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ABSTRACT: This study presents potential future variations of mean rainfall and temperature over East Africa (EA) based on
five models that participated in the Coupled Model Intercomparison Project Phase 5 (CMIP5) and representative concentration
pathways (RCPs): 4.5 and 8.5. In this study, climate simulations of two timeframes, a baseline period (1961-1990) and
projection period (2071-2100), are compared. The models reproduce EA’s bimodal rainfall pattern but overestimate and
underestimate seasonal rainfall of October—December (OND) and March—May (MAM), respectively. Rainfall is projected to
increase under the two scenarios. Larger increases in rainfall will occur during the OND season than during the MAM season
and in RCP8.5 than in RCP4.5. During the last half of the 21st century, EA is likely to warm by 1.7-2.8 and 2.2—-5.4 °C under
the RCP4.5 and RCP8.5 scenarios, respectively, relative to the baseline period. Scenario uncertainty is projected to exceed
model uncertainty from the middle to the end of the 21st century. The central parts of Kenya and the Lake Victoria Basin will
witness the highest increases in seasonal rainfall. The probability density functions (PDFs) of future seasonal rainfall show a
positive shift and a statistically insignificant increase in variance relative to the baseline. Thus, EA is likely to experience an
increase in extreme rainfall events. Understanding the future climate variability in EA is important for planning purposes but
these results are based on relatively course resolution models prone to bias and therefore should be used with caution. There
is a need for further research on climate projections over EA, including determining the causes of the poor performance of

global models in reproducing rainfall climatology and trends over the region.
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1. Introduction

Understanding ongoing and projected climate variabil-
ity and change is essential for long-term planning at
the global, regional, and local scales and is particularly
important for countries/regions whose economies are
heavily reliant on rain-dependent sectors. East Africa
(EA; Kenya, Uganda, and Tanzania) is one such region
and is highly vulnerable to the effects of climate vari-
ability and change (IPCC, 2007). This region’s economy
is strongly reliant on rain-fed agriculture (World Bank,
2008). Sustainable socioeconomic development in EA
is paramount and requires making good use of available
climate information to maximize agricultural productivity
while protecting the environment. Consequently, the
demands for research aimed at minimizing the uncertain-
ties in climate projections are also growing. This study
provides climate information for guiding the formulation
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and possible implementation of policies. One area that
should be thoroughly researched is the vulnerability of
agriculture to the effects of projected climate change.
This research can be achieved by using available accurate
and timely information regarding the expected changes
in both mean and extreme climate events, which is still
limited in EA (Omondi etal., 2014; Ongoma et al.,
2016a).

Currently, general circulation model (GCM) simulations
forced by specified variations in greenhouse gases (GHGs)
are commonly used to understand future climate change.
Although the performance of the models remains limited,
the results from the models provide a qualitative guide
for the expected climate (Knutti and Sedlacek, 2013).
The uncertainty in the models occurs for many reasons,
including the accurate characterization of future GHG
emissions. However, Jakob (2010) singled out simulations
of moist, deep convection as the main source of uncertainty
in model projections of the future climate over Africa and
globally.

Rainfall is the most valuable weather parameter in EA
(Muthama et al., 2012), which explains why rainfall has
been studied in more depth relative to other weather
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variables. Although temperature does not adversely affect
many economic activities in the region, studies have shown
that temperature has a strong influence on malaria cases,
especially in highland areas. According to previous stud-
ies (Omumbo et al., 2011; Stern et al., 2011), the observed
warming favours the survival of Anopheles mosquitoes
that transmit malaria in EA. Thus, conducting investi-
gations of the temperature change and variability in the
region in future scenarios is worthwhile. A recent review
study by Adhikari et al. (2015) that looked at the effects
of climate change on agriculture and mainly focused on
temperature over eastern Africa largely projected a neg-
ative impact of climate change on crop yields by the
end of the 21st century. Understanding how climatic and
non-climatic parameters will affect agricultural production
in the region has prompted detailed studies of the pro-
jected variability of the most important weather parameters
in EA.

Several studies (e.g. Ogallo, 1988; Indeje et al., 2000;
Black et al., 2003; Oettli and Camberlin, 2005; Yang et al.,
2014, 2015a, 2015b; Gamoyo et al., 2015; Nicholson,
2016; Schmocker et al., 2016) focusing on rainfall vari-
ability have been conducted in EA. The ongoing variability
of rainfall has led to increases in the intensities of drought
and flood events (Anyah and Semazzi, 2006; Kijazi and
Reason, 2009a, 2009b; Lyon and Dewitt, 2012; Lyon,
2014; Nicholson, 2016) associated with human and animal
causalities and devastating economic losses. Notably, most
extreme rainfall events that occur in the region are linked
to El Nifio-Southern Oscillation (ENSO) events (Ogallo,
1988; Indeje et al., 2000). Current observations show that
the region is experiencing high rainfall variability, with the
main concern being the reduction in seasonal rainfall from
March to May (MAM), although this reduction is statis-
tically insignificant (Williams and Funk, 2011; Lyon and
Dewitt, 2012; Maidment et al., 2015; Tierney et al., 2015).
The seasonal rainfall during MAM has been given much
attention because MAM is the main crop-growing season
in EA; thus, excess or depressed seasonal rainfall during
MAM results in food insecurity in the region. Although
the performance of the Coupled Model Intercomparison
Project Phase 5 (CMIP5) GCMs remains uncertain con-
cerning rainfall projections (Kent et al., 2015), most stud-
ies agree that the rainfall over the larger part of the Great
Horn of Africa (GHA; Kenya, Uganda, Tanzania, Ethiopia,
Rwanda, Burundi, Sudan, South Sudan, Eritrea, Djibouti,
Somali) is likely to increase in the 21st century (Shon-
gwe et al., 2011; Christensen et al., 2013; Tierney et al.,
2015). However, some individuals are against this gen-
eralization; Patricola and Cook (2011) projected negative
rainfall anomalies in the months of August and September
over Uganda and western Kenya. These authors attributed
the decreasing rainfall to anomalous meridional moisture
divergence. According to Yang et al. (2014, 2015b), the
model projections of rainfall for EA should be treated
with a lot of caution due to chronic biases of the mod-
els in simulation of the mean climate in the region and
biases in simulating the tropical ocean responses to ris-
ing GHGs. This implies that the dry trend being observed
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might continue in the real world in contrast to the model
projections.

Shongwe et al. (2011) using CMIP3 models, projected
increases in both the mean rates and the intensity of
high rainfall starting in the early 21st century. However,
according to Nicholson (2014, 2016), the start of the
upward trend of the rainfall as projected by Shongwe et al.
(2011) has not been realized so far.

Anyah and Qiu (2012) investigated changes in rainfall
and temperature over the GHA using 11 CMIP3 models.
These authors projected equal and general increases in
rainfall by the middle to the end of the 21st century
during the four seasons and noted that the inter-annual
variability of rainfall over the GHA is more likely to
increase by the end of the 21st century. Furthermore,
these authors reported that the minimum average surface
temperature would increase by more than 2°C by the
end of the 21st century relative to the average minimum
temperature between 1981 and 2000 under scenarios A1B
and A2.

Otieno and Anyah (2013) used six CMIP5 model out-
puts to simulate climate conditions over the GHA under the
RCP4.5 and RCP8.5 scenarios. According to their results,
the tropical region is projected to experience greater rain-
fall from October to December (OND). In addition, the
projected rainfall conditions are partially explained by the
anomalous moisture influx from the Congo basin and Gulf
of Guinea (Otieno and Anyah, 2013). The conclusion was
based on the analysis of velocity potential, showing low
level convergence over EA. In a different study, Segele
et al. (2009) linked enhanced summer rainfall in Ethiopia
to strengthened low-level westerlies over western and cen-
tral Africa. The findings of that study agree with the obser-
vations made by Seneviratne et al. (2012), showing high
confidence regarding the projected increase in heavy rain-
fall over the GHA. In IPCC ARS, Niang et al. (2014)
observed that rainfall is likely to increase over EA although
the projections remain uncertain. In an investigation of the
changes of temperature and precipitation extremes over the
GHA, Omondi et al. (2014) reported the likelihood of a
greater number of warm days and nights and a lower num-
ber of cold nights in the future. These authors modelled the
past and future climate over the GHA by using the PRECIS
regional climate model (RCM).

Globally, the number of studies aimed at projecting
regional climate is increasing. So far, few or no studies
have been conducted that focus exclusively on rainfall
and temperature projections over EA using the CMIPS
data set.

In this current study, CMIP5 GCM data are used to
elaborate on the projected changes in mean annual and
seasonal rainfall and temperature to answer the follow-
ing question: ‘How is the observed seasonal rainfall pat-
tern in EA likely to change in the future under the pro-
jected warming climate based on CMIP5 models?” The
outcomes of this study will provide an indication of how
prone a region is to climate extremes, which is vital infor-
mation for formulating measures to adapt to the climate
change and variability projected to occur over EA. This
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Figure 1. Topographical elevation map (metres) of East Africa. The three countries: UG — Uganda [29°E — 35°E, 1.5°S — 4°N], Kenya [35°E—41.5°E,
3°S—4.5°N], and Tanzania [29°E—40°E, 10°S—4°S].

study is limited to describing and quantifying climate
changes and does not identify why the projected changes
ocCur.

The rest of this work is divided into three main sections.
Section 2 contains a brief description of the models as
well as the methodology employed in the study. Section 3
presents the results and discussion, and Section 4 provides
the conclusions and recommendations resulting from the
study.

2. Data and methodology

2.1.  Area of study

EA lies in the tropics within 28—42°E and 12°S-5°N
(Figure 1). Although Rwanda and Burundi are part of the
study area, they are geographically small relative to the
other countries in the region and were thus regarded as part
of Tanzania in this study.

The distribution of socioeconomic activity over EA is
mainly influenced by rainfall, with most economic activi-
ties (e.g. production, manufacturing, and processing) being
concentrated in zones of high rainfall. The rainfall in
this region predominantly exhibits a bimodal pattern, with
‘long rains’ during MAM and ‘short rains’ during OND
(Camberlin and Wairoto, 1997; Mutai and Ward, 2000;
Camberlin and Philippon, 2002; Ongoma and Chen, 2017).
The annual rainfall pattern is mainly influenced by the
movement of the inter-tropical convergence zone (ITCZ)
across the equator (Camberlin and Okoola, 2003; Yang
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et al., 2015a). This region is characterized by rainfall that
exhibits high spatial-temporal variability due to its vary-
ing topography and the presence of large water bodies
(Indeje et al., 2001; Oettli and Camberlin, 2005; Ogwang
et al., 2014). The variability of rainfall and common inci-
dences of seasons with below and above normal rainfall
(Hastenrath et al., 2007) adversely impact food security
and socioeconomic development in the region. The ENSO
is the main factor that influences EA’s inter-annual rainfall
variability (Ogallo, 1988; Indeje et al., 2000; Mutai and
Ward, 2000). El Nifio and La Nifia events are associated
with above and below normal rainfall in EA, which cause
floods and droughts, respectively. As we enter the 21st cen-
tury, the frequency and intensity of extreme rainfall events
are likely to be intensified in EA (IPCC, 2007; Shongwe
et al.,2011), which, if not adapted to, will correspond with
increasing socioeconomic losses.

Studies have shown that large-scale climatic factors have
a greater influence on ‘short rains’ seasons than ‘long
rains’ seasons. One good example of this effect is the influ-
ences of the Indian Ocean dipole (IOD) (Black ez al., 2003;
Behera et al., 2005; Manatsa et al., 2012) and ENSO (Has-
tenrath et al., 1993; Indeje et al., 2000) on OND rainfall.
By contrast, temperature experiences low spatiotemporal
variability, with the highest temperature being recorded
during the months of December until February and the
lowest temperatures being recorded during the months of
June until August.

The region is sub-divided into eight homogenous
rainfall zones (Indeje eral., 2000) (Table 1). Indeje

Int. J. Climatol. (2017)



V. ONGOMA et al.

Table 1. The eight grid boxes representing homogenous rainfall
zones over EA.

Region Longitude Latitude
R1 37.5-39°E 6-4°S
R2 37-40°E 2S-2°N
R3 35-36.5°E 1°S-1°N
R4 32-36°E 2-4°N
RS 31-37°E 8-5°S
R6 31.5-33°E 3°S-0
R7 30-32°E 0-2°N
R8 30-31°E 4-1°S

etal. (2000) used an empirical orthogonal function
(EOF) and other methods to map out a network of 136
stations over EA into homogeneous rainfall regions.
The same zones were used in recent studies, includ-
ing the studies of Ogwang (2015) and Shongwe et al.
(2011).

2.2. Data

In this study, the multi-model ensemble (MME) simply
abbreviated as ENSEM, mean of five models was used
to project future rainfall. Data from 1900 to 2100 were
sourced from five (Table 2) of the top eight World Cli-
mate Research Program (WCRP) CMIP5 models selected
in an earlier study by Ongoma et al. (2016b). The five
models were selected from the top eight models based on
data availability. The CMIP5 data are archived and are
made freely available by the Program for Climate Model
Diagnosis and Intercomparison (PCMDI) at http://pcmdi3
Jlnl.gov/esgcet/home.htm. In this study, CMIP5 gridded
climate data at a horizontal resolution of 1° by 1° were
sourced from Canadian climate data and scenarios (http://
WWW.cccsn.ec.gc.ca).

The CMIP5 models are driven by a new set of atmo-
spheric composition forcings — the ‘historical forcing’ for
current climate conditions and RCPs for future scenar-
ios (Moss et al., 2010; Hibbard et al., 2011; Taylor et al.,
2012). These scenarios provide a picture of how the future
climate will respond to the ongoing increase of GHG con-
centrations in the atmosphere. Table 3 provides the follow-
ing RCPs that are considered in this study: RCP4.5 and
RCP8.S.

Monthly reanalysed rainfall data sourced from Climate
Research Unit (CRU) was used to assess the perfor-
mance of CMIP5 models in reproducing rainfall clima-
tology over EA. The CRU TS3.22 is discussed at length
by University of East Anglia Climatic Research Unit
(2014).

2.3.

2.3.1.
over EA

Methodology

The spatial patterns of rainfall anomalies

The transient climate change scenarios for the five GCMs
were generated by computing the anomalies between two
periods: a baseline period from 1961 to 1990 and a future
period from 2051 to 2100. The baseline period adopted
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in this study is the 30-year ‘normal’ period based on the
definition provided by the World Meteorological Organi-
zation (WMO) (IPCC, 2001).

An analysis of decadal rainfall change was carried
out to detect rainfall anomalies. The future rainfall was
categorized into five decades: 2051-2060, 2061-2070,
2071-2080, 2081-2090, and 2091-2100. The future cli-
mate change was computed as the differences in rain-
fall between the future period (2071-2100) under the
RCP4.5 and RCPS8.5 scenarios and the baseline period
(1961-1990).

2.3.2.  Time series analysis

A trend analysis for rainfall was carried out using the
Mann-Kendall (MK) test statistic. The MK test is a non-
parametric rank-based test used to determine the nature of
the trend of a given time series against the null hypothe-
sis of no trend (Mann, 1945; Kendall, 1975). The appli-
cation of this method is becoming common in environ-
mental and hydrological studies in EA (Ongoma et al.,
2013; Nsubuga et al., 2014a, 2014b; Ongoma and Chen,
2017).

The Theil-Sen’s slope estimator (Theil, 1950; Sen,
1968) was used to measure and compare the magnitude
of rainfall change in different homogeneous rainfall zones
over EA. This method is a nonparametric approach that
can be used to estimate the magnitudes of decreasing or
increasing trends. When using this method, the estimated
slope provides a median value for all possible combi-
nations of pairs for the entire data set. Positive values
denote an increasing trend whereas negative values denote
a downward slope.

2.3.3.  Probability density function (PDF)

PDFs are calculated for the baseline period and future
annual and seasonal rainfall to show how the MME disper-
sion is projected to change under the RCP4.5 and RCP8.5
scenarios. The PDFs show the changes of the mean and
variance of rainfall during the periods under study. The
probability was calculated using kernel density estimation
(KDE), with a biweight kernel to design PDFs that were
a better fit for EA owing to the high spatiotemporal vari-
ability of rainfall in the region. KDE is a nonparametric
approach that can be used for estimating PDFs as discussed
by Bernacchia and Pigolotti (2011).

F-test statistic is used to examine the variances between
the rainfall in the baseline period and the projection
periods, according to Snedecor and Cochran (1989). The
significance was tested at 5% significant level.

3. Results and discussion

3.1.

Figure 2 shows the annual rainfall cycle over EA for
the model simulations of the baseline period. GCMs
adequately capture the expected bimodal pattern of
rainfall. However, similar to the observations made in

Rainfall climatology
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Table 2. The CMIP5 modelling centres, model names, and their respective horizontal resolutions used in this study.

Modelling centre

Model name Horizontal resolution (lon X lat)

1 Canadian Centre for Climate Modelling and Analysis
(Canada)

2 Community Earth System Model Contributors (United
States)

3 Centre National de Recherches Météorologiques (France)

4 Commonwealth Scientific and Industrial Research Organi-
zation (Australia)

5 Atmosphere and Ocean Research Institute (The University
of Tokyo), National Institute for Environmental Studies, and
Japan Agency for Marine—Earth Science and Technology
(MIROC) (Japan)

CanESM2 ~2.81°%2.79°
CESM1-CAMS 1.25 % 0.942°
CNRM-CM5 ~1.406 x 1.401°

CSIRO-MKk3.6.0 ~1.875 x 1.865°

MIROCS ~1.406 x 1.401°

Table 3. RCPs considered in this study.

RCP Forcing
RCP4.5 Stabilization scenario whereby the total radiative forcing is stabilized shortly after 2100. This
will be achieved by adopting several technologies and strategies to cut GHG emissions (Thomson
etal.,2011)
RCP8.5 This is ‘business-as-usual’ scenario. It is characterized by rising radiative forcing pathway
leading to 8.5 W m~2 by 2100, with forcing increasing further thereafter up to 12 W m~2 by
2250, when concentrations stabilize (Riahi et al., 2011)
360 ’ R R R R R R —— R ——xs ‘ Table 4. Summary of the MK test statistic for seasonal rainfall
320 ——Mean——CRU b during MAM and OND over EA for the period of 2071-2100 at
280 3 the 5% significance level.
240 a
£ MAM OND
£ 200 L
= ol 1 RCP4.5 RCPS.5 RCP4.5 RCPS.5
£
g 1204 3 s -19 53 -31 107
80 b V4 0.031 0.928 0.535 1.891
401 E P 0.748 0.354 0.592 0.057
0 Significance Insignificant Insignificant Insignificant Insignificant

T T T T T T T T T T T T
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Month

Figure 2. The annual rainfall cycle (mm) over the EA homogeneous
rainfall zones based on the CMIP5 mean ensemble data for the period
1961-1990. The thick green (red) line shows the mean rainfall over EA
based on model (CRU) data. R1-R8 represent regions 1 -8, respectively.
[Colour figure can be viewed at wileyonlinelibrary.com].

previous studies (Anyah and Qiu, 2012; Yang et al.,
2015a; Klein et al., 2016; Ongoma et al., 2016b), the
CMIP models tend to underestimate and overestimate
seasonal rainfall during MAM and OND, respectively.
According to Yang et al. (2015b), the observed bias in
‘long’ and ‘short’ rains is linked to problems in simulating
the atmosphere—ocean—monsoon interaction over the
EA-Indian Ocean—Asian monsoon. The models capture
the annual cycle of rainfall in all regions fairly well.
For instance, the main rainfall season in R5 was from
November to February, coinciding with summer in the
Southern Hemisphere, which was expected (Owiti and
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Sand Zare MK test statistic and standardized test statistic, respectively.

Zhu, 2012). Conversely, R3 exhibits a trimodal rainfall
pattern, with the third season occurring in June—August
(Mutai et al., 1998; Indeje etal., 2000). Indeje et al
(2000) noted that the rainfall in June until August extends
into September in some parts of Africa and is mainly con-
fined to the western highlands of Kenya and a large portion
of Uganda. The western highlands of Kenya extending into
Uganda correspond to R3 and R4 in this study. Regarding
the amounts of rainfall, R1 and R2 correspond with the
lowest amounts of rainfall and R7 and R8 correspond with
the highest amounts of rainfall throughout the year. The
areas classified as R7 consist of arid and semi-arid land
(ASAL) whereas the areas classified as R8 benefit from
the influx of moisture from the Atlantic Ocean and Congo
basin. The equatorial westerlies flowing from Atlantic
Ocean through Congo basin are known to be unstable

Int. J. Climatol. (2017)
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Figure 3. Seasonal rainfall (mm) over EA based on CRU data set (top), and CMIP5 models (bottom) for the period 1961-1990; March—May (left),
and October—December (right). [Colour figure can be viewed at wileyonlinelibrary.com].

and moist, and are linked to wet spells in EA (Okoola,
1999). Camberlin and Philippon (2002) found westerly
winds from the Congo basin to be one of the satisfactory
predictors of MAM rainfall over EA.

Maps of the modelled seasonal rainfall climatology for
the period 1961-1990 over EA are presented in Figure 3.
The maximum rainfall occurs over the western parts of
the study area and decrease eastward. Similarly, Kizza
et al. (2009) observed that the mean annual rainfall within
the basin ranged from 2037 mm in Bukoba to 847 mm in
Musoma. The small amounts of rainfall in the northeastern
parts of the study area and in central Tanzania are expected
because the zones in this region are classified as ASAL
(Indeje et al., 2000). In observations, the amount, cover-
age, and period of rainfall during MAM are greater than
those during OND, which explains why these seasons are
referred to as ‘long’ and ‘short’ rainy seasons, respectively
(Camberlin and Philippon, 2002). However, the seasonal
distribution of modelled rainfall (Figure 3) shows that the
amount is higher during OND than during MAM. That

© 2017 Royal Meteorological Society
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Figure 4. Monthly modelled rainfall climatology (mm) for the period of
1961-1990 and for the projected period of 2071-2100 (mm) over EA
under the RCP4.5 and 8.5 scenarios.

is, the CMIP3/5 models overestimate ‘short rains’ and
underestimate ‘long rains’ as noted in previous studies
(Anyah and Qiu, 2012; Yang et al., 2015a, 2015b).
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Figure 5. Decadal MAM rainfall change (mm) over EA based on the five CMIP5 ENSEM mean under the RCP4.5 scenario, relative to the baseline
period 1961-1990. [Colour figure can be viewed at wileyonlinelibrary.com].

3.2. Spatiotemporal variability of projected rainfall

The projected increases of rainfall over the entire region
of EA are higher during OND than during MAM, under
the two scenarios. The positive changes in rainfall are
insignificant at the 5% significance level during both sea-
sons (Table 4). The insignificant trend in the MAM sea-
son reduces the significance of the annual rainfall because
the MAM seasonal rainfall has a higher overall con-
tribution to the annual rainfall than the OND seasonal
rainfall.

Figure 4 gives the monthly changes of rainfall in the
future, relative to the baseline data. Wet conditions are
projected to occur over EA between September and April.
The months of May to August are likely to witness a
reduction in wet conditions. These results are in close
agreement with Patricola and Cook (2011), who pro-
jected severe drying over southern Sudan and Uganda
would occur in the months August of September. These
authors attributed this projection to the weakening of
the Somali jet stream and Indian monsoon. Accord-
ing to Segele e al. (2009), a strong Somali jet stream
is associated with enhanced rainfall (above normal)

© 2017 Royal Meteorological Society

over the Horn of Africa. The projected reduction in
rainfall during these months is also partly explained
by a reduction in evaporation (Patricola and Cook,
2011).

As shown in Figure 4, the projected wetting under
RCP8.5 is greater than under RCP4.5. Notably, March
has the highest rate of projected increased rainfall, which
is favourable for farming because the month coincides
with the start of the planting season in EA. At the sea-
sonal level, the overall increase in rainfall during MAM,
should it occur, will be a return to wetter conditions
considering the reduction in rainfall during MAM over
the GHA in recent decades (Lyon and Dewitt, 2012;
Williams et al., 2012; Liebmann efal., 2014; Yang
et al., 2014; Maidment et al., 2015; Schmocker et al.,
2016).

Figures 5-8 show ensemble-averaged seasonal rain-
fall projections for 2051-2100 under the RCP4.5 and
RCP8.5 scenarios. Most parts of the study area will
experience a positive change in rainfall, with greater
changes occurring during OND than during MAM in
all decades and scenarios. Similarly, the areas covering
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Figure 6. Decadal MAM rainfall change (mm) over EA based on the five CMIP5 ENSEM mean under the RCP8.5 scenario, relative to the baseline
period 1961-1990. [Colour figure can be viewed at wileyonlinelibrary.com].

Kenya and northern Tanzania will record the highest
increases in rainfall. Shongwe ef al. (2011) linked the
projected wetness during OND to higher warming rates
over the western Indian Ocean than over the eastern
Indian Ocean, increasing the chances of positive 10D
occurrence.

Under the RCP4.5 scenario, the highest amount of
wetting is projected to occur in the 2080s (Figures 5 and
7) with reduction in rainfall during the 2090s resulting
from the stabilization of total radiative forcing before
2100 in the RCP4.5 scenario. Under RCP8.5, both
rainfall seasons have rainfall increasing over the entire
century.

Time series of annual rainfall over homogeneous rain-
fall zones over EA from 1961 to 2100 are presented in
Figure 9. The magnitude of the slopes of the annual rain-
fall for the period of 2006—2100 over the homogeneous
rainfall zones in EA (Figure 9) are presented in Table 5.
The rainfall is projected to increase in all zones, with
the increase under RCP8.5 being greater than that under
RCP4.5. Generally, R3 and R8 will experience the highest
rates of rainfall increase, whereas R1 and R4 will experi-
ence the lowest change of rainfall with time.

© 2017 Royal Meteorological Society

3.3. Rainfall PDFs

The PDFs for annual and seasonal rainfall over EA in
the baseline period and RCP4.5 and RCP8.5 scenarios
are displayed in Figure 10. The rainfall is projected to
increase although the changes in variance are statistically
insignificant at 5% significant level, except for RCP8.5
scenario during OND. The projected increase in annual
and seasonal rainfall increases the likelihood of flooding
and the reduced likelihood of drought in EA and the GHA,
consistent with Shongwe et al. (2011), who used the earlier
CMIP3 GCMs.

Figures 11 and 12 present the PDFs of mean rainfall
over homogeneous rainfall regions for MAM and OND,
respectively. For each region with an exception of R7 for
MAM season under RCP4.5, rainfall increases from the
baseline period to the RCP4.5 scenario and then to the
RCP8.5 scenario. In MAM, the largest positive shift in
mean rainfall will occur in regions 1-3 implying that the
ASAL will become wet at a faster rate than the other parts
of the study area. However, significant change in rainfall
variance at 5% significant level will only be realized in
R2. The OND season has a similar pattern of projected
rainfall change, but the number of regions that will likely
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record more rainfall in the two scenarios will be higher
than during MAM. However, no region will observe a
significant change in variance of rainfall at 5% significant
level. Generally, the shift in mean rainfall towards the
positive tail is larger in almost all regions during OND than
during MAM.

3.4. Past and projected temperature over EA

The temperatures over EA based on the CMIP5 model
ensemble mean for 1961—-1990 are presented in Figure 13.
The highest temperatures, which exceed 25°C, are in
northern and eastern Kenya, extending to eastern Tan-
zania. These regions are mainly within ASALSs, which
explains the relatively high temperatures. The lowest
temperatures are in the mountainous areas, which agree
with the observations made by Ogwang et al. (2014)
that rainfall (temperature) decreases (increases) as the
elevation decreases over EA. On average, the mean
temperature for the period of 2006-2100 under the
RCP8.5 scenario will be 25.3°C, whereas the mean
temperature will be 24.5°C under the RCP4.5 scenario
(Table 6).
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Figure 14 presents the density functions of the base-
line period (1961-1990) and projected (2071-2100)
temperature over EA and shows that the mean temperature
will be 25.2 and 26.7 °C under the RCP4.5 and RCP8.5
scenarios, respectively. Relative to the climatological
mean, the projected temperature increases by approx-
imately 2.4 and 4.1°C under the RCP4.5 and RCP8.5
scenarios, respectively. This figure also indicates that
the variance of the temperature increases remarkably
from RCP4.5 to RCP8.5. The variance is generally high,
calling for verification studies of these results using high
resolution data sets.

Figure 15 shows the temperature projections over EA
under RCP4.5 and RCP8.5. The simulations under the
RCPS8.5 scenario show consistent temperature increases
throughout the projection period. Under the RCP4.5 sce-
nario, the warming trend slows down beginning in the mid-
dle of the 21st century. By the end of the 21st century, the
highest temperature that will be reached under the RCP4.5
scenario is nearly the same as the lowest temperature that
will be recorded under the RCP8.5 scenario. Figure 15
shows that the spread of the models from the mean,
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period 1961-1990. [Colour figure can be viewed at wileyonlinelibrary.com].

especially under the RCP8.5 scenario, increases with
time. Scenario uncertainty is evident from the middle of
the 21st century onwards, when the temperature under
the RCP8.5 scenario continues to increase whereas
the trend under the RCP4.5 scenario becomes stable.
Overall, the scenario uncertainty is dominant over the
model uncertainty from the middle to the end of the
21st century, as observed by Hawkins and Sutton (2009,
2011).

Considering the entire climate projection period of
2006-2100, the results show that the temperature is likely
to increase at 0.2 and 0.5°Cdecade™! under RCP4.5
and RCP8.5, respectively (Table 6). This result closely
corroborates the earlier findings of Otieno and Anyah
(2013), who considered a relatively larger area than
EA. According to their study, the temperatures over the
southern and equatorial GHA will likely increase at a
rate of 0.3 and 0.4°Cdecade™! under the RCP4.5 and
RCP8.5 scenarios, respectively, by the middle of the
21st century. If this extent of temperature increase is
reached, it will be higher than the increase observed
during the warming period from the end of the 20th
century to the beginning of the 21st century, as reported
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by Camberlin (2017). According to Camberlin (2017),
evidence indicates that warming occurred between 1973
and 2013 over the GHA, with minimum temperature
increases of 0.20—0.25 °C decade™! depending on season,
and maximum temperature increases of 0.17-0.22°C
decade™!.

Figures 16 and 17 show the mean temperature changes
projected by the CMIP5 model ensemble for the 2050s,
2060s, 2070s, 2080s, and 2090s relative to the climato-
logical period (1961-1990) under the two RCP scenar-
ios. Under the RCP4.5 scenario, the mean warming over
EA during the last half of the 21st century is likely to
range between 1.7 and 2.8 °C. In the ‘business as usual’
scenario, the warming is likely to range between 2.2 and
5.4°C. In both scenarios, the highest warming will be
in central to western Tanzania and northern Kenya, and
the smallest change will be along the coast of the Indian
Ocean. These observations are in agreement with those of
Engelbrecht ef al. (2015), who reported that the tempera-
ture is likely to increase by 3—5 °C in the African tropics
during 2071-2100 relative to 1961-1990 under the high
emission scenario. Similarly, Dike ef al. (2015) projected
temperature increase within the African tropics, varying
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4. Conclusion

from 3 to 7°C for the period 2073-2098. The global
temperature is projected to increase by 3 °C (IPCC, 2007;
Niang et al., 2014), which implies that the projected warm-
ing over EA is approximately 1.5 times the global warming
projection.
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Although EA does not experience high spatiotemporal
variability in temperature given that it is located in the
tropics, the significant change in temperature is likely to
affect socioeconomic activities, such as agriculture and
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tourism, which are weather/climate-dependent. The results
of this study support the observations made by Adhikari
et al. (2015) over the entire eastern region of Africa and
indicate that the grain crops in the region are likely to be
the most affected by ongoing global warming if ‘business
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remains as usual’. That study indicates that wheat is the
most vulnerable crop; with a predicted yield reduction of
72% by the end of the 21st century.

Climate change will hinder socioeconomic progress
globally, and developing countries will be affected the
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Table 5. Sen’s slope (mm year™') of the projected annual rain-
fall over the EA homogeneous rainfall zones based on CMIP5
ensemble mean data for 2006—2100.

Region Scenario
RCP4.5 RCP8.5

R1 0.86 1.50
R2 1.10 2.30
R3 2.00 3.30
R4 0.90 1.77
R5 0.94 1.53
R6 1.42 2.67
R7 0.72 2.27
R8 1.46 2.99

most (Mendelsohn et al., 2006; Oppenheimer et al., 2014).
Thus, it is important to understand the future climate for
planning purposes. In this study, rainfall and tempera-
ture projections were analysed for EA in the 21st century
by using the historical run and the projections under the
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RCP4.5 and RCPS8.5 scenarios. The results suggest that
rainfall and temperature will increase in the 21st century
relative to the 20th century. For temperature, the change is
likely to reach +0.2 and +0.5 °C decade™! between 2006
and 2100 under the RCP4.5 and RCP8.5 scenarios, respec-
tively. The projected warming during the last half of the
21st century relative to the climatological period is likely
to range from 1.7 to 2.8 °C and from 2.2 to 5.4 °C under
the RCP4.5 and RCPS.5 scenarios, respectively. The high-
est warming will occur in western Tanzania and northern
Kenya. Over the entire study area, the projected tempera-
ture showed a remarkable increase in variance as the RCP
increased. Scenario uncertainty is projected to be dominant
over model uncertainty from the middle to the end of the
21st century.

For rainfall, the increase will be higher under the RCPS8.5
scenario than under the RCP4.5 scenario. The mean per-
centage change in rainfall is projected to be higher during
OND, with values of 7.7 and 13.1%, than during MAM,
with values of 7.4 and 10.3% for RCP4.5 and RCPS.5.
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Table 6. Summary statistics of the MK test for the projected annual temperature (for 2006—2100) over EA under the RCP4.5
and RCP8.5 scenarios.

Scenario Min (°C) Max (°C) Mean (°C) Std. dev. z Sen’s slope
RCP4.5 22.98 25.49 24.51 0.63 12.13* 0.02
RCP8.5 23.25 27.65 25.26 1.31 13.45% 0.05

*Significant at the 5% significance level.

Nearly the entire EA will experience a positive change in
rainfall. In both scenarios, positive anomalies are concen-
trated in the central Kenya highlands and extend to the
Lake Victoria region. The PDFs of seasonal rainfall show
an increase in the frequency of occurrence of what in the
baseline period would be extreme wet seasons and years.

The timing, amount, and frequency of rainfall events are
important for planning purposes. The monthly distribu-
tion of rainfall is highly important in EA, whose economy
mainly relies on rain-fed agriculture. The main food crops
grown in this area are maize, bean, and millet, which are
mainly planted during the ‘long rains’ season; however, a
few farm activities are performed during the ‘short rains’
season (Amissah-Arthur et al., 2002). Although the pro-
jected changes in rainfall seem to favour the agroecological
sector, warming and other climatic and non-climatic fac-
tors could be important. For instance, despite projecting
an increase in rainfall, Thornton ef al. (2011) indicated that
reduction in soil moisture content as a result of warming
could decrease agricultural production. Moreover, increas-
ing rainfall can correspond with an increased number of
extreme rainfall events that can result in large socioeco-
nomic losses if they are not well planned for.

This study and many other studies have projected that
rainfall will increase in EA, in contrast to the observed
reductions in MAM and the current increase in the
number of drought events (Liebmann et al., 2014; Lyon,
2014; Rowell et al., 2015). This result is called the ‘East
African climate paradox’ (Rowell efal., 2015) and is
challenging for the development of climate adaptation
plans. Yang efal. (2014, 2015b) observed that models
exhibit chronic biases in simulating rainfall and tropical
responses to raising GHGs. This therefore shows that the
rainfall projections made using the same models should
be treated with caution, especially as far as long term
planning is concerned.

In the context of the ongoing climate change where use
of climate information is very helpful, multi-disciplinary
co-operation in the climate projection and planning pro-
cesses is needed to build the confidence of users regarding
the accuracy and reliability of climate products. However,
in agreement with Rowell et al. (2015), this would require
process-based skilful assessments of the reliability of EA
projections as well as better models of the impacts of
aerosol on rainfall. Although obtaining this information
may be demanding in terms of resources, it is a worthy
investment that should be considered by the affected
countries under the umbrella of regional research bodies
such as the meteorology arm of the East Africa Com-
munity (EAC; http://www.eac.int/sectors/infrastructure/
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meteorology) and Intergovernmental Authority on Devel-
opment (IGAD) Climate Prediction and Applications
Centre (ICPAC; www.icpac.net/).

Notably, these results only provide an indication of the
expected climate condition and may over/underestimate
the actual quantities. Errors are expected due to the mod-
els’ course resolution and the consideration of a narrow
range of GCMs. A narrow range of GCMs tends to under-
estimate the total uncertainty in various emission scenar-
ios. Thus, it is important that the presented results herein
are used cautiously in further studies and for long-term pol-
icy planning. Further, there remains need for understand-
ing why most global models perform poorly in reproducing
rainfall over EA.
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