns. This further suggests that the spatial structure distribution of major
drought modes over the Eastern Africa may be invariant to the global warming levels or
climate forcing scenarios. While the changes in the drought frequency and drought inten-
sity are sensitive to the warming levels (1.5 °C and 2.0 °C), they do not vary much with the
climate forcing scenarios (1.5 °C and 2.0 °C). For instance, with 2 °C warming, the differ-
ence between RCP4.5 and RCP8.5 projections (i.e. ensemble mean) is small over DM4;
for drought intensity, it is less than 0.2; and for drought frequency, it is less than 5 months
decade™!. The simulation spread in the two is also comparable, although the level of agree-
ment is somehow weaker in RCP8.5 projection, where less than 75% of the simulations
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Fig.8 The same as Fig. 7 but for RCP 8.5
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agree on projected changes over DM2. The discrepancy between SPEI and SPI results also
features RCP8.5 projection, in wetter condition, and less frequent SPI droughts are also
projected over the DMs hotspots except over DM4. Hence, at a given warming level, there
is no difference in the Eastern African drought characteristics under RCP4.5 and RCP8.5.
Some studies have reported a similar result for different variables over some region (Chen
et al. 2017; Karmalkar and Bradley 2017). For example, Chen et al. (2017) found no signif-
icant difference in projected mean temperature and temperature extremes over China under
RCP4.5 and RCP8.5 at both 1.5 °C and 2.0 °C warming levels.

However, the most robust information from the RCP4.5 and RCP8.5 projections is that
the spatial structure of the major drought modes in Eastern Africa may not change with
the global warming levels (1.5 °C and 2 °C), but the intensity and frequency of SPEI-12
drought over DM1, DM2, DM3 and DM4 hotspots may increase with the warming levels,
while the projected change of SPI droughts may not change substantially. This suggests
that the impact of the global warming on future drought may be stronger through increased
potential evapotranspiration than through decreased precipitation. Hence, future drought
mitigation options over the DM1, DM2, DM3 and DM4 hotspots should focus more on
activities that minimize loss of soil moisture, decrease of water in surface reservoirs and
decrease of surface runoff through evaporation. Such activities could include planting of
trees and shrubs to protect the land from direct evaporation and lower the strength of wind
that accelerates the humidity loss above the surface of water reservoirs (Ritchie 1983).
Alvarez et al. (2006) recommended the use of shade structures which reduce the energy
available for evaporation and reduce the strength of wind blowing over the water surface
specifically for small reserves. For a large dam, Craig et al. (2007) proposed the construc-
tion of deeper storages with smaller surface area or dividing the dam into smaller sections
to lower the wind flow.

4 Conclusion

This study has examined the potential impacts of on-going global warming on the char-
acteristics of major drought modes in Eastern Africa at 1.5 °C and 2 °C warming levels
under RCP4.5 and 8.5 scenarios. The CRU observation and 20 CORDEX RCM simulation
datasets were analysed for the study. The simulation datasets consist of rainfall and tem-
perature (maximum and minimum) data for the historical climate (1971-2000) and for the
future climate with 1.5 °C and 2 °C warming level under RCP4.5 and 8.5 climate forcing
scenarios. The SPEI (a drought index that is based on climate water balance) was used to
quantify drought, and the PCA was applied on the SPEI-12 data to obtain the most domi-
nant four drought modes over the region. The characteristics of drought mode considered
include the spatial of structure of the drought modes, as well as the intensity and frequency
of drought over the hotspots of the drought modes. The capability of the CORDEX simu-
lations to reproduce these characteristics was examined before analysing the simulations
to investigate the impacts of the global warming on the drought modes. The results of the
study can be summarized as follow:

e The RCM ensemble mean gives a realistic simulation of the characteristics of the four
major drought modes over the Eastern Africa. The correlation between the simulated
and observed drought spatial structure is high (r > 0.7), and the observed drought fre-
quency over the drought mode hotspots falls within simulation spread.
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e The simulations and CRU observation agree that using SPI (instead of SPEI) produced
a lower drought frequency in the historical climate. However, the RCMs perform better
at simulating SPEI than at reproducing SPI.

e The RCM ensemble projects that the location and spatial structure of the drought
modes are invariant to the global warming levels (1.5 °C and 2.0 °C) and to changes in
the RCP scenarios (RCP4.5 and RCP8.5). Nevertheless, the increases in the warming
levels are projected to substantially increase in the intensity and frequency of SPEI-12
drought over the core of the drought modes.

e The SPI-12 projections (i.e. changes in drought intensity and frequency) give an oppo-
site result to that of SPEI-12 over the core of the drought modes, and the magnitude of
SPI-12 changes is smaller than that of SPEI-12 over the four drought modes.

Future work can improve the robustness of these results in many ways. For example,
this present work has focused on droughts by using SPEI and SPI indices. Following
Vicente-Serrano et al. (2010), the SPEI was calculated using potential evapotranspira-
tion, which is only equal to actual evaporation when there is sufficient surface water
supply. The SPEI might have overestimated the drought intensity under the natural con-
dition while SPI might have underestimated it. Hence, using actual evaporation (which
is not available for all CORDEX simulation) might improve the quality of the SPEI.
Future studies can also extend the study to impact other global warming on agricultural,
hydrological and economical droughts by using appropriate drought indices to identify
the agricultural, hydrological and economical drought modes. These drought modes
might be the same or different from the drought modes identified here, but understand-
ing how the global warming might impact the hotspots of different types of drought
will help the policymakers in using most appropriate options in mitigating the impacts.
However, the present study has shown that while the global warming may not alter the
hotspot of the major drought modes over Eastern Africa, it may increase the intensity
and frequency of drought over the hotspot.
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