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Abstract
This study examines the effects of 1.5 °Cand 2 °Cglobal warming levels (GWLs) on intra-seasonal
rainfall characteristics over theGreaterHorn of Africa. The impacts are analysed based on the outputs
of a 25-member regionalmulti-model ensemble from theCoordinated Regional ClimateDown-
scaling Experiment project. The regional climatemodels were driven byCoupledModel
Intercomparison Project Phase 5Global ClimateModels for historical and future (RCP8.5) periods.
We analyse the threemajor seasons over the region, namelyMarch–May, June–September, and
October–December. Results indicate widespread robust changes in themean intra-seasonal rainfall
characteristics at 1.5 °Cand 2 °CGWLs especially for the June–September andOctober–December
seasons. TheMarch–May season is projected to shift for bothGWL scenarios with the season starting
and ending early. During the June–September season, there is a robust indication of delayed onset,
reduction in consecutive wet days and shortening of the length of rainy season over parts of the
northern sector under 2 °CGWL.During theOctober–December season, the region is projected to
have late-onset, delayed cessation, reduced consecutive wet days and a longer season overmost of the
equatorial region under the 2 °CGWL. These results indicate that it is crucial to limit theGWL to
below 1.5 °Cas the differences between the 1.5 °Cand 2 °CGWLs in some cases exacerbates changes
in the intra-seasonal rainfall characteristics over theGreaterHorn of Africa.

1. Introduction

Extreme climatic events such as flooding, droughts,
and heatwaves have profound implications on the
livelihoods of communities. In a warming world, it is
projected that such events will be more frequent and

intense (Sanchez et al 2004, Mcgregor et al 2005,
Dai 2011, Vizy and Cook 2012, Dosio et al 2018).
The 21st Conference of Parties (COP21) to the
UNFCCC held in Paris in December 2015 reached a
resolution (Paris Climate Change Agreement—Chris-
topher 2016) to limit the global temperature rise to
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well below 2 °C over the pre-industrial levels and
preferably limit the increase to below 1.5 °C. This
will help in reducing further adverse effects of
climate change, particularly in developing countries
(IPCC 2018), which have low adaptive capacities to
climate change compared to the developed countries
(Mirza 2003).

The region of study is the Greater Horn of Africa
(GHA, figure 1) consisting of 11 countries, namely: Bur-
undi, Djibouti, Eritrea, Ethiopia, Kenya, Rwanda, Soma-
lia, South Sudan, Sudan, Tanzania, and Uganda. The
region is characterised by three major rainy seasons:
March–May (MAM) and October–December (OND)
over the equatorial sector and the June–September
(JJAS) seasonover thenorthernpart of the region.

Over the last few decades, countries in the GHA,
whose gross domestic products rely heavily on rain-
fed agriculture productivity, have frequently experi-
enced unexpected extreme weather events such as
heavy rainfall and severe droughts (Funk et al 2008,
Lyon and Dewitt 2012, Mwangi et al 2014). These
events, coupled with other socio-economic factors,
have negatively impacted the communities within the
region. In order to alleviate the negative impacts,
information about the intra-seasonal rainfall metrics
such as the onset, cessation, extended wet and dry per-
iods and length of rainy season (LRS) are fundamental
in the planning of agricultural activities.

Limited research has been conducted on varia-
bility and predictability of the intra-seasonal metrics
of rainfall over the GHA (e.g. Camberlin and
Okoola 2003, Segele and Lamb 2005, Mugalavai et al
2008, Camberlin et al 2009, Sylla et al 2013, Philippon
et al 2015). These studies have utilised in situ datasets
for analysis. The linkages to the climate drivers and the
predictability of some of the intra-seasonal character-
istics have also been investigated (e.g. Camberlin 1995,
Camberlin and Okoola 2003, Gitau et al 2013). Efforts
have also beenmade to understand themodels perfor-
mance in reproducing the current climate (e.g. Otieno
andAnyah 2013a, Endris et al 2013 and 2016, Ongoma
et al 2019, Kisembe et al 2019) and assess future pro-
jected changes in rainfall and temperature over the
GHA (e.g. Shongwe et al 2011, Anyah and Qiu 2012,
Otieno and Anyah 2013b, Omondi et al 2014, Endris
et al 2019). However, only a limited number of studies
over the region have investigated the model repre-
sentation of these intra-seasonal rainfall character-
istics as well as their projected changes on climate
change time-scales (e.g. Cook and Vizy 2012
and 2013).

In response to the COP21 resolution, much of the
climate change research has focused on quantifying
the impacts of 1.5 °C and 2 °C global warming levels
(GWLs) since pre-industrial times on various aspects
of Sub-Saharan Africa climate (e.g. Kumi and Abio-
dun 2018, Maure et al 2018, Nangombe et al 2018,

Figure 1.The study areamap showing theGreaterHorn of Africa (21°E–52°E and 12.5° S–24.5 °N). The northern sector consists of
Sudan, Eritrea, Djibouti, Ethiopia, South Sudan, and the northern part of Somaliawhile the equatorial sector is composed ofUganda,
Kenya, Rwanda, Burundi, Tanzania, and southern Somalia. The shaded colour represents the topography.
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Nkemelang et al 2018, Osima et al 2018). Over GHA,
Osima et al 2018 assessed the potential effects of 1.5 °C
and 2 °C GWLs on the changes in the mean and
extreme rainfall and temperature during MAM and
JJAS seasons.

We examine the effect of 1.5 °C and 2 °C GWLs on
the onset, cessation, LRS and consecutive wet and dry
days over the GHA using 25 multi-model ensemble
members from the coordinated regional climate down-
scaling experiment (CORDEX) initiative. Furthermore,
we quantify the impact of the extra 0.5 °C warming
above the 1.5 °C GWL on these intra-seasonal char-
acteristics to help inform the debate on the need to limit
globalwarming increase towell below2 °C.

2.Data andmethods

2.1.Data
Data from 9 CORDEX (Giorgi et al 2009) regional
climate models (RCMs) driven by 10 global climate
models (GCMs) of the Coupled Model Intercompar-
ison Project (CMIP5) were utilised. The data were
accessed from https://esgf-data.dkrz.de/search/
cordex-dkrz/ and http://csag.uct.ac.za/. We used
Representative Concentration Pathway 8.5 (RCP8.5)
as this provides the largest number of ensemble
members and considers the most realistic business-as-
usual scenario given the current trajectory of global
greenhouse gas emissions (Taylor et al 2012).

The methodology used for identifying the period a
GCM reaches each GWL can be found in Nikulin et al
(2018) and has been utilised by other studies over Sub-
Sahara Africa (e.g. Kluste et al 2018, Maure et al 2018,
Mba et al 2018, Osima et al 2018). We briefly summar-
ise the methodology for identifying the period a GCM
reaches each GWL and refer the reader to Nikulin et al
(2018) for further details. The timing of the GWL for
each GCM is defined as the first 30 year moving aver-
age (centre year) of global temperatures above the pre-
defined GWL compared to the pre-industrial time
period (1861–1890). The same 30 year period identi-
fied from GCMs were used to extract simulated data
for analysis from the corresponding CORDEX RCM
that downscaled theGCM.

3.Methods

A number of definitions exist for calculating rainfall
onset and cessation. Proposed methods to calculate
onset based solely on rainfall include those that utilise
threshold values on accumulated rainfall (e.g. Sivaku-
mar 1988, Segele and Lamb 2005, Marteau et al 2009,
Marteau et al 2011), percentage cutoff on the accumu-
lated rainfall (e.g. Odekunle et al 2005) and the sum of
accumulated anomalies (e.g. Liebmann and Mar-
engo 2001, Marengo et al 2001, Camberlin and
Diop 2003, Camberlin et al 2009, Recha et al 2012,
Dunning et al 2016).

In this study, a wet day is defined as a day on which
accumulated rainfall is at least 1mm.The onset is defined
as the first day of the wet seasonwhen awet spell of accu-
mulated rainfall in 3 consecutive days is at least 20mm
and there is nodry spell of at least 7 d in the next 20d. The
onset algorithm is consistent with one currently being
used operationally at the IGAD Climate Prediction and
Applications Centre (ICPAC), the Regional Climate Cen-
tre for the GHA. This definition has previously been
applied in the region to study the interannual variability
of onset and cessation over Ethiopia (e.g. Segele and
Lamb 2005). Table 1 summarises the definitions of intra-
seasonal variables utilised in the study.

To assess how global temperature rise of 1.5 °C
and 2 °C from the pre-industrial period impacts the
rainy season over GHA, themean changes in the onset,
cessation, LRS andmaximum consecutive wet and dry
days from the control 1971–2000 period were calcu-
lated. It must be noted that climate models are known
to overestimate the number of rainy days of low inten-
sity. This overestimation is attributed to phase errors
of rainfall amount, and the peak time of the simulated
rainfall intensity, as reported by Choi et al (2015),
Prein et al (2015), Salih et al (2018) and Otieno et al
(2019). Therefore, the results from this study on the
intra-seasonal rainfall characteristics are interpreted
with this information inmind.

The robustness of the climate change signal is ful-
filledwhen the following conditions are satisfied.

(1) Signal to noise ratio (SNR), which is defined as the
ratio of the mean to the standard deviation of the

Table 1.Definitions of intra-seasonal variables used in the study.

Variable Definition

Wet day Day onwhich accumulated rainfall is at least 1 mm

Dry day Day onwhich accumulated rainfall is less than 1 mm

Onset The first day of the seasonwhen awet spell of accumulated rainfall in 3 consecutive days is at least 20 mm

provided there are no continuous dry days of at least 7 d in the next 20 d

Cessation First day of a dry-spell when the total rainfall in 20 d is less than 10 mm following a 30 d period after the

onset

LRS Number of days between onset and cessation

Consecutive dry days (CDD) Maximumnumber of consecutive dayswith less than 1 mm(dry days) of rainfall
Consecutive wet days (CWD) Maximumnumber of consecutive dayswithmore than 1 mm (wet day) of rainfall
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differences between the climatology and the
future periods, exceeds 1 (Collins et al 2013). SNR
is a measure of the strength of the climate change
signal.

(2) The difference between the means of the control
and future periods is significant at 5% level using
the Student t-test.

Finally, we used box plots to assess the onset/ces-
sation spread of the ensemble models for historical
and future time periods, in the three sub-domains,
shown in supplementary figure S1 available online at
stacks.iop.org/ERL/15/034037/mmedia.

4. Results and discussion

We first evaluate the ability of the model to reproduce
the onset/cessation over the region. It is shown that
the CORDEX ensemble is able to reproduce the onset
and cessation over the region for all three seasons
(supplementary figures S3–S5). The white regions
within the GHA region in figures 2–4 and 7–10 show
areas that normally do not receive substantial rainfall
during the season considered using the criterion

discussed in the supplementary information (see
section Methods). The impact of the different warm-
ing periods for the GCMs on the onset over the GHA
region is investigated and it is found that different
warming periods did not have a statistically significant
influence on the onset results of the ensemble mean as
shownby the results from statistical test in supplemen-
tary table 1.

4.1. Projected changes in onset and cessation
4.1.1.March toMay
Historically the MAM rainfall onset progresses north-
wards from Tanzania to Ethiopia, due to the move-
ment of the Intertropical Convergence Zone
(figure 2(a)). Global warming is projected to have
different responses inmean onset dates over the region
during the MAM season. While onset is projected to
be early over eastern parts of Tanzania and Kenya, it is
projected to be delayed over parts of Ethiopia and
South Sudan (figures 2(b), (c)). The changes in mean
onset dates, that is early (delayed), are up to 6 d (8 d)
for both GWLs. These changes are statistically signifi-
cant at both GWLs, especially over parts of Ethiopia,
South Sudan, and Tanzania. There are marginal

Figure 2.GHACORDEX ensemblemean forMAMonset and cessation for 1971–2000 (CTL, (a), (e)), the projected changes at the
1.5 °Cand 2 °CGWLswith respect to the control period (b), (c), (f), (g) and the difference between the changes at 2 °Cand 1.5 °C
GWLs (d), (h). Statistically significant areas aremarked by backward slashes (\\\) and thosewith a signal to noise ratio greater than 1
are indicated by forward slashes (///).
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differences in mean onset dates due to an additional
0.5 °Cofwarming from1.5 °CGWL (figure 2(d)).

Compared to mean cessation dates for the control
period (figure 2(e)), early cessation is projected to
occur over most parts of the region under both GWLs
(figures 2(f)–(g)). Statistically significant changes of up
to 6 d are projected over Djibouti, Ethiopia, Burundi,
Rwanda, Tanzania and Kenya at the 1.5 °C, and over
parts of Kenya, Ethiopia, South Sudan, Uganda and
Tanzania at 2 °C GWL. The difference in mean cessa-
tion dates at 1.5 °C and 2 °C GWLs is statistically sig-
nificant over South Sudan and southwestern Ethiopia
(figure 2(h)).

These results are consistent with Dunning et al
(2018) who found that CMIP5 models over the equa-
torial region projected early-onset and cessation.
Onset over equatorial East Africa is linked to the
700 mb zonal winds, the Madden Julian Oscillation,
and sea surface temperature in the western Indian
Ocean (Camberlin and Okoola 2003, Pohl and Cam-
berlin 2006, Zaitchik 2017, Wainwright et al 2019). It
is projected that in the future the MJO precipitation
amplitude will increase (Maloney et al 2019), thus
affecting the rainfall onset, in this case leading to early-
onset. In addition, the western Indian Ocean is pro-
jected to be warmer (Endris et al 2019, Wainwright

et al 2019) hence we postulate that this could be a dri-
ver of projected early onset.

One of the major drivers of cessation over the
equatorial region is the Somali jet (Camberlin et al
2010). It is projected that the Somali jet will strengthen
in the future, (Zou and Zhou 2015, Wainwright et al
2019) thus in agreement with Wainwright et al (2019)
we postulate that this could be one of the drivers of
early cessation over the equatorial region. The dipole
observed in figures 2(d) and (h), can be attributed to
the trapping of ITCZ over eastern Africa by the
Saharan heat low, which is projected to strengthen
(Dunning et al 2018).

4.1.2. June to September
The JJAS onset dates historically occur from late-May
over parts of the equatorial region, gradually progres-
sing northwards to Sudan (figure 3(a)). Compared to
the control period, early onset is projected over
western parts of Ethiopia and most parts of Sudan at
the 1.5 °C GWL. While over western Kenya, Uganda,
parts of Ethiopia and South Sudan onset is projected to
be late (figure 3(b)). In contrast, under the 2 °C GWL,
the region is projected to have delayed onsets
(figure 3(c)). Onset delays of over 6 d under the 2 °C
GWL are robust over Djibouti, parts of Eritrea,
Ethiopia, Sudan, and South Sudan. The delay in the

Figure 3. Same asfigure 2 but for JJAS.
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onset with an additional 0.5 °C of warming from
1.5 °C level is more than 4 d over most of the region
except southern Uganda where the onset is projected
to be early by 3 d (figure 3(d)). The difference in the
mean onset between the 1.5 °C and 2 °C GWLs is
robust over parts of Ethiopia (figure 3(d)) and
statistically significant over South Sudan and Sudan.

Mean cessation for JJAS (figure 3(e)) season is pro-
jected to occur later than the mean cessation of the
control period at both GWLs (figures 3(f), (g)). Chan-
ges in the cessation dates are prolonged by up to 6 d at
the 2 °C GWL. Additional delays of up to 4 d are pro-
jected in the mean cessation date under 2 °C GWL
compared to 1.5 °C GWL (figure 3(h)). During this
season, under the 2 °CGWL, the region is projected to
have a season that starts and ends later consistent with
findings fromDunning et al (2018).

The delays in the onset over the northern part of
the GHA have been attributed to the strengthening of
the Saharan heat Low (Cook and Vizy 2012, Dunning
et al 2018). The JJAS season onset variability has also
been linked to the West African and Indian Ocean
monsoons (Segele and Lamb 2005). The Saharan heat
low that is projected to strengthen in the future is likely
to weaken the West African monsoon, thus delaying
the onset over the northern sector of the region. The
strengthening of the Saharan heat low is likely to affect

the reversal of the monsoonal winds and the south-
ward movement of the ITCZ thus delaying the cessa-
tion over the northern sector of the region.

4.1.3. October toDecember
During the OND season, projected changes in mean
onset dates from the control period (figure 4(a)) are
over southern Tanzania, coastal Kenya, southern
Somalia, and South Sudan at 1.5 °CGWL (figure 4(b)).
At the 2 °C GWL, mean onsets over most parts of the
region are projected to be delayed with robust changes
over the southern parts of Tanzania, where onset will
likely be delayed by 4–8 d (figure 4(c)), consistent with
Saeed et al (2018). The difference in the mean onset
between the 1.5 °C and 2 °C GWLs is statistically
significant and delayed by at least 3 d over the southern
and the coastal lowlands of the region.

At the 1.5 °C GWL, statistically significant delayed
cessation relative to the control cessation dates
(figure 8(e)) are projected over parts of Tanzania,
Kenya and Somalia (figure 4(f)). Under the 2 °CGWL,
widespread statistically significant delayed cessation is
projected over the equatorial regions from Uganda to
Somalia (figure 4(g)). The extra 0.5 °C warming from
1.5 °C will likely prolong OND withdrawal over
Uganda, Kenya and Somalia (figure 4(h)). In a study
utilising the CMIP5 models for the late 21st century,

Figure 4. Same asfigure 2 but forOND.
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Dunning et al (2018) found similar results of late-onset
and delayed cessation aswith the 2 °CGWL.

In the future it is projected that the ITCZ will stay
longer in the northern hemisphere during the south-
ern hemisphere winter due to strengthening of the
Saharan heat low hence delaying the onset over the
equatorial sector during the OND season. Rainfall
during this season has mostly been attributed to the
Indian Ocean Dipole and the El Niño Southern Oscil-
lation. Dunning et al (2016) reported that cessation for
the OND season is 7 d later in El Niño years and 5 d
earlier in La Niña years with only a small change in
onset dates. A study by Endris et al (2019) found that
the frequency and intensity of ENSO events are likely
to increase for the period 2070–2099 thus the late ces-
sation could be caused by the increased ElNiño events.

4.1.4. Spread in onset and cessation analysis for
CORDEX ensemblemembers
The spread of all CORDEX RCMs in simulating onset
and cessation of rainfall during the three seasons
considered was conducted using box plots. The
regions used for the analysis are shown in supplemen-
tary figure 1. The spread of rainfall onset dates is
relatively wider for both MAM and JJAS seasons
compared to OND season (figure 5). During theMAM
season, the spread inmodel onset dates increases, with
the 2 °C GWL having the largest spread. However,
there are no discernible changes in the mean onset
dates. Clearly, the simulated mean onset date during
the JJAS season for the 2 °C warming period is
projected to be late. The JJAS spread changes slightly
for historical and the different GWLs. During the

Figure 5.Onset date ranges from all theCORDEXRCMsimulations used in the study for the historical period (left), and 30 year
periods around the 1.5 (centre) and 2 °C (right)GWLs for the three-season considered.
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OND season, although differences inmean onset dates
are small, for the different time periods, onset
variability is projected to be large at the 1.5 °C GWL
compared to that for historical runs and 2 °C GWL.
On the other hand, the spread for the 2 °C GWL is
comparable with that for historical simulations but the
mean onset date is slightly delayed.

For cessation, the results show that MAM season
still has relatively large model spread compared to the
other two seasons (figure 6). The spread is largest at the
2.0 °C warming level. Compared to rainfall onset dur-
ing JJAS season, the spread in cessation dates is rela-
tively narrow even though some models (all driven by
HadGEM2-ES) simulate extremely early cessation
dates. During OND season, the spread in the cessation
of rainfall dates is comparable to the onset dates. The
consistency of models driven by HadGEM2-ES model

to simulate either extreme early and/or late-onset
underscores the importance of boundary condition in
downscaling climate information to regional scales

Onset dates have been found to be more variable
than the cessation due to a wetter land surface at the
end of each rainy season, which provides positive feed-
back on the atmosphere; this dampens remotely
forced variations, whereas for the onset external for-
cings are stronger (Camberlin et al 2009). The model
spread in both onset and cessation dates were rela-
tively large during MAM compared to the other two
seasons. This could be due to inadequate under-
standing of the role of different drivers of rainfall dur-
ing theMAM season and the lack of skill in simulating
key circulation features by GCMs such as MJO (Flato
et al 2013, Nicholson 2015). Differences in the RCMs
parameterisation and the driving GCM could be

Figure 6.As infigure 5 but for Cessation.
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responsible for the spread in the models. Endris et al
(2013) showed that over the regionmodels have differ-
ent biases, some models have a wet bias while some
have a dry bias.

4.2. Consecutive dry andwet dayswithin the season
(CDDandCWD)
In contrast with Osima et al (2018) study for CDD/
CWD which calculated these characteristics at the
beginning of the defined month to the end of the
month of the season in consideration, for example, the
MAM season was defined between the 1st of March to
the 31st of May. In this study, CDD and CWD are
calculated between the onset and cessation. CDD and
CWDare linked to the variability of theMadden Julian
Oscillation during the MAM and OND seasons
(Berhane and Zaitchik 2014). The mean CDD is
projected to increase over parts of South Sudan,
Uganda and Western Kenya and the mean CWD are
expected to decrease during the MAM season
(figure 7). Decreases in CWD are statistically signifi-
cant over parts of Ethiopia, Kenya, Uganda and South
Sudan for both GWL. These results are slightly
different from Osima et al (2018) who found an
increase in CDD especially at the Turkana Jet entrance

region in northwestern Kenya. The increase in CDD
from Osima et al (2018) could be due to including the
dry periods in their analysis. On the contrary, there
was a similarity in the decrease of CWD over most
parts of the GHA from both studies. In both studies,
there aremarginal changes in CDD and CDW from an
additional half a degree of global warming.

Figure 8 shows the CWD and CDD during JJAS.
Statistically significant increases of CDD are projected
over South Sudan under 1.5 °CGWL. During this sea-
son in general CWD is projected to decrease overmost
parts of the northern region at both warming levels.
The decrease in CWD is statistically significant over
Uganda, South Sudan, Ethiopia, and Sudan. These
results are consistent with results from Osima et al
(2018), especially in the dipole mode pattern of
decrease/increase in CDD in western Ethiopia and
South Sudan during this season. Similarly, for CWD
results are consistent withOsima et al (2018) especially
in the projected decrease in CWD over western South
Sudan and western Ethiopia under both warming
levels. As observed in the MAM results, an additional
0.5 °C global warming acts to strengthen the change
signals positively/negatively and this is also consistent
with results fromOsima et al (2018).

Figure 7.GHACORDEX ensemblemean forMAMconsecutive dry andwet days for 1971– 2000 (CTL, (a), (e)), the projected changes
at the 1.5 and 2 °CGWLswith respect to the control period (b), (c), (f), (g) and the difference between the changes at 2 °Cand 1.5 °C
GWLs (d), (h). Statistically significant areas aremarked by backward slashes (\\\) and thosewith a signal to noise ratio greater than 1
are indicated by forward slashes (///).
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During the OND season, CDD is projected to
slightly change under both GWL’s (figures 9(b), (c))
There aremarginal changes in theCDDdue to an extra
0.5 °C of warming. Under 1.5 °C warming, the CWD
is projected to increase over most of the region, espe-
cially the western part of the region. While under the
2 °C GWL it is expected to reduce. Statistically sig-
nificant reduction in CWD is over the western parts of
the region. Evidently, the different warming tempera-
tures produce differing impacts on the CWD. In this
case, half a degree of warming is projected to reduce
theCWDovermost parts of the region.

4.3. Length of rainy season
Figure 10 shows the mean LRS as simulated by the
CORDEX models for MAM, JJAS and OND seasons
and their associated projected changes. Throughout
the region, the length of the rainy season ranges
between 30 and 120 d (figures 10(a), (e), (i)).

During MAM, statistically significant changes of
reduced LRS between 2 and 4 d are projected at 1.5 °C
GWL in central South Sudan, central and northeastern
Ethiopia and southern Tanzania (figure 7(b)). On the
other hand, coherent signals of slightly longer LRS are
evident over the coastal lowlands of Tanzania and a
few areas in Kenya. At the 2 °C GWL, similar spatial

patterns to those at the 1.5 °C GWL are evident but
with a larger spatial extent over the northern sector of
theGHA (figures 10(b), (c)). Differences between LRSs
at 1.5 °C–2 °C GWLs are not statistically significant
(figure 10(d)). The marginal changes in LRS over the
region and the early onset/cessation imply that in the
future the MAM season is likely to shift and start ear-
lier than the historical period over the equatorial
region. However, South Sudan and Southern Ethiopia
are projected to have a reduced season owingmostly to
a late-onset. Osima et al (2018) projected reduced
rainfall over the northern sector of the region, thus the
reduced rainfall could be attributed to a shorter season
over the northern sector of the region and
reducedCWD.

Statistically significant longer LRS are projected
over much of Sudan and northwestern Ethiopia at the
1.5 °C GWL during the JJAS season (figure 10(f)).
However, a few areas along the Rift Valley are pro-
jected to experience a reduction in the LRS of up to 8 d.
Further warming from 1.5 °C to 2 °C tends to produce
drier (Osima et al 2018) and shorter LRSs compared to
those at the 1.5 °C GWL. As a result, at a 2 °C GWL,
the signals of reduced LRSs become more robust and
the spatial extent wider over Kenya, Uganda, South
Sudan, Ethiopia, and Sudan (figure 10(g)). The longer

Figure 8.As forfigure 7 but JJAS season.
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LRS signal projected at the 1.5 GWL weakens appreci-
ably or reverses sign over Sudan and western Ethiopia
(figures 10(f), (g)). Differences between LRSs at 1.5 °C
and 2 °C GWL are statistically significant over most of
the northern GHA (figure 10(h)). Agricultural activ-
ities are likely to be affected during this season as the
CDD (CWD) will increase (reduce), LRS will also
reduce and also the rainfall is projected to decrease in
the future (Osima et al 2018, Endris et al 2019).

The results forONDseason showdipole-like changes
in the length of the rainy season over the region at both
GWLs (figures 10(j), (k)). The equatorial (southern) sec-
tor of the GHA region is projected to have a prolonged
(reduced) rainy season in the future at both GWLs. Over
these areas, the changes in LRS are higher and statistically
significant at the 2 °CGWLs. It is worthmentioning that
these dipole-like signals have also been identified by End-
ris et al (2019) for the same season however a different
time period. The observed dipole was attributed to the
projected strengthening and weakening of ENSO/IOD
relationship with rainfall anomalies (Endris et al 2019). A
stronger (weaker) ENSO/IOD and rainfall anomaly rela-
tionshipwas foundover the eastern (southern)part of the
GHAexplaining thedifferent responses toGWL.

The results have shown that during theMAM season
early (late) onset to the south (north) respectively suggest

a less rapid northward migration of the ITCZ (figure 2).
This leads to shorter LRS over the southern and northern
parts of the region and longer over the equatorial sector
(figure 10). Conversely for JJAS season, late (early) onset
to the south (north) suggests a more rapid progression of
the ITCZ (figure 3) thus in general shortening the season
over the northern sector of the GHA. The ITCZ trans-
ition fromnorth to south duringONDseason is also rela-
tively less rapid as implied by the early (late) onset in the
equatorial (south) of the region under the 1.5 °C GWL
(figure 4). This suggests that future changes in ITCZ will
play a key role in the intra-seasonal characteristics of rain-
fall in all seasons and therefore models need to skillfully
represent this key feature. Results for LRS show that the
largest changes, positive or negative, in LRS at both
warming levels and in all the seasonswill not exceed 10 d.
This may not represent significant changes especially in
agricultural application for the JJAS season since in some
regions the season has up to 120 d. However, for the
OND and MAM seasons these changes might negatively
affect the crops. In addition the changes in LRS should be
interpreted togetherwith changes inCDDandCWD.For
example, negative impacts could be experienced in
regions where CDD/LRS is projected to increase/
decrease respectively.

Figure 9.As forfigure 7 butOND season.
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5. Conclusion

In conclusion, the results from this study have shown
that CORDEX models present robust projected
changes in onset and cessation, LRS and consecutive
wet and dry days over some regions of the GHA. An
additional 0.5 °C of warming will have differing
impacts on the intra-seasonal indices considered in
this study- in some regions the impact may be positive
but in other regions negative further strengthening the
change signals observed at 1.5 °C warming level. The
results also suggest that future onset dates will bemore
variable compared to cessation dates. Finally, this
study has shown that additional global warming of
0.5 °C will likely change the intra-seasonal rainfall
characteristics over the GHA region. These changes
are likely to affect the livelihoods of the communities

in the region, especially the semi-arid areas. Findings
from this study can hence be used as a basis for starting
dialogue aimed at adapting to future climate in the
GHA region, especially on issues related to food and
water security should global temperatures rise well
above 1.5 °C level.

Acknowledgments

This paper is a contribution of the East African
Analysis group to the CORDEX-Africa programme.
Computational analysis was conducted on the Chey-
enne supercomputing system, Boulder Colorado,
USA, using the NCARCommand Language (10.5065/
D6WD3XH5). M Gudoshava and H Endris were
supported by the UK Research and Innovation as part
of theGlobal ChallengesResearch Fund, grant number

Figure 10.GHACORDEX ensemblemean for LRS inMAM (a), JJAS (e) andOND (i) for control period, the projected changes at the
1.5 °Cand 2 °CGWLswith respect to the control period (b), (c), (f), (g), (j), (k) and the difference between the changes at 2 °Cand
1.5 °CGWLs (d), (h), (i) forMAM, JJAS, andONDrespectively. Statistically significant areas are represented by negative (\\\) slopes
and thosewith a signal to noise ratio greater than 1 are represented by positive slopes (///).

12

Environ. Res. Lett. 15 (2020) 034037

https://doi.org/10.5065/D6WD3XH5
https://doi.org/10.5065/D6WD3XH5


NE/ P021077/1 (GCRF African SWIFT). Z Segele was
supported by GCRF African SWIFT and the Weather
and Climate Information Services (WISER) Support
to ICPAC Project (W2-SIP). Data sharing is not
applicable to this article as no new data were created or
analysed in this study. Special thanks to all modeling
groups that performed the simulations andmade their
data available free to theCORDEX-Africa program.

ORCID iDs

MasilinGudoshava https://orcid.org/0000-0003-
0315-9271
HerbertOMisiani https://orcid.org/0000-0002-
5414-3125
JullyOOuma https://orcid.org/0000-0002-
8225-1924
Victor S Indasi https://orcid.org/0000-0001-
5957-4330
Hussen Seid Endris https://orcid.org/0000-0003-
2308-4422
SarahOsima https://orcid.org/0000-0002-
1057-103X
Christopher Lennard https://orcid.org/0000-
0001-6085-0320
Modathir Zaroug https://orcid.org/0000-0002-
0846-9626
EmmahMwangi https://orcid.org/0000-0003-
3838-0849

References

AnyahROandQiuW2012Characteristic 20th and 21st century
precipitation and temperature patterns and changes over the
GreaterHorn of Africa Int. J. Climatol. 32 347–63

Berhane F andZaitchik B 2014Modulation of daily precipitation
over East Africa by theMadden–Julian oscillation J. Clim. 27
6016–34

Camberlin P 1995 June-September rainfall in north-eastern Africa
and atmospheric signals over the tropics: a zonal perspective
Int. J. Climatol. 15 773–83

Camberlin P andDiopM2003Application of daily rainfall principal
component analysis to the assessment of the rainy season
characteristics in SenegalClim. Res. 23 159–69

Camberlin P, Fontaine B, Louvet S, Oettli P andValimba P 2010
Climate adjustments over Africa accompanying the Indian
monsoon onset J. Clim. 23 2047–64

Camberlin P,MoronV,Okoola R, PhilipponN andGitauW2009
Components of rainy seasons’ variability in equatorial East
Africa: onset, cessation, rainfall frequency and intensity
Theor. Appl. Climatol. 98 237–49

Camberlin P andOkoola R E 2003The onset and cessation of the
‘long rains’ in eastern Africa and their interannual variability
Theor. Appl. Climatol. 75 43–54

Choi I J, Jin EK,Han J Y, Kim SY andKwonY 2015 Sensitivity of
diurnal variation in simulated precipitation during East Asian
summermonsoon to cumulus parameterization schemes
J. Geophys. Res. Atmos. 120 11–971

Christopher J 2016The 2015 Paris climate change conference:
COP21 Sci. Prog. 99 97

CollinsM et al 2013 Long-term climate change: projections,
commitments and irreversibilityClimate Change 2013: The
Physical Science Basis. Contribution ofWorkingGroup I to the
Fifth Assessment Report of the Intergovernmental Panel on

Climate Change edT F Stocker et al (Cambridge: Cambridge
University Press)

CookKHandVizy EK 2012 Impact of climate change onmid-
twenty-first century growing seasons inAfricaClim.Dyn. 39
2937–55

CookKHandVizy EK 2013 Projected changes in East Africa rainy
season J. Clim. 26 5931–48

Dai A 2011Drought under global warming: a reviewWiley
interdisciplinary reviewsClim. Change 2 45–65

DosioA,Mentaschi L, Fischer EMandWyser K 2018 Extreme heat
waves under 1.5 C and 2C global warmingEnviron. Res. Lett.
13 054006

DunningCM,Black E andAllan RP 2018 Later wet seasons with
more intense rainfall over Africa under future climate change
J. Clim. 31 9719–38

DunningCM,Black EC andAllan RP 2016The onset and cessation
of seasonal rainfall over Africa J. Geophys. Res.: Atmos. 121
405–24

EndrisH S et al 2013Assessment of the performance of CORDEX
regional climatemodels in simulating East African rainfall
J. Clim. 26 8453–75

EndrisH S, LennardC,Hewitson B,DosioA,NikulinG and
ArtanGA2019 Future changes in rainfall associatedwith
ENSO, IOD and changes in themean state over Eastern Africa
Clim.Dyn. 52 2029–53

EndrisH S, LennardC,Hewitson B,DosioA,NikulinG and
PanitzH J 2016Teleconnection responses inmulti-GCM
drivenCORDEXRCMsover EasternAfricaClim.Dyn. 46
2821–46

FlatoG J et al 2013 Evaluation of climatemodelsClimate Change
(2013): The Physical Science Basis. Contribution ofWorking
Group I to the Fifth Assessment Report of the Intergovernmental
Panel on Climate Change (Cambridge: CambridgeUniversity
Press)

FunkC,DettingerMD,Michaelsen J C, Verdin J P, BrownME,
BarlowMandHoell A 2008Warming of the IndianOcean
threatens eastern and southernAfrican food security but
could bemitigated by agricultural development Proc. Natl
Acad. Sci. 105 11081–6

Giorgi F, Jones C andAsrarGR 2009Addressing climate
information needs at the regional level: the CORDEX
frameworkWorldMeteorol. Organ. (WMO)Bull. 58 175

GitauW et al 2013 Spatial coherence and potential predictability
assessment of intraseasonal statistics of wet and dry spells
over Equatorial EasternAfrica Int. J. Climatol. 33 2690–705

IPCC2018 Summary for policymakersGlobalWarming of 1.5 °C.
An IPCC Special Report on the Impacts of GlobalWarming of
1.5 °CAbove pre-industrial Levels andRelatedGlobal
Greenhouse Gas Emission Pathways, in the Context of
Strengthening theGlobal Response to the Threat of Climate
Change, Sustainable Development, and Efforts to Eradicate
Poverty edVMasson-Delmotte et al (Geneva, Switzerland:
WorldMeteorological Organization) p 32

Kisembe J, Favre A,DosioA, LennardC, Sabiiti G andNimusiimaA
2019 Evaluation of rainfall simulations overUganda in
CORDEX regional climatemodelsTheor. Appl. Climatol. 137
1117–34

KlutseNAB et al 2018 Potential impact of 1.5 C and 2C global
warming on consecutive dry andwet days overWest Africa
Environ. Res. Lett. 13 055013

KumiN andAbiodunB J 2018 Potential impacts of 1.5 °Cand 2 °C
global warming on rainfall onset, cessation and length of
rainy season inWest AfricaEnviron. Res. Lett. 13
055009

LiebmannB andMarengo J 2001 Interannual variability of the rainy
season and rainfall in the BrazilianAmazon Basin J. Clim. 14
4308–18

LyonB andDeWitt DG2012A recent and abrupt decline in the East
African long rainsGeophys. Res. Lett. 39 L02702

Maloney ED, Adames Á F andBuiHX 2019Madden–Julian
oscillation changes under anthropogenic warmingNat. Clim.
Change 9 26–33

13

Environ. Res. Lett. 15 (2020) 034037

https://orcid.org/0000-0003-0315-9271
https://orcid.org/0000-0003-0315-9271
https://orcid.org/0000-0003-0315-9271
https://orcid.org/0000-0003-0315-9271
https://orcid.org/0000-0003-0315-9271
https://orcid.org/0000-0002-5414-3125
https://orcid.org/0000-0002-5414-3125
https://orcid.org/0000-0002-5414-3125
https://orcid.org/0000-0002-5414-3125
https://orcid.org/0000-0002-5414-3125
https://orcid.org/0000-0002-8225-1924
https://orcid.org/0000-0002-8225-1924
https://orcid.org/0000-0002-8225-1924
https://orcid.org/0000-0002-8225-1924
https://orcid.org/0000-0002-8225-1924
https://orcid.org/0000-0001-5957-4330
https://orcid.org/0000-0001-5957-4330
https://orcid.org/0000-0001-5957-4330
https://orcid.org/0000-0001-5957-4330
https://orcid.org/0000-0001-5957-4330
https://orcid.org/0000-0003-2308-4422
https://orcid.org/0000-0003-2308-4422
https://orcid.org/0000-0003-2308-4422
https://orcid.org/0000-0003-2308-4422
https://orcid.org/0000-0003-2308-4422
https://orcid.org/0000-0002-1057-103X
https://orcid.org/0000-0002-1057-103X
https://orcid.org/0000-0002-1057-103X
https://orcid.org/0000-0002-1057-103X
https://orcid.org/0000-0002-1057-103X
https://orcid.org/0000-0001-6085-0320
https://orcid.org/0000-0001-6085-0320
https://orcid.org/0000-0001-6085-0320
https://orcid.org/0000-0001-6085-0320
https://orcid.org/0000-0001-6085-0320
https://orcid.org/0000-0002-0846-9626
https://orcid.org/0000-0002-0846-9626
https://orcid.org/0000-0002-0846-9626
https://orcid.org/0000-0002-0846-9626
https://orcid.org/0000-0002-0846-9626
https://orcid.org/0000-0003-3838-0849
https://orcid.org/0000-0003-3838-0849
https://orcid.org/0000-0003-3838-0849
https://orcid.org/0000-0003-3838-0849
https://orcid.org/0000-0003-3838-0849
https://doi.org/10.1002/joc.2270
https://doi.org/10.1002/joc.2270
https://doi.org/10.1002/joc.2270
https://doi.org/10.1175/JCLI-D-13-00693.1
https://doi.org/10.1175/JCLI-D-13-00693.1
https://doi.org/10.1175/JCLI-D-13-00693.1
https://doi.org/10.1175/JCLI-D-13-00693.1
https://doi.org/10.1002/joc.3370150705
https://doi.org/10.1002/joc.3370150705
https://doi.org/10.1002/joc.3370150705
https://doi.org/10.3354/cr023159
https://doi.org/10.3354/cr023159
https://doi.org/10.3354/cr023159
https://doi.org/10.1175/2009JCLI3302.1
https://doi.org/10.1175/2009JCLI3302.1
https://doi.org/10.1175/2009JCLI3302.1
https://doi.org/10.1007/s00704-009-0113-1
https://doi.org/10.1007/s00704-009-0113-1
https://doi.org/10.1007/s00704-009-0113-1
https://doi.org/10.1007/s00704-002-0721-5
https://doi.org/10.1007/s00704-002-0721-5
https://doi.org/10.1007/s00704-002-0721-5
https://doi.org/10.1002/2015JD023810
https://doi.org/10.1002/2015JD023810
https://doi.org/10.1002/2015JD023810
https://doi.org/10.3184/003685016X14528569315192
https://doi.org/10.1007/s00382-012-1324-1
https://doi.org/10.1007/s00382-012-1324-1
https://doi.org/10.1007/s00382-012-1324-1
https://doi.org/10.1007/s00382-012-1324-1
https://doi.org/10.1175/JCLI-D-12-00455.1
https://doi.org/10.1175/JCLI-D-12-00455.1
https://doi.org/10.1175/JCLI-D-12-00455.1
https://doi.org/10.1002/wcc.81
https://doi.org/10.1002/wcc.81
https://doi.org/10.1002/wcc.81
https://doi.org/10.1088/1748-9326/aab827
https://doi.org/10.1175/JCLI-D-18-0102.1
https://doi.org/10.1175/JCLI-D-18-0102.1
https://doi.org/10.1175/JCLI-D-18-0102.1
https://doi.org/10.1002/2016JD025428
https://doi.org/10.1002/2016JD025428
https://doi.org/10.1002/2016JD025428
https://doi.org/10.1002/2016JD025428
https://doi.org/10.1175/JCLI-D-12-00708.1
https://doi.org/10.1175/JCLI-D-12-00708.1
https://doi.org/10.1175/JCLI-D-12-00708.1
https://doi.org/10.1007/s00382-018-4239-7
https://doi.org/10.1007/s00382-018-4239-7
https://doi.org/10.1007/s00382-018-4239-7
https://doi.org/10.1007/s00382-015-2734-7
https://doi.org/10.1007/s00382-015-2734-7
https://doi.org/10.1007/s00382-015-2734-7
https://doi.org/10.1007/s00382-015-2734-7
https://doi.org/10.1073/pnas.0708196105
https://doi.org/10.1073/pnas.0708196105
https://doi.org/10.1073/pnas.0708196105
https://doi.org/10.1002/joc.3620
https://doi.org/10.1007/s00704-018-2643-x
https://doi.org/10.1007/s00704-018-2643-x
https://doi.org/10.1007/s00704-018-2643-x
https://doi.org/10.1007/s00704-018-2643-x
https://doi.org/10.1088/1748-9326/aab37b
https://doi.org/10.1088/1748-9326/aab89e
https://doi.org/10.1088/1748-9326/aab89e
https://doi.org/10.1175/1520-0442(2001)014<4308:IVOTRS>2.0.CO;2
https://doi.org/10.1175/1520-0442(2001)014<4308:IVOTRS>2.0.CO;2
https://doi.org/10.1175/1520-0442(2001)014<4308:IVOTRS>2.0.CO;2
https://doi.org/10.1175/1520-0442(2001)014<4308:IVOTRS>2.0.CO;2
https://doi.org/10.1029/2011GL050337
https://doi.org/10.1038/s41558-018-0331-6
https://doi.org/10.1038/s41558-018-0331-6
https://doi.org/10.1038/s41558-018-0331-6


Marengo J A, LiebmannB, KouskyVE, FilizolaNP andWainer I C
2001Onset and end of the rainy season in the Brazilian
AmazonBasin J. Clim. 14 833–52

MarteauR,MoronV and PhilipponN2009 Spatial coherence of
monsoon onset over western and central Sahel (1950–2000)
J. Clim. 22 1313–24

MarteauR, Sultan B,MoronV, Alhassane A, BaronC andTraoré S B
2011The onset of the rainy season and farmers’ sowing
strategy for pearlmillet cultivation in SouthwestNigerAgric.
For.Meteorol. 151 1356–69

MaúreG, Pinto I, Ndebele-MurisaM,MuthigeM, LennardC,
NikulinG,DosioA andMequeA 2018The southernAfrican
climate under 1.5 C and 2Cof global warming as simulated
byCORDEX regional climatemodelsEnviron. Res. Lett. 13
065002

MbaWP et al 2018Consequences of 1.5 C and 2C global warming
levels for temperature and precipitation changes over Central
AfricaEnviron. Res. Lett. 13 055011

McGregorGR, FerroCA and StephensonDB 2005 Projected
changes in extremeweather and climate events in Europe
ExtremeWeather Events and Public Health Responses (Berlin:
Springer) pp 13–23

MirzaMMQ2003Climate change and extremeweather events: can
developing countries adapt?Clim. Policy 3 233–48

Mugalavai EM,Kipkorir EC, RaesD andRaoMS 2008Analysis of
rainfall onset, cessation and length of growing season for
westernKenyaAgric. For.Meteorol. 148 1123–35

Mwangi E,Wetterhall F, Dutra E, DiGiuseppe F and
Pappenberger F 2014 Forecasting droughts in East Africa
Hydrol. Earth Syst. Sci. 18 611–20

Nangombe S, ZhouT, ZhangW,WuB,Hu S, Zou L and Li D 2018
Record-breaking climate extremes in Africa under stabilized
1.5 °Cand 2 °Cglobal warming scenariosNat. Clim. Change
8 375

Nicholson S E 2015The predictability of rainfall over theGreater
Horn of Africa: II. Prediction ofmonthly rainfall during the
long rains J. Hydrometeorol. 16 2001–12

NikulinG et al 2018The effects of 1.5 and 2 degrees of global
warming onAfrica in theCORDEX ensemble Environ. Res.
Lett. 13 065003

Nkemelang T,NewMandZarougM2018Temperature and
precipitation extremes under current, 1.5 C and 2C global
warming above pre-industrial levels over Botswana, and
implications for climate change vulnerability Environ. Res.
Lett. 13 065016

Odekunle TO, Balogun EE andOgunkoyaOO2005On the
prediction of rainfall onset and retreat dates inNigeriaTheor.
Appl. Climatol. 81 101–12

Omondi PAO et al 2014Changes in temperature and precipitation
extremes over theGreaterHorn of Africa region from1961 to
2010 Int. J. Climatol. 34 1262–77

OngomaV, ChenHandGaoC2019 Evaluation of CMIP5 twentieth
century rainfall simulation over the equatorial East Africa
Theor. Appl. Climatol. 135 893–910

Osima S et al 2018 Projected climate over theGreaterHorn of Africa
under 1.5 °Cand 2 °Cglobal warming Environ. Res. Lett. 13
065004

OtienoG,Mutemi JN,Opijah F J, Ogallo LA andOmondiMH
2019The sensitivity of rainfall characteristics to cumulus
parameterization schemes from aWRFmodel: I. A case study

over East AfricaDuringWet Years Pure Appl. Geophys. 177
1095–110

OtienoVOandAnyah RO2013aCMIP5 simulated climate
conditions of theGreaterHorn of Africa (GHA): I.
Contemporary climateClim.Dyn. 41 2081–97

OtienoVOandAnyah RO2013bCMIP5 simulated climate
conditions of theGreaterHorn of Africa GHA: II. Projected
climateClim.Dyn. 41 2099–113

PhilipponN,Camberlin P,MoronV andBoyard-Micheau J 2015
Anomalously wet and dry rainy seasons in Equatorial East
Africa and associated differences in intra-seasonal
characteristicsClim.Dyn. 45 2101–21

Pohl B andCamberlin P 2006 Influence of theMadden–Julian
oscillation on East African rainfall: II.March–May season
extremes and interannual variabilityQ. J. R.Meteorol. Soc.A
132 2541–58

PreinA F et al 2015A review on regional convection permitting
climatemodeling: demonstrations, prospects, and challenges
Rev. Geophys. 53 323–61

RechaCW,MakokhaGL, Traore P S, ShisanyaC, LodounT and
SakoA 2012Determination of seasonal rainfall variability,
onset and cessation in semi-arid Tharaka district, Kenya
Theor. Appl. Climatol. 108 479–94

Saeed F, Bethke I, Fischer EM, Legutke S, ShiogamaH, StoneD and
Schleussner C F 2018Robust changes in tropical rainy season
length at 1.5 °Cand 2 °CEnviron. Res. Lett. 13 064024

Salih AA, ElagibNA, TjernströmMandZhangQ2018
Characterization of the Sahelian-Sudan rainfall based on
observations and regional climatemodelsAtmos. Res. 202
205–18

Segele ZT and LambP J 2005Characterization and variability of
Kiremt rainy season over EthiopiaMeteorol. Atmos. Phys. 89
153–80

ShongweME,VanOldenborghG J, VanDenHurk B and
VanAalstM2011 Projected changes inmean and extreme
precipitation inAfrica under global warming: II. East Africa
J. Clim. 24 3718–33

SivakumarMVK1988 Predicting rainy season potential from the
onset of rains in Southern Sahelian and Sudanian climatic
zones ofWest AfricaAgric. For.Meteorol. 42 295–305

SyllaMB et al 2013Uncertainties indaily rainfall overAfrica:
assessment of griddedobservationproducts andevaluationof a
regional climatemodel simulation Int. J. Climatol.33 1805–17

Sánchez E, GallardoC,GaertnerMA,Arribas A andCastroM2004
Future climate extreme events in theMediterranean
simulated by a regional climatemodel: afirst approachGlob.
Planet. Change 44 163–80

Taylor K E, Stouffer R J andMeehl GA 2012Anoverview of CMIP5
and the experiment designBull. Am.Meteorol. Soc. 93 485–98

Vizy EK andCookKH2012Mid-twenty-first-century changes in
extreme events over northern and tropical Africa J. Clim. 25
5748–67

Wainwright CM et al 2019 ‘EasternAfrican Paradox’ rainfall decline
due to shorter not less intense long rainsNPJClim. Atmos. Sci.
2 1–9

Zaitchik B F 2017Madden-Julian oscillation impacts on tropical
African precipitationAtmos. Res. 184 88

Zou L andZhouT 2015Asian summermonsoon onset in
simulations andCMIP5 projections using four Chinese
climatemodelsAdv. Atmos. Sci. 32 794–806

14

Environ. Res. Lett. 15 (2020) 034037

https://doi.org/10.1175/1520-0442(2001)014<0833:OAEOTR>2.0.CO;2
https://doi.org/10.1175/1520-0442(2001)014<0833:OAEOTR>2.0.CO;2
https://doi.org/10.1175/1520-0442(2001)014<0833:OAEOTR>2.0.CO;2
https://doi.org/10.1175/2008JCLI2383.1
https://doi.org/10.1175/2008JCLI2383.1
https://doi.org/10.1175/2008JCLI2383.1
https://doi.org/10.1016/j.agrformet.2011.05.018
https://doi.org/10.1016/j.agrformet.2011.05.018
https://doi.org/10.1016/j.agrformet.2011.05.018
https://doi.org/10.1088/1748-9326/aab190
https://doi.org/10.1088/1748-9326/aab190
https://doi.org/10.1088/1748-9326/aab048
https://doi.org/10.1007/3-540-28862-7_2
https://doi.org/10.1007/3-540-28862-7_2
https://doi.org/10.1007/3-540-28862-7_2
https://doi.org/10.3763/cpol.2003.0330
https://doi.org/10.3763/cpol.2003.0330
https://doi.org/10.3763/cpol.2003.0330
https://doi.org/10.1016/j.agrformet.2008.02.013
https://doi.org/10.1016/j.agrformet.2008.02.013
https://doi.org/10.1016/j.agrformet.2008.02.013
https://doi.org/10.5194/hess-18-611-2014
https://doi.org/10.5194/hess-18-611-2014
https://doi.org/10.5194/hess-18-611-2014
https://doi.org/10.1038/s41558-018-0145-6
https://doi.org/10.1175/JHM-D-14-0138.1
https://doi.org/10.1175/JHM-D-14-0138.1
https://doi.org/10.1175/JHM-D-14-0138.1
https://doi.org/10.1088/1748-9326/aab1b1
https://doi.org/10.1088/1748-9326/aac2f8
https://doi.org/10.1007/s00704-004-0108-x
https://doi.org/10.1007/s00704-004-0108-x
https://doi.org/10.1007/s00704-004-0108-x
https://doi.org/10.1002/joc.3763
https://doi.org/10.1002/joc.3763
https://doi.org/10.1002/joc.3763
https://doi.org/10.1007/s00704-018-2392-x
https://doi.org/10.1007/s00704-018-2392-x
https://doi.org/10.1007/s00704-018-2392-x
https://doi.org/10.1088/1748-9326/aaba1b
https://doi.org/10.1088/1748-9326/aaba1b
https://doi.org/10.1007/s00024-019-02293-2
https://doi.org/10.1007/s00024-019-02293-2
https://doi.org/10.1007/s00024-019-02293-2
https://doi.org/10.1007/s00024-019-02293-2
https://doi.org/10.1007/s00382-012-1549-z
https://doi.org/10.1007/s00382-012-1549-z
https://doi.org/10.1007/s00382-012-1549-z
https://doi.org/10.1007/s00382-013-1694-z
https://doi.org/10.1007/s00382-013-1694-z
https://doi.org/10.1007/s00382-013-1694-z
https://doi.org/10.1007/s00382-014-2460-6
https://doi.org/10.1007/s00382-014-2460-6
https://doi.org/10.1007/s00382-014-2460-6
https://doi.org/10.1256/qj.05.223
https://doi.org/10.1256/qj.05.223
https://doi.org/10.1256/qj.05.223
https://doi.org/10.1002/2014RG000475
https://doi.org/10.1002/2014RG000475
https://doi.org/10.1002/2014RG000475
https://doi.org/10.1007/s00704-011-0544-3
https://doi.org/10.1007/s00704-011-0544-3
https://doi.org/10.1007/s00704-011-0544-3
https://doi.org/10.1088/1748-9326/aab797
https://doi.org/10.1016/j.atmosres.2017.12.001
https://doi.org/10.1016/j.atmosres.2017.12.001
https://doi.org/10.1016/j.atmosres.2017.12.001
https://doi.org/10.1016/j.atmosres.2017.12.001
https://doi.org/10.1007/s00703-005-0127-x
https://doi.org/10.1007/s00703-005-0127-x
https://doi.org/10.1007/s00703-005-0127-x
https://doi.org/10.1007/s00703-005-0127-x
https://doi.org/10.1175/2010JCLI2883.1
https://doi.org/10.1175/2010JCLI2883.1
https://doi.org/10.1175/2010JCLI2883.1
https://doi.org/10.1016/0168-1923(88)90039-1
https://doi.org/10.1016/0168-1923(88)90039-1
https://doi.org/10.1016/0168-1923(88)90039-1
https://doi.org/10.1002/joc.3551
https://doi.org/10.1002/joc.3551
https://doi.org/10.1002/joc.3551
https://doi.org/10.1016/j.gloplacha.2004.06.010
https://doi.org/10.1016/j.gloplacha.2004.06.010
https://doi.org/10.1016/j.gloplacha.2004.06.010
https://doi.org/10.1175/BAMS-D-11-00094.1
https://doi.org/10.1175/BAMS-D-11-00094.1
https://doi.org/10.1175/BAMS-D-11-00094.1
https://doi.org/10.1175/JCLI-D-11-00693.1
https://doi.org/10.1175/JCLI-D-11-00693.1
https://doi.org/10.1175/JCLI-D-11-00693.1
https://doi.org/10.1175/JCLI-D-11-00693.1
https://doi.org/10.1038/s41612-019-0091-7
https://doi.org/10.1038/s41612-019-0091-7
https://doi.org/10.1038/s41612-019-0091-7
https://doi.org/10.1016/j.atmosres.2016.10.002
https://doi.org/10.1007/s00376-014-4053-z
https://doi.org/10.1007/s00376-014-4053-z
https://doi.org/10.1007/s00376-014-4053-z

	1. Introduction
	2. Data and methods
	2.1. Data

	3. Methods
	4. Results and discussion
	4.1. Projected changes in onset and cessation
	4.1.1. March to May
	4.1.2. June to September
	4.1.3. October to December
	4.1.4. Spread in onset and cessation analysis for CORDEX ensemble members

	4.2. Consecutive dry and wet days within the season (CDD and CWD)
	4.3. Length of rainy season

	5. Conclusion
	Acknowledgments
	References



