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Abstract

This study examines the projected changes in the characteristics of the El Nifio Southern Oscillation (ENSO) and Indian
Ocean Dipole (IOD) in terms of mean state, intensity and frequency, and associated rainfall anomalies over eastern Africa.
Two regional climate models driven by the same four global climate models (GCMs) and the corresponding GCM simula-
tions are used to investigate projected changes in teleconnection patterns and East African rainfall. The period 1976-2005
is taken as the reference for present climate and the far-future climate (2070-2099) under Representative Concentration
Pathway 8.5 (RCP8.5) is analyzed for projected change. Analyses of projections based on GCMs indicate an El Nifio-like
(positive IOD-like) warming pattern over the tropical Pacific (Indian) Ocean. However, large uncertainties remain in the
projected future changes in ENSO/IOD frequency and intensity with some GCMs show increase of ENSO/IOD frequency
and intensity, and others a decrease or no/small change. Projected changes in mean rainfall over eastern Africa based on
the GCM and RCM data indicate a decrease in rainfall over most parts of the region during JJAS and MAM seasons, and
an increase in rainfall over equatorial and southern part of the region during OND, with the greatest changes in equatorial
region. During ENSO and IOD years, important changes in the strength of the teleconnections are found. During JJAS,
when ENSO is an important driver of rainfall variability over the region, both GCM and RCM projections show an enhanced
La Nifia-related rainfall anomaly compared to the present period. Although the long rains (MAM) have little association
with ENSO in the reference period, both GCMs and RCMs project stronger ENSO teleconnections in the future. On the
other hand, during the short rains (OND), a dipole future change in rainfall teleconnection associated with ENSO and IOD
is found, with a stronger ENSO/IOD related rainfall anomaly over the eastern part of the domain, but a weaker ENSO/IOD
signal over the southern part of the region. This signal is consistent and robust in all global and regional model simulations.
The projected increase in OND rainfall over the eastern horn of Africa might be linked with the mean changes in SST over
Indian and Pacific Ocean basins and the associated Walker circulations.
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1 Introduction

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s00382-018-4239-7) contains
supplementary material, which is available to authorized users.

Rainfall in the eastern Africa exhibits considerable variabil-
ity across in space and time. This variability is a result of
5<] Hussen Seid Endris complex interactions between various features acting at local

hussen.seid1 @ gmail.com and global scales. The northern part of the region, mainly
northern Ethiopia, Eritrea, South Sudan, Djibouti and north-
ern Uganda receive most of their rainfall from June-to-Sep-
tember (JJAS). The equatorial part of the Eastern Africa
experiences two rainy seasons during the course of the year,
and this traditionally defined as ‘long-rains’ during March-

to-May (MAM) and ‘short-rains’ during October—December
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The interannual and intraseasonal variability of rainfall
over the region is modulated by remote forcings. On inter-
annual time scales, the short rains (OND) show large year-
to-year variability and stronger spatial coherence of rainfall
anomalies across a large part of the region, which strongly
related to large-scale circulation anomalies in the tropi-
cal Oceans (Hastenrath et al. 1993, 2004; Saji et al. 1999;
Philippon et al. 2002). The long rains exhibit inconsistent
spatial variability and are weakly correlated to global sea
surface temperatures (SSTs) (Nicholson 1996; Camberlin
and Philippon 2002a, b; Camberlin et al. 20094, b). In recent
decades, much of eastern Africa has experienced more fre-
quent droughts and a decline in total rainfall during the long-
rains season (Verdin et al. 2005; Funk et al. 2008, 2014;
Williams and Funk 2011; Lyon and DeWitt 2012; Liebmann
et al. 2014; Rowell et al. 2015; Tierney et al. 2015), although
global climate models projections generally indicate wet-
ter conditions in the future (Yang et al. 2014; Tierney et al.
2015). This contradiction has been named the ‘East African
climate paradox’ (Rowell et al. 2015).

Some studies have been performed to understand the
causes and drivers of the recent downward trend in rainfall
during the long-rains. Funk et al. (2008) linked the nega-
tive trend in rainfall with positive trend in SST in the south
central Indian Ocean, which alters regional wind and mois-
ture flux patterns. Williams and Funk (2011) related drying
conditions in East Africa with enhanced Indian-Pacific SST
gradient and westward expansion of the warm pool. Stud-
ies by Lyon and DeWitt (2012), Lyon (2014), Yang et al.
(2014) and Vigaud et al. (2017) linked the drying to changes
in SSTs in tropical Pacific basin, whereas Liebmann et al.
(2014, 2017) suggested the strengthening east—west SST
gradient in the western Pacific as cause for the precipita-
tion decline. They suggest that the change in the gradient
intensifies the Indian Ocean branch of the Walker circula-
tion, which, in turn leads to increase subsidence over east-
ern Africa, as shown in Funk et al. 2014. A recent paper
by Nicholson (2017) provides a detail review of the factors
leading to the recent decline in rainfall of the long-rains
season and other aspects of the climate over eastern Africa.

The primary driver of JJAS rainfall variability in the
northern part of eastern has been associated with tropi-
cal ocean SSTs in the Equatorial Pacific and ENSO (e.g.,
Camberlin 1997; Korecha and Barnston 2007; Segele et al.
2009a; Diro et al. 2011). Over all, a large percentage of
the interannual rainfall variability of Eastern Africa is
linked with SST variability particularly over the Equato-
rial Pacific and Indian Ocean through ENSO and the IOD.
Ropelewski and Halpert (1987), Ogallo et al. (1988) and
Indeje et al. (2000) among others have studied the link
between SST over the Pacific and the interannual rain-
fall variability over Eastern Africa. Mutai et al. (1998),
Nicholson and Kim (1997) and Clark et al. (2003) showed
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the influence of IOD on the variability of short rains over
the region. The relationship between ENSO and summer
(JJAS) rainfall variability has been investigated in studies
by Gissila et al. (2004), Korecha and Barnston (2007),
Segele et al. (2009a) and Diro et al. (2011).

Although several studies have investigated the his-
torical teleconnection relationships between Eastern
Africa rainfall patterns and large-scale climate modes
(e.g. Ropelewski and Halpert 1987; Ogallo et al. 1988;
Indeje et al. 2000; Diro et al. 2011; Bahaga et al. 2015;
Endris et al. 2016), there is a lack of understanding as to
whether or not the present teleconnection patterns will
persist under future global warming. In fact, as a result
of increased greenhouse gases concentrations, climate
process behaviors and associations are understood to be
potentially non-stationary and, as a consequence it is pos-
sible that ENSO/IOD characteristics and forcing could
change overtime. Several studies have examined the future
state of the tropical Oceans and the associated telecon-
nections under warming scenarios. There is a general
agreement that the mean state in tropical Pacific will shift
towards a permanent El Nifio-like state, meaning greater
surface warming over central and eastern equatorial Pacific
than western Pacific, with a corresponding eastward shift
of precipitation (IPCC 2007, Miiller and Roeckner 2008,
IPCC 2013). However, considerable disagreements remain
in the model-projected changes in ENSO characteris-
tics particularly in amplitude and frequency. Using the
National Center for Atmospheric Research Community
Climate System Model (CCSM; version 1.4), Zelle et al.
(2005) looked at the changes in ENSO pattern due to an
increase in greenhouse gases and found that there are no
significant changes in ENSO amplitude, period and spa-
tial patterns in the future. By using 15 Coupled Global
Climate Models (CGCMs) gathered for the Intergovern-
mental Panel on Climate Change (IPCC) Fourth Assess-
ment Report (AR4), Merryfield (2006) showed a decrease
in El Nifio amplitude in some models, but an increase or
little change in others models. Collins et al. (2010) fur-
ther suggested that it is not yet possible to say whether
ENSO activity will be enhanced or dampened (or whether
the frequency of events will change), despite considerable
progress in the understanding of the impact of climate
change on many of the processes that contribute to EI Nifio
variability. Cai et al. (2014a, b) suggested evidence for a
doubling in the occurrences of extreme El Nifio events
in the future in response to greenhouse warming by ana-
lyzing results from both CMIP3 and CMIP5 multi-model
datasets. The study stated that the increased frequency
in extreme El Nifio events arises from a projected SST
warming over the eastern equatorial Pacific that occurs
faster than in the surrounding Ocean waters, facilitating
more occurrences of atmospheric convection in the eastern
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equatorial region. Recent studies have also projected an
increase in the frequency of extreme La Nifia events under
global warming (e.g., Cai et al. 2015; Santoso et al. 2015).

In terms of changes in SST over tropical Indian Ocean,
some studies have shown that future global warming leads
to a mean state change in the equatorial Indian Ocean, with
an easterly wind change and a faster warming rate in the
western parts of the Ocean without a noticeable change in
overall frequency or amplitude of IOD events (Vecchi and
Soden 2007; Zheng et al. 2013; Cai et al. 2013). However,
Cai et al. (2014a, b) used a suite of distinct process-based
indicators to show a significant increase in the frequency
of the extreme positive IOD events under global warming.
The study projected more frequent occurrences of wind and
Oceanic current reversal due to an enhanced west—east SST
gradient and weakening of both equatorial westerly winds
and eastward ocean currents.

It is not clear whether the lack of consensus in future
changes in ENSO/IOD characteristics is due to model defi-
ciencies or to the fact that these changes will likely be small
(Steinhoff et al. 2015). However, even without significant
changes in ENSO/IOD characteristics (i.e. intensity and fre-
quency), the long-term trend in tropical SST (change in the
mean state) and the associated changes in atmospheric cir-
culations (e.g., poleward expansions of the Hadley cell, shift
of convergence zones, mid-latitude jets and storm tracks,
etc.) may result in substantial changes in ENSO/IOD-related
teleconnections (Meehl et al. 2006; Meehl and Teng 2007;
Lau et al. 2008; Kug et al. 2010; Stevenson et al. 2012, [IPCC
2013). This means that if teleconnective forcings associated
with ENSO and IOD change, even if ENSO and IOD char-
acteristics do not, rainfall characteristics are likely to change
in regions with strong ENSO/IOD responses. Investigating
the future changes in regional rainfall patterns associated
with ENSO and IOD is therefore crucial in understanding
the region changing vulnerability to extreme climate. This
will likely help to build appropriate risk management and
adaptation strategies for the region. This is particularly cru-
cial for the Eastern Africa region, where the economy is
highly dependent on agricultural based activities such as
farming and livestock, which are sensitive to the fluctua-
tions of rainfall.

Several regional modeling studies have shown that RCMs
are able to reproduce the East African observed rainfall cli-
matology and regional circulation patterns (e.g., Sun et al.
1999; Segele et al. 2009b; Endris et al. 2013; Ogwang et al.
2016) and also the interannual rainfall variability associ-
ated with global large-scale modes (Anyah and Semazzi
2007; Endris et al. 2016). Moreover, RCMs are found to
be able to reproduce the observed long term drying trend
of the long-rains season over most of the Eastern Africa
region (Cook and Vizy 2013), contrary to the GCM that
show wetter conditions. In fact, the coarse resolution of

current GCMs can limit their capability in capturing the
important local/regional forcing features such as complex
topography, regional water bodies, land surface heterogene-
ity and coastlines (Cook and Vizy 2013; Endris et al. 2013;
Ogwang et al. 2016).

The main goal of this study is to examine projected
changes in the characteristics of ENSO and IOD (such as the
mean state, intensity and frequency), and identify whether
the current seasonal rainfall anomalies associated with
ENSO and IOD over Eastern Africa are projected to change
in the late twenty-first century. The work is the part of a
series of three papers investigating Eastern African climate
using data from the COordinated Regional climate Down-
scaling EXperiment (CORDEX). The first work (Endris
et al. 2013) evaluated the ability of 10 Regional Climate
Models (RCMs) driven by reanalysis data in simulating
the characteristics of rainfall patterns over eastern Africa.
The study showed that most RCMs reasonably simulate the
main features of the rainfall climatology over the region,
and in most of the areas and time periods, the multimodel
ensemble mean outperforms the results of individual mod-
els, even the forcing ERA-Interim. The second work (Endris
et al. 2016) examined the ability of two RCMs, forced with
lateral and surface boundary conditions of Global Climate
Models (GCMs) participating to the phase 5 Coupled Model
Intercomparison Project (CMIPS), to propagate the telecon-
nective forcing of tropical SSTs on rainfall over East Africa.
The study showed that RCMs are capable of reproducing
the observed teleconnective SST-rainfall patterns, and that
most errors in simulating the regional teleconnection pat-
terns arise mainly from the driving GCMs. In this analysis,
we have used the same models as in Endris et al. (2016) to
quantify the projected seasonal rainfall change associated
with ENSO and IOD over East Africa.

The paper is structured as follows: Sect. 2 provides a
brief introduction to CORDEX and CMIP5 models as well
as the approach used to evaluate the changes in teleconnec-
tion patterns in projection of the future climate. The main
results are presented in Sect. 3. Summary and conclusions
are presented in Sect. 4.

2 Data and methodology
2.1 Models and experiments

We have used monthly output from two RCMs in the on-
going CORDEX project, namely, the Rossby Center regional
atmospheric model (RCA4), and the COnsortium for Small-
scale MOdeling (COSMO) Regional Climate Limited-area
Model (COSMO-CLM4-8-17 or CCLM4-8-17). Model
choice was based on (1) the availability of the model outputs
at the time of the analysis and (2) the relatively large number
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of common GCMs used as forcing boundary conditions. The
two models were driven by the same four CMIP5 GCMs
(CNRM-CMS5, EC-EARTH, HadGEM2-ES and MPI-ESM-
LR). Details of the driving GCMs and their resolution are
shown in Table 1.

The two models were run over the CORDEX-Africa
domain (see Nikulin et al. 2012; Endris et al. 2013) with
a horizontal grid spacing of 0.44 degrees. The historical
simulations, covering the period 1950-2005, were forced
by observed natural and anthropogenic atmospheric com-
position changes. Twenty-first century GCM simulations
(2006-2100) were forced by Representative Concentration
Pathways (RCPs—Moss et al. 2010) and in this analysis we
use results from the RCP8.5 experiment, which represents
a high concentration pathway in which radiative forcing
reaches 8.5 Wm™2 by 2100, and then continues to rise there-
after (Meinshausen et al. 2011). In terms of CO, concentra-
tion, RCP8.5 is roughly corresponding to the A1B scenarios
used in the IPCC AR4, respectively (IPCC 2007).

In this analysis, the period 1976-2005 is considered as
reference for present climate while projected analysis is per-
formed for the far future (2070-2099). The performance of
the models in reproducing the rainfall reference climatology
and teleconnection patterns over Eastern Africa have been
reported in Endris et al. (2013) and Endris et al. (2016),
respectively, and therefore it is not presented here. However,
a thorough analysis on the characteristics of ENSO and IOD
events (frequency and intensity of ENSO and IOD events)
is still missing in Endris et al. (2016) and it is therefore
an additional subject of this study. The observed Oceanic
Nifio index (ONI) and Dipole Mode Index (DMI) indices
in this analysis are calculated using the Extended Recon-
structed Sea Surface Temperature-ERSST.v3b (Smith et al.
2008). Our analysis focuses on seasonal time periods that
are important for rainfall over the region, June—September
(JJAS), March-May (MAM) and October—December (OND)
seasons. JJAS is the main rainfall season for the northern

Table 1 List of CORDEX RCMs and the driving CMIP5 GCMs used

CGCMs CGCMs RCMs Institute and
Horizontal ————____ country
resolution RCA CCILM

CNRM-CM5 1.4x1.4° v v CNRM, France

EC-EARTH 1.125%x1.12° v v European con-

sortium

HadGEM2-ES 1.875x1.25° v v MOHC, United

Kingdom

MPI-ESM-LR  1.9x1.9° v v MPI, Germany

Only the first ensemble member (rlilpl) from the CMIP5 GCMs was
used to derive the CORDEX Africa simulations with the exception of
the EC-EARTH (i.e., r12ilp] used). The datasets were obtained from
the Earth System Grid Federation (ESGF) data portal
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part of Eastern Africa (NEA) covering South Sudan, most
of the Ethiopian highlands, and parts of Sudan and Eri-
trea. MAM and OND are important rainfall seasons for the
equatorial part of Eastern Africa (EEA) including Somalia,
Kenya, Uganda, and South Eastern parts of Ethiopia, and for
the Southern part of Eastern Africa (SEA) covering much of
Tanzania, Rwanda, Burundi and Southern Kenya.

2.2 Methodology

Linear regression and composite analysis are applied to
assess the changes in teleconnection patterns in projection
of the future climate. Linear regression is commonly used
to diagnose the relationship between SSTs and rainfall. In
particular, it is important to examine the amplitude of rain-
fall teleconnections as shown by Langenbrunner and Neelin
(2013) and Endris et al. (2016). One limitation of regres-
sion analysis is that it assumes that the response to SST
(e.g. ENSO) is linear. This means that the anomalies in the
El Nifio phase are depicted as the opposite of those in the
La Nifia phase. Composite analysis is a useful alternative
that can diagnose the asymmetry or nonlinearty of rainfall
response to SST anomlies.

In this study, statistics are calculated over thirty years
periods, 1976-2005 for historical and 2070-2099 for
future. Linear regression is applied to analyze the associa-
tion of spatial and amplitude of rainfall teleconnection with
ENSO and IOD in historical and future periods. For ENSO,
Nino3.4 index (Trenberth 1997), an average of SST over
5°S—5°N and 170°-120°W, is used to compute the telecon-
nections. For IOD, Dipole Mode Index (DMI) [Saji et al.
1999] is used, which is the difference between the area aver-
age SST in the western equatorial Indian Ocean (50°-70°E
and 10°S—-10°N) and southeastern equatorial Indian Ocean
(90°-110°E and 10°-0°S).

Composite analysis is used to investigate the circulation
mechanisms associated with the positive and negative phases
of ENSO and IOD, and also to confirm the results obtained
from regression analysis. The Oceanic Nifio Index (ONI) is
used to identify El Nifio and La Nifia events from the driv-
ing GCM SST fields. ONI is defined as the 3-month running
mean SST anomaly in Nino 3.4 region. The NOAA Climate
Prediction Center (CPC) uses a threshold of +0.5 °C to
define ENSO phases. A year is defined as El Nifio or La Nifia
year when ONI value is higher (lower) than + 0.5 (— 0.5) for
at least five consecutive overlapping seasons, which is the
average of three consecutive months of that year. Note that
the anomalies are calculated relative to their climatological
seasonal cycle based on the respective periods, historical
(1976-2005) and far future (2070-2099).

IOD years are identified using the DMI, which is cal-
culated as the SST anomaly difference between the west-
ern equatorial Indian Ocean (50°-70°E and 10°S—10°N)
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and south-eastern equatorial Indian Ocean (90°-110°E
and 10°-0°S). For observation and models, a threshold of
+0.5 °C is used to identify positive IOD and negative IOD
years, respectively. A year is defined as positive IOD (nega-
tive IOD) year when DMI index is higher (lower) than +0.5
(— 0.5) for at least three consecutive overlapping seasons,
defined as the average of three consecutive months of that
year.

The 3-month running mean SST anomalies of ONI for
observation and models for the historical (1976-2005) and
future (2070-2099) are presented in Fig. 3.

3 Results and discussions
3.1 Projected changes in mean rainfall

It is important to assess the projected changes in mean rain-
fall over the region prior to the analysis of changes in rainfall
variability associated with ENSO and IOD. To this end we
analyzed the projected changes in mean rainfall as simu-
lated by both RCMs and GCMs ensembles. Figure 1 shows
the JJAS (top row), MAM (middle row) and OND (bottom
row) rainfall change signal during the far future (2070-2099)
under RCP8.5 relative to the reference period (1976-2005)
as simulated by the ensemble mean of the GCMs and two
RCMs. Statistical significance at the 5% level was tested by
applying the two-sided student’s t-test. Although there is a
general similarity in rainfall pattern across the CGCM and
RCM simulations, noticeable disagreements exist. During
JJAS, the CGCMs and RCA runs project a weak positive
rainfall change signal over the central part of Ethiopia. How-
ever, this is not evident in the CCLM model, which rather
shows wet anomaly in the eastern horn of Africa. Both RCM
ensembles project a dry anomaly over the south-Sudan and
western part of Ethiopia, whereas the GCM ensemble mean
shows a weak, or even no wet signal. Another notable feature
is that the RCA model projects a wet anomaly around the
Victoria Lake basin and north-western parts of Sudan, but
this is not seen in the CCLM and driving GCM simulations.
All simulations agree in a projected decrease in rainfall
over the southern and southeastern part of the region. It is
important to note that JJAS is a dry season for southern and
southeastern part of the region.

During the MAM season, both RCM and GCM ensemble
means project wet anomalies over southeastern parts of the
domain and dry anomalies over the northern parts of the
domain. Both RCMs project drier conditions over the west-
ern part the region (i.e., western parts of Kenya, Rwanda,
Burundi and most of Congo), whilst the GCM ensemble
mean projects wetter conditions.

During OND (Fig. 1 bottom row) the GCMs and RCA
ensembles show a more pronounced and widespread increase

in precipitation throughout the entire region. The CCLM
model, however, shows a decrease in precipitation over the
northern and southern part of the domain. This contradiction
may be related to the physical parametrization in CCLM
(i.e not related to the resolution or the boundary forcing)
as the coarse-resolution GCMs have the same signal as the
RCA model. This contradiction feature between CCLM and
forcing GCM is also noted in Dosio and Panitz (2016). All
the models agree on the projected increase in OND rainfall
over eastern horn of Africa region (Somalia, Djibouti, and
eastern Ethiopia), and the changes are statistically signifi-
cant at the 5% level. The projected increase in OND rainfall
over the eastern horn of Africa is similar to other studies
(Shongwe et al. 2011; IPCC 2007) using CMIP3 GCMs,
and (Otieno and Anyah 2013; IPCC 2013) using the latest
CMIPS5 models.

In general, analysis of the projected changes in the mean
rainfall over the region indicates a decrease in far-future rain-
fall over most parts of the region during JJAS and MAM sea-
sons, and an increase in rainfall over equatorial and southern
part of the region during OND, with the largest changes in
equatorial region. It is also important to note differences in
rainfall projections between models where CCLM showing
a general drying over the region, whereas results from the
RCA4 show patterns more similar to the results of driving
GCMs. We also assessed the future changes in rainfall under
RCP4.5 (results not shown) and found that the results for the
RCP4.5 and RCP8.5 exhibit similar patterns but the magni-
tudes of changes are slightly larger in the RCP8.5.

3.2 Projected changes in the characteristics
of ENSO and 10D

3.2.1 Changes in the mean state

Figure 2 illustrates the changes in annual mean SST and
rainfall between the future (RCP8.5) and the present cli-
mate as simulated by the ensemble mean of the driving
CGCMs. As can be seen in Fig. 2 top panel, there is a clear
SST warming pattern over the tropics, and an El Nifio-
like pattern over the tropical Pacific. A positive IOD-like
warming pattern over Indian Ocean is also evident. This
is consistent with other studies (e.g. Miiller and Roeck-
ner 2008) that indicated larger surface warming over cen-
tral and eastern equatorial Pacific than western Pacific,
and also greater surface warming over western part of
Indian Ocean than the surrounding Ocean. Consistent
with increased in SSTs, the western Indian and eastern
and central Pacific Oceans are projected to receive more
rainfall (Fig. 2 bottom), while the eastern and southern
parts of the Indian Ocean, south eastern Pacific, and Atlan-
tic Oceans are projected to receive less rainfall. A large
increase in rainfall is projected over eastern and central
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GCM(Ens) JJAS

100 )

10°E

RCA(Ens) JJAS

CCLM(Ens) JJAS

Fig. 1 Projected rainfall changes (%) over the region during JJAS (top
row), MAM (middle row) and OND (bottom row) under RCP8.5 as
simulated by the ensemble mean of the RCMs and driving GCMs.

parts of Africa and most parts Asia, whereas a reduction in
rainfall is projected over the southern parts of Africa and
most of Europe. These results are consistent with IPCC
(2013) findings. It is possible that the increase in rainfall
over Eastern Africa is linked with the increase of SST
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100

Stippling indicates regions where the change is statistically significant
at the 5% level using two-sided student’s t-test

over the western part of the Indian Ocean and central/
eastern Pacific Ocean. Tierney et al. (2015) noted that the
increased precipitation over eastern Africa is associated
with a weakening in the Walker circulation over the Indian
and Pacific Ocean basins.
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Fig.2 Difference in mean SST (°C) and Rainfall (%) between the
future (2070-2099) and historical (1976-2005) period from the
ensemble mean of the forcing CGCMs under RCP8.5 scenario. Stip-

3.2.2 Changes in the frequency and intensity ENSO
and 10D events

The frequency and intensity of ENSO and IOD events are
analyzed for historical and future periods. The ONI and DMI
are used to identify ENSO (EI Nifio and La Nifia) and IOD
(positive and negative [IOD—pIOD and nIOD hereafter)
events, respectively. Figure 3 shows the 3-month running
mean of SST anomalies in Nifio3.4 for historical (top) and
future (bottom) periods. Periods of below and above normal
SSTs are colored in blue and red, respectively. An El Nifio
or La Nifia event is defined when Oceanic Nino Index (ONI)
value over Nifo3.4 is higher (lower) than +0.5 (- 0.5) for at
least five consecutive overlapping seasons, defined as the 3
month-running mean SST anomalies. As shown in Fig. 3, the
simulated ENSO events do not synchronize with observed
sequence of ENSO events. This is expected, as free-running
GCMs generate their own El Nifio and La Nifia events.
The frequency and intensity of ENSO (EI Nifio and La
Nifia) and IOD (pIOD and nlOD) events for historical and

pling in rainfall map indicates regions where the change is statisti-
cally significant at the 5% level using two-sided student’s t-test

future periods are presented in Fig. 4a, b, respectively. Fre-
quency is calculated as the number of occurrence of ENSO
and IOD events, computed from the 3-month SST anom-
alies of ONI and DMI for historical (1976-2005) and far
future (2070-2099). Thus, the larger the number indicates
the more recurrent occurrence of ENSO/IOD events. To
estimate ENSO intensity, we computed the average of the
maximum ONI values for all El Nifio and La Nifia events
during 1976-2005 and 2070-2099 (similar to the definition
used by Zhang et al. 2012). Similarly, IOD intensities are
computed as the average of the maximum DMI values for
all pIOD and nIOD events. Larger absolute values represent
stronger ENSO/IOD events.

For the present climate (1976-2005), 8 El Nifio events
with an average intensity of 1.62 and 7 La Nifia events
with an average intensity of 1.52 are present in the obser-
vations (ERSST.v3b, Smith et al. 2008), whereas no
GCM shows the same number of El Nifio and La Nifia as
observed. Half of the models overestimate the frequency
of El Nifio and La Nifia events. In particular, CNRM-CM35
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Fig.3 3-month running mean of SST anomalies in Nino3.4 region for the historical (1976-2005) [top] and future (2070-2099) [bottom] periods.

Dashed lines represent the +0.5 °C threshold lines

and HadGEM2-ES overestimate the frequency of El Nifio
producing 10 and 11 El Nifio events in 30 years period,
whereas MPI-ESM-LR underestimates the frequency of
El Nifio, but overestimates the frequency of La Nifa.
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EC-EARTH model underestimate both the frequency
of El Nifio and La Nifa events, with only one El Nifio
event in 30 years. In terms of the intensity, most models
underestimate the intensity of El Nifio and La Nifia events,
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historical period (1976-2005) [Ist row], future (2070-2099) under
RCP8.5 scenario [2nd row] and changes in the future relative to the
historical period (3rd row). b Frequency (left) and intensity of IOD

with only one model (CNRM-CMS5) reproducing the same
intensity as observed.

For IOD, three pIOD events with average intensity of
0.89 and four nIOD events with average intensity of 0.61
are reported in ERSST.v3b for the period of 1976-2005.
It is worth mentioning that the number of pIOD and nIOD
events identified in this analysis does not agree with that
of Endris et al. (2016), who reported four pIOD and seven
nlOD events for the period of 1982-2005 using the NOAA
Optimum Interpolation (OI) Sea Surface Temperature (SST)
V2 (NOAA_OI_SST_V?2) available at one degree resolu-
tion. This discrepancy is due to the use of a different SST
dataset. Taking ERSST.v3b as a reference, it appears that
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(right) events for the historical period (1976-2005) [1st row], future
(2070-2099) under RCP8.5 scenario [2nd row] and changes in the
future relative to the historical period (3rd row)

all the models overestimate the frequency and intensity of
pIOD and nlOD events, except HadGEM2-ES, which shows
the same intensity of pIOD as observed. Although, the two
datasets disagree in producing the frequency and intensity
of IOD events, the frequencies and intensities of ENSO
events obtained from the two datasets are similar for the
same period.

For the future climate (2070-2099), there is no clear
indication that the frequencies and intensities of ENSO and
10D will increase or decrease. As is evident in Fig. 4a, b,
some of the models project an increase of ENSO and 10D
events, whilst others a decrease. Under the RCP8.5 scenario,
all the models agree that there will be an increase in the
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Fig.4 (continued)

intensity of El Nifio, and three of the four models project an
increase in its frequency (Fig. 4a). This is consistent with
SST warming in eastern tropical Pacific that the GCMs pro-
ject more El Nifio events in the far future compared to the
present. In the case of the IOD there is no clear signal either
in the frequency or intensity of IOD events in future. Almost
half of the models project an increase and half the models a
decrease (Fig. 4b).

In general, the above analyses suggest that future changes
in ENSO and IOD frequency and intensity are model
dependent, as also reported by Stevenson et al. (2012) and
Steinhoff et al. (2015). Despite the agreement in increase
in the frequency and intensity of El Nifio under RCPS.5,
there is no consensus among the models on future changes
to ENSO (El Nifio and La Nifia) and IOD (pIOD and nlOD)
intensity and frequency.
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3.3 Teleconnection patterns in present and future
period associated with ENSO and 10D

3.3.1 Rainfall patterns associated with ENSO and IOD

Endris et al. (2016) have examined the ability of regional
and global models to reproduce historical teleconnection
patterns over Eastern Africa. In this analysis, we used the
same GCMs and RCMs to analyses the future teleconnec-
tion patterns. Results of the historical simulations are also
assessed for the purpose of interpretation future telecon-
nection patterns. The analysis focuses on the rainfall sea-
sons—JJAS, MAM and OND. Figure 5 shows the rainfall
teleconnection for the JJAS season against the Nifio3.4 index
in the historical (1976-2005), and future (2070-2099) peri-
ods as estimated by linear regression. The top row shows
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Fig.5 JJAS teleconnections computed using linear regression against
NINO3.4 index for historical (1976-2005) and future (2070-2099)
periods. The first row indicates the historical teleconnection patterns
from observation, global ensemble mean, and corresponding down-
scaled regional ensemble means. The second row shows the future

the results from observation, GCMs, and the corresponding
downscaled ensemble means in the historical period. The
second row represents the projected teleconnection under
the RCP8.5 scenario. The third row indicates differences in
teleconnection patterns between future and historical period.
In the present climate, negative coefficients are observed
over the northern part of the domain (top row), which dem-
onstrates the negative association between tropical Pacific
SST and summer (JJAS) rainfall. Warm (cold) SSTs over
the tropical Pacific Ocean leads to a dry (wet) summer in
the northern part of eastern Africa. Looking at the telecon-
nection patterns in the historical period (Fig. 5, first row),

-08 -06 =04 -02 =01 O 01 02 04 06 08 1 2 3

teleconnection patterns under RCP8.5 scenario. The third row shows
differences in teleconnection patterns between future and historical
period. Units are mm/day/deg °C. Stippling indicates regions where
the regression coefficient is statistically significant at the 5% level

both the global and regional ensembles correctly represent
the negative relationship between ENSO and rainfall over
northern part of the region.

On the basis of the results from the historical run, we
further examine teleconnection patterns under the future
climate scenario. The spatial patterns of teleconnections in
future period are similar to those in the historical period
(Fig. 5, second row), with negative coefficients over the
northern part of the domain still present in both global and
regional simulations. This suggests that the present spatial
pattern of the teleconnections will persist under future global
warming. However, the degree/magnitude of the relationship
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differs compared to the historical period. This is consist-
ent with the in differences in rainfall teleconnection pat-
terns between future and historical period (Fig. 5 3rd row).
Teleconnection changes/differences are computed based
on the difference in teleconnection patterns between the
future (2070-2099) and historical (1976-2005) period (i.e.
taking their absolute values). By looking at the difference
in teleconnection patterns, we can deduce the strength of
the teleconnection. It can be seen that a positive anomalies
dominate over the northern part of the domain, indicating
a strengthening of the teleconnection between ENSO and
JJAS rainfall in the future compared to the present.

GPCC

GCM(Ens) His

We further investigate the future changes in teleconnec-
tion patterns using the composite analysis to confirm the
results and to reveal some important information that was
not shown by the regression analysis (see Fig S1). Like
the regression analysis, the composite analysis shows an
enhancement of ENSO and summer rainfall relationship
in future compared to the present period; however, this
enhancement was associated with La Nifia events only. The
magnitude of rainfall anomalies associated with El Nifio
years is likely to be reduced in the future. This supports the
idea of a non-linear, rather than symmetrical, association
between ENSO and Eastern Africa rainfall.
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CCLM(Ens) His_
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Fig.6 MAM teleconnections computed using linear regression
against NINO3.4 index for historical (1976-2005) and future (2070-
2099) periods. The first row indicates the historical teleconnection
patterns from observation, global ensemble mean, and correspond-
ing downscaled regional ensemble means. The second row shows the
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future teleconnection patterns under RCP8.5 scenario. The third row
shows differences in teleconnection patterns between future and his-
torical period. Units are mm/day/deg °C. Stippling indicates regions
where the regression coefficient is statistically significant at the 5%
level
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Although the long rains (MAM) produce more rainfall
than the short rains (OND) over the region, the former are
generally less variable (Nicholson 2017 and references
therein), and weakly correlated with oceanic and atmos-
pheric features (e.g., Ogallo et al. 1988; Hastenrath et al.
1993; Rowell et al. 1994; Philipps and MclIntyre 2000).
Moreover, previous studies have shown an intraseasonal
contrast or inhomogeneity within the season. For example,
Camberlin and Philippon (2002a, b) show that spatial rainfall
anomaly patterns are similar in March and April but quite
different in May. Studies by Rowell et al. (1995); Nicholson

GCM(Ens) His

and Kim (1997) and Indeje et al. (2000) also found that time
series of interannual variability for the months of March,
April, and May are different. Due to this inhomogeneity
within the season, some studies suggest that subseasonal
analysis is required for MAM season to advance the under-
standing and prediction of precipitation variability (e.g.
Camberlin et al. 2009a, b, 2010; Moron et al. 2013; Rowell
et al. 1994; Mutai and Ward 2000). On the other hand, some
studies (e.g., Williams and Funk 2011; Lyon and DeWitt
2012; Lyon et al. 2014; Hoell and Funk 2014; Funk et al.
2014; Vigaud et al. 2017) have indicated that there is strong

RCA(Ens) His CCLM(Ens) His
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Fig.7 OND teleconnections computed using linear regression against
NINO3.4 index for historical (1976-2005) and future (2070-2099)
periods. The first row indicates the historical teleconnection patterns
from observation, global ensemble mean, and corresponding down-
scaled regional ensemble means. The second row shows the future

teleconnection patterns under RCP8.5 scenario. The third row shows
differences in teleconnection patterns between future and historical
period. Units are mm/day/deg °C. Stippling indicates regions where
the regression coefficient is statistically significant at the 5% level
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teleconnection between Indo-Pacific SSTs and East African
MAM rainfall in recent years. Their analyses show that the
post 1999 droughts (2000, and 2008, 2009, 2011 and 2017),
which resulted in abrupt decline in MAM rainfall in the
region, are strongly linked with Indo-Pacific SSTs changes.

Here we present the associations between Nifio3.4
and MAM rainfall for present and future periods as well
as differences in teleconnection patterns between future
and historical period (Fig. 6). The aim is to assess the
observed and modelled teleconnection patterns for present
climate and investigate the future teleconnection patterns
in warmer climate. In the present period, there is little
association with Nifio3.4 (Fig. 6, first row). Moreover,

GPCC

GCM(Ens) His

Fig.9 JJAS El Nifio (top) and La Nifia (bottom) composite map of p
SLP (shaded in hPa) and 850 hPa wind (vectors in m/s) for historical
(1976-2005) [1st row], future (2070-2099) [2nd row] and differences
in between future and historical period (3rd row)

the modelled teleconnection patterns are not consistent
with the observed ones. For example, the observations
show negative association between Nifio3.4 and MAM
rainfall over Eastern horn of Africa, whereas the simu-
lations show positive relationship. In the future (Fig. 6
second row), the models show stronger positive associa-
tion between Nifio3.4 and MAM rainfall over the Eastern

RCA(Ens) His CCLM(Ens) His

FTY
CM(
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Fig.8 OND teleconnections computed using linear regression against
DMI index for historical (1976-2005) and future (2070-2099) peri-
ods. The first row indicates the historical teleconnection patterns from
observation, global ensemble mean, and corresponding downscaled
regional ensemble means. The second row shows the future telecon-
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nection patterns under RCP8.5 scenario. The third row shows differ-
ences in teleconnection patterns between future and historical period.
Units are mm/day/deg °C. Stippling indicates regions where the
regression coefficient is statistically significant at the 5% level



Future changes in rainfall associated with ENSO, 10D and changes in the mean state over Eastern... 2043

1o ERA-INTERIM, |, GCM(Ens) His — RCA(Ens) His _C:CI._M(EPS.).ﬁis _

\
rrrrrirrrrrrrr

@ Springer



2044

H.S. Endris et al.

horn of Africa. This might be due the fact that observed
El Nifio teleconnections are becoming stronger in recent
years as shown by the above-mentioned studies. Recent
studies by Liebmann et al. (2014, 2017) also revealed the
observed increasing correlation strength in recent years
concomitant with a strengthening of the Indian Ocean
branch of the Walker circulation. The explanation to this
is that the observed warming over Indo-Pacific warm pool
has enhanced convection over Indonesia and strengthened
the Indian Ocean upper-level easterlies coming from the
convective area, which result in anomalous upper level
convergence and suppressed rainfall over the horn of
Africa (Yang et al. 2015; Liebmann et al. 2017). The lack
of any significant relationships between ENSO and long-
rains in our analysis for historical period is in agreement
with earlier studies (e.g., Ogallo et al. 1988; Hastenrath
et al. 1993; Rowell et al. 1994; Philipps and MclIntyre
2000), but not with more recent studies (e.g., Williams
and Funk 2011; Lyon et al. 2014; Hoell and Funk 2014;
Funk et al. 2014; Yang et al. 2015 and; Liebmann et al.
2017); this discrepancy could be due the choice of the
historical period (1976-2005), which does not cover the
recent drought years.

Our study further analyzed the MAM rainfall telecon-
nections associated with IOD (Figure not shown). The
results show that there are weak teleconnections and large
discrepancies between observed and simulated teleconnec-
tion patterns in historical period, and also no significant
changes in future. The weak relationship between IOD and
the long-rains in the historical and future periods might be
due to the fact that IOD events tend to be at maturity phase
during November-December—January (NDJ) period and at
the onset and decay phases during MAM, so that there will
likely be a weak linkage between IOD and MAM rainfall.
The other possible reason for the weak teleconnection dur-
ing MAM season might be the inhomogeneity of interannual
variability between the months and rainfall teleconnections
are also very different in each month and the net impact
tends to be insignificant as suggested by previous studies
(Nicholson and Kim 1997; Camberlin and Philippon 2002a,
b; Zorita and Tilya 2002). Rainfall teleconnections for each
month has not been investigated here as it is beyond the
scope of this study.

It is widely established that rainfall anomaly during short
rain season (OND) is associated with both ENSO and IOD
(e.g., Hastenrath 2007; Bahaga et al. 2015; Endris et al.
2016). As such, our analysis assesses both the influence
of ENSO and IOD during OND season. Figures 7 and 8
show the OND rainfall telconnection against Nifio3.4 and
DMI for the historical and future periods, respectively, in
which Nifio3.4 is the measure strength or phase of ENSO
and DMI is the measure of the strength or phase of I0D.
Both the positive phases of ENSO and IOD are associated
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Fig. 10 MAM EI Nifio (top) and La Nifia (bottom) composite map of»
SLP (shaded in hPa) and 850 hPa wind (vectors in m/s) for historical
(1976-2005) [1st row], future (2070-2099) [2nd row] and differences
in between future and historical period (3rd row)

with above normal rainfall over the region. Conversely, the
negative phases of ENSO and IOD are associated with below
normal rainfall. It is notable that IOD-rainfall teleconnection
patterns are more robust than the ENSO-rainfall teleconnec-
tion patterns, which is in agreement with previous studies
(e.g Black 2005; Behera et al. 2005; Bahaga et al. 2015). It
can be seen that both the global and regional simulations
robustly reproduce the positive relationship between the
ENSO and 10D, and OND rainfall in the present climate
(see Figs. 7, 8 1st rows). In the future (second row), the
positive association between ENSO/IOD and OND rainfall
over the equatorial part of the Eastern Africa is preserved.
However, the positive association over the southern part of
Eastern Africa is reversed to be negative association. This
feature is particularly noticeable in differences in rainfall
teleconnection patterns between the future and historical
periods (Figs. 7, 8 third rows).

In Fig. 7, the third row shows differences in teleconnec-
tion patterns between future and historical period associated
with ENSO. Results indicate that there is a dipole change
signal, i.e. a positive change over the eastern horn of Africa
(Somalia, South-eastern part of Ethiopia and eastern part
of Kenya), and a negative change over the southern parts
of eastern Africa (over most part Tanzania, Kenya and
Uganda). This implies that the link between ENSO and
rainfall over eastern horn of Africa becomes stronger in the
future compared to the present climate. Conversely, the link
will become weaker over the southern part of the region.
There are however slight differences in the magnitude of tel-
econnection patterns between the GCM ensemble and RCM
ensembles. Positive change over the eastern horn of Africa
is not visible in the GCM ensemble despite the presence of
some spots of positive values.

The differences in OND rainfall teleconnection patterns
between the future and historical experiments associated
with IOD are presented in Fig. 8 third row. The changes in
teleconnection patterns are similar to those of the ENSO pat-
terns, despite the changes associated with IOD are stronger
and emerging compared to ENSO. Strengthening of IOD
relationship is identified over the East horn of Africa, while
weakening of IOD relationship is observed over the South
Eastern part of the region.

We further performed a composite analysis associated
with ENSO and IOD to verify the results obtained from
regression analysis (see supplemental Fig. S2 and S3). The
results obtained from composite analysis are consistent with
those of the regression map. The strengthening (weaken-
ing) in relationship between ENSO/IOD and OND rainfall
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over east horn of (south Eastern) Africa are still persistent
in composite results. It is expected that these features might
be linked to changes to the mean state, or to a shift in the
balance competing feedback processes. A thorough investi-
gation of feedback processes was not possible here; however,
mean state metrics presented in Fig. 3 indicate an El Nifio-
like (positive IOD-like) warming pattern over the tropical
Pacific (Indian) Ocean. Thus, the enhanced rainfall over the
East horn of Africa might be partly linked with enhanced
warming in the western part of the Indian Ocean, which also
has a link with warming in the eastern part of the Pacific
Ocean. A recent study by Souverijns et al. (2016) attributed
the increase in precipitation over Eastern horn of Africa to
an enhancement of water vapor content in a warmer world
and an increased moisture transport from easterlies.

3.3.2 Circulation patterns associated with ENSO and I0D

To understand the circulation mechanisms associated with
the dry and wet years, composite maps of different param-
eters for positive and negative ENSO/IOD events have been
analyzed. Different studies have shown that rainfall over
Eastern Africa is strongly associated with both low-level
and upper level wind circulation. In particular, the low level
winds are very important for low-level moisture advection
(Lyon 2014). Also the surface pressure directly relates to
the mass of air in a vertical column above the surface and
gives a measure of the total atmospheric mass distribution.
For this reason, we have analyzed the 850 hPa wind and the
air pressure at sea level (SLP).

Figure 9 shows the composite of JJAS sea level pressure
and low-level wind (850 hPa) anomalies during El Nifio (top
panel) and La Nifia (bottom panel) events from the ERA-
Interim reanalysis, regional and global simulations for the
historical (first rows), future periods (second row) and dif-
ference between the future and the historical period (third
row). The El Nifio and La Nifia composites of multimodel
ensemble mean are created from the composites of Indi-
vidual models (i.e. the single model composite is calculated
first). During El Nifio years, strong positive SLP anomalies
are observed over the domain, extending from the Arabian
Peninsula towards the Greater Horn of Africa. The pres-
ence of this positive anomaly suggests the existence of anti-
cyclonic activity (descending air) that leads to a reduction
of rainfall over the region. It is also indicative of a clear
a reduction of westerly and southwesterly winds from the
Gulf of Guinea, and the Somali Low Level Jets (SLLJ) from
the Mascarene high. These are the main sources of mois-
ture over the northern part of the domain during JJAS. The
reduction of these winds is demonstrated by the presence
of easterly wind anomaly vectors over western part of East-
ern Africa and northeasterly wind anomaly vectors off the
coast of East Africa. Conversely, the composite for La Nifia
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Fig. 11 OND EI Nifio (top) and La Nifia (bottom) composite map of »
SLP (shaded in hPa) and 850 hPa wind (vectors in m/s) for historical
(1976-2005) [1st row], future (2070-2099) [2nd row] and differences
in between future and historical period (3rd row)

events shows opposite patterns (i.e., negative SLP anomalies
over the Arabian Peninsula extended down to the region),
which reflects the deepening of the monsoon trough over
the Arabian Peninsula. The deeper monsoon trough over the
Arabian Peninsula is strongly associated with greater rain-
fall over the eastern Africa during JJAS (Diro et al. 2011;
Endris et al. 2016). Nicholson (2017) also stated that low-
level cyclonic flow over the Arabian Peninsula provides
ascent over the Yemen Highlands and northeastern Ethiopia,
and is critical in the development of westward propagating
convective systems that characterize the peak of the rainy
season. During La Nifia an increase low-level Somali jets
(LLSJ) anomalies is clear. There is also a marked increase
in the strength of westerly wind anomalies from the Gulf
of Guinea and southwesterly wind anomalies from Congo
rainforest basin, resulting in more moisture being advected
to the region. There is a fairly good agreement between the
reanalysis, and the regional and global ensemble means in
reproducing the anomalous circulations patterns associated
with El Nifio and La Niifia events in the historical period.
The anomalous circulation patterns in the future are simi-
lar to the historical patterns (Fig. 9 second row). However,
it appears that there is an intensification of the low-level
Somali jets (LLSJ) and westerly wind anomalies associated
with La Nifia years in future, compared to the historical pat-
tern. In regional simulations, positive SLP anomalies are
noted over western part of the domain (Sudan and South
Sudan), which are not present in the GCM simulation. Dif-
ferences in SLP and 850 hPa wind anomalies associated with
El Nifio and La Nifia between the future and the histori-
cal period are shown in Fig. 9 third rows (top panel for El
Nifio and bottom panel for La Nifia). As for rainfall, the
difference in SLP anomalies associated with El Nifio and
La Nifia between the future and historical period are com-
puted by taking their absolute values. Consistent with the
rainfall increase, there is an intensification of the low-level
Somali jets (LLSJ) and westerly wind anomalies associated
with La Nifia years in future compared to the historical pat-
tern (Fig. 9 bottom panel). This is the likely driver of the
increased rainfall anomalies associated with La Nifia events
in future compared to the historical period. It is also evident
that the deeper the monsoon trough over the Arabian Penin-
sula is associated with greater rainfall over the northern part
of the region during JJAS.

Composite anomalies of SLP and 850 hPa wind associ-
ated with El Nifio and La Nifia during MAM season are
shown in Fig. 10. As for the MAM rainfall, discrepancies
in circulations anomalies associated with ENSO events
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between the observed (reanalysis) and model simulations
are observed for the present period. This could be due to
the fact that different factors control the MAM rainfall on
interannual scale. Liebmann et al. (2014) showed that dif-
ferent factors appear to have an influence on interannual
time scales and also indicated to a disparity exists between
observations and model results. Camberlin and Philippon
(2002a, b), Zorita and Tilya (2002), and Pohl and Camber-
lin (2006) showed that interannual variability in March and
April is linked to factors different from those associated
with May rainfall. Their results show that March and April
appear to be controlled by the zonal temperature contrast
between the Indian Ocean and adjacent East African land
mass by surface zonal winds, whereas May rainfall is linked
to a meridional temperature contrast between the Indian
Ocean and the Asian land mass and, thus, to meridional sur-
face winds. Our analyses focus at the seasonal time scale.
Both GCM and RCM ensemble mean results show positive
surface pressure anomalies over most part of the region,
whereas the reanalysis (ERA-Interim) shows weak negative
surface pressure anomalies over western and southern parts
of the region. Moreover, the reanalysis shows easterly wind
anomalies over Eastern Horn of Africa, where a part of it
is extended to equatorial east Africa and the other part is
diverted to north westerly in equatorial Indian Ocean close
to East Africa (Fig. 10 first row). In contrast, the simulations
indicate southeasterly anomalies over the equatorial Indian
Ocean and westerly anomalies over East horn of Africa.
Discrepancy in circulations anomalies has also been dem-
onstrated during the La Nifia composites. Since there is no
good agreement between simulated and observed circulation
anomalies in relation to ENSO events during this particular
season, discussing the future changes might not be needful.

It was evident from the previous regression and com-
posite analysis that the OND rainfall has strong association
with both ENSO and IOD events. Different studies exam-
ined the relationship between the short rains and circulation
anomalies (e.g. Beltrando 1990, Goddard and Graham 1999;
Hastenrath 2000; Pohl and Camberlin 2011). These stud-
ies demonstrated the critical role of the zonal circulation
(Walker-type circulation) over the Indian Ocean in trans-
mitting ENSO/IOD signal. This zonal circulation consists
of opposite wind flows in the eastern and western tropical
Indian Ocean. At low levels near the surface (850 mb),
westerly winds prevail, a result of a steep eastward pres-
sure gradient. In the upper troposphere (200 mb), easterly
winds prevail. The flow forms a cell with rising motion in
the east and subsidence in the west, near eastern Africa.
These studies further emphasized that the most important
physical mechanism in the variability of the short rains is
the intensity of this cell, with the low-level westerlies play-
ing a fundamental role in modulating this cell. Composite
anomalies of SLP and 850 hPa wind associated with El Nifio
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Fig. 12 OND pIOD (top) and nlIOD (bottom) composite map of SLP »
(shaded in hPa) and 850 hPa wind (vectors in m/s) for historical
(1976-2005) [1st row], future (2070-2099) [2nd row] and differences
in between future and historical period (3rd row)

and La Nifa during OND for present and future periods are
shown in Fig. 11. Results of this study show that, during El
Niflo, positive surface pressure anomalies are observed over
the western part of the region, and negative surface pres-
sure anomalies are observed over the southwestern part of
the Indian Ocean (Fig. 11, ERA-Interim). The two 850hpa
wind anomalies, easterly from the equatorial Indian Ocean
and westerly from the Congo rainforest basin, converge at
the eastern horn of Africa. The low-level convergence leads
to ascending motion and favors rainfall. The La Nifia com-
posites, on the other hand, show results that are opposite to
the El Nifo counterparts, in which negative SLP anoma-
lies observed over most part of the domain. Also, during El
Nifio, the easterly winds over the equatorial Indian Ocean
becomes weaker (even switched to westerlies) and reduces
the rainfall over the region. This is in agreement with pre-
vious studies who indicated the critical role of the zonal
circulation over the Indian Ocean in transmitting the ENSO
signal. In the examination of the anomalous SLP and wind
vectors associated with El Nifio and La Nifia events over the
region of study, results indicate that the models capture well
the anomalous patterns in the region. In future, models show
areduction in SLP anomalies particularly over the southern
part of the domain. Difference in SLP and 850 hPa wind
anomalies associated with El Nifio (top panel) and La Nifia
between the future and the historical period are in Fig. 11
third rows. During El Nifio (top panel), two anomalous air-
streams, southeasterly and northeasterly anomaly compo-
nents, are noted over the Indian Ocean. We expect that the
dipole change in rainfall teleconnection pattern might be
partially linked with these two anomalous wind patterns.
Figure 12 shows composite anomalies of SLP and
850 hPa wind associated with pIOD and nIOD in present
and future periods as well as differences between the future
and present period. As it is widely known, during pIOD,
the western Indian Ocean becomes unusually warm and
the eastern equatorial Indian Ocean unusually cold. As a
result of warm SST a reduction in SLP anomaly over the
western half of the Indian Ocean and converging wind
anomalies over East Africa (i.e., convergence of westerly
airflow over central Africa and easterly onshore anomalies
from the equatorial Indian Ocean) leads to moisture con-
vergence and increased convective activity over the region.
Conversely, during nIOD years, an anomalous anticyclonic
circulation occurs over the western part of the Indian Ocean
with westerly wind anomalies. The anomalous anticyclonic
circulations combined with the westerly wind anomalies
reduce the convective activity over the region. In the present
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climate, all simulations reproduce the anomalous easterlies
over the equatorial Indian Ocean that extends to Eastern
horn of Africa during pIOD. The models also reproduce the
negative SLP anomalies over the western part of the Indian
Ocean and the positive SLP anomalies over the western
part of the domain during pIOD, although the simulated
positive SLP anomalies over western part of the domain
are weaker than those in the ERA-Interim reanalysis. The
anomalous circulation patterns associated with nIOD
events are also captured relatively well by the regional and
global ensemble means in comparison to the ERA-Interim
reanalysis. In future projections, even though the general
anomalous circulation patterns are similar to those of the
current decades, important changes are identified. One of
the prominent changes is a reduction of the SLP anoma-
lies over the western part of the domain for both warm and
cold phases of IOD (Fig. 12 second row). The present-day
positive SLP anomalies associated with warm phase of IOD
over the western part the domain are converted to nega-
tive anomalies. As a result, the easterly flow extends far
beyond the East coast to central Africa (Fig. 12, top panel,
2rd row). In Fig. 12 (top panel third row), the differences in
anomalous circulation patterns show that the easterlies from
equatorial Indian Ocean extend to the southern part of East-
ern Africa. Moreover, it appears that there is a reduction in
SLP anomaly over western part of the domain compared to
present period. This might be linked with greater warming
rate of the western part of the Indian Ocean. A thorough
investigation of feedback processes is required to examine
changes in circulation patterns. During cold phase of IOD
(Fig. 12, bottom panel, 2rd row), the positive SLP anomaly
is absent in the GCM ensemble.

4 Summary and conclusions

Understanding how the future Eastern Africa climate
responds to large-scale modes in remote regions is essen-
tial to build appropriate risk management and adaptation
strategies. In this study an ensemble of regional and global
simulations have been analyzed to investigate whether the
Eastern Africa rainfall characteristics associated with ENSO
and IOD may change in the late twenty-first century. Our
analysis focuses on three rainfall seasons—JJAS, MAM and
OND using data from two regional climate models (RCA
and CCLM) and their driving (CMIP5) GCMs.

For the present climate, both the regional and global
model ensemble means reproduce the observed dry and wet
teleconnection patterns associated with ENSO and 10D.
For the future climate, the spatial pattern of teleconnections
between ENSO/IOD and rainfall still persist in regional
and global simulations. However, important changes in the
strength of the teleconnection have been identified. During

@ Springer

JJAS, ENSO is an important driver for rainfall variability:
both regional and global ensemble simulations show higher
rainfall during La Nifia and lower rainfall during El Nifio
over the northern part of the region. During OND, the mag-
nitude of the teleconnection pattern associated with both
the ENSO and IOD is enhanced over Eastern of horn Africa
(Somalia, Djibouti, and eastern part of Ethiopia and Kenya)
and reduced over the southern part of Eastern Africa (most
part of Tanzania, Uganda, and western Kenya). The OND
rainfall teleconnections are stronger and also more consist-
ent between the models compared to the JJAS and MAM
teleconnections.

The change in teleconnections could be attributed to
changes in the amplitude and frequency of the ENSO/IOD
events themselves or changes to the mean state and mid-
latitude atmospheric circulation as a response to increase of
greenhouse gases. Analyses of the change in characteristics
of ENSO and IOD events (frequency and intensity) based
on driving CGCMs do not show consistent patterns. Some
models show an increase while others show a decrease or
no change. All models agree that the frequency of El Nifio
events will increase, but degree of change varies from model
to model. Changes in mean SSTs for the future over the trop-
ical Pacific and Indian Ocean show an El Nifio-like (positive
IOD-like) warming pattern over the tropical Pacific (Indian)
Ocean. This is consistent with earlier studies (Miiller and
Roeckner 2008; Zheng et al. 2013; Cai et al. 2013 and oth-
ers). High rainfall seasons over the eastern horn of Africa
attributable to ENSO and 10D phases are probably linked
to a warmer western region of the Indian Ocean in future
compared to the present.

Assessment of the projected seasonal mean rainfall over
the domain varies depending on the sub-region and sea-
son. During OND season, there is good agreement between
models of an increase in mean rainfall over the equatorial
part of the Eastern Africa. These OND increases are con-
sistent with observational studies suggesting warming in
the Western Indian Ocean is responsible. During JJAS and
MAM rainfall seasons, a decrease in rainfall is projected
over most parts of the region although the model agreement
is not as high as OND season. This drying appears consist-
ent with observational studies focused on paleoclimate data
(Tierney et al. 2013, 2015) and station data (Funk et al.
2015), as well as earlier RCM analyses by Cook and Vizy
(2013).

The main findings of the analysis on future changes in
rainfall associated with ENSO, IOD and changes in the mean
state over Eastern Africa for the three rainfall seasons are
summarized in the Table 2.

Overall, the results from this study provide important
information about the future changes in rainfall associ-
ated with ENSO and IOD as well as changes in the mean
state over Eastern Africa. The findings have an important
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Table 2 Summary of future changes in rainfall associated with ENSO, IOD and changes in the mean state over Eastern Africa for the three rain-

fall seasons (JJAS, MAM and OND)

ENSO 10D

Change in Mean

JJAS  El Niflo teleconnection captured well on the
historical period
Future projections indicate enhancement of
ENSO and rainfall relationship (mainly
associated with La Nifia)

MAM Weak ENSO/IOD teleconnections, and
large discrepancies between observed and
simulations in historical period. Models
project stronger ENSO telecoonections
in future

OND ENSO teleconnections captured well on
the historical period. Future projections
indicate stronger ENSO teleconnection
patterns in the Eastern East Africa and

weaker in the southern East Africa

10D teleconnections reproduced well on
the historical period. Future projections
indicate stronger 10D teleconnection
patterns in the Eastern East Africa and
weaker in the southern East Africa

Drier conditions are expected over most of
the region

Drier conditions are expected over most part
of the region

Wetter conditions are expected over most of
the region

implication for water and agricultural managers and poli-
cies in the region. It is evident from this analysis that OND
rainfall is projected to increase while MAM and JJAS rains
are projected to decrease over most areas of the region. The
decrease in MAM and JJAS rains, combined with the rapid
population growth and rise in global average temperature,
will have a serious impact on water demand, crop yield and
food security in the region. On the other hand, the increase
rainfall during OND creates opportunities for water storage
and enhanced crop/livestock production. Therefore, appro-
priate risk management and adaptation strategies should be
considered and implemented to reduce the risk of future con-
ditions. Since most of the cropped areas in the region are
rain-fed, development of water storage and irrigation would
be the most crucial step for maintaining crop productivity
and ensuring future food security. On the other hand, switch-
ing to drought resilient crops and altering the timing of crop-
ping activities would be alternative options to be considered
to cope with the changing climate.

The study also provides additional implications for
seasonal forecasting in future, as there is still a strong
reliance on empirical relationships. This is particularly
very relevant to the regional climate prediction centres
like the IGAD Climate Prediction and Application Cen-
tre (ICPAC) and national meteorological agencies in East
Africa. Although the study provides essential information
on how the future Eastern Africa climate responds to large-
scale modes in remote regions, the physical mechanisms
responsible for the change in teleconnection patterns in
the future are not well known. Further experimental anal-
ysis e.g. through an investigation of feedback processes,
is required to further enhance our understanding of these
physical processes.
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