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Abstract

Timing of the rainy season is essential for a number of climate sensitive sectors

over Eastern Africa. This is particularly true for the agricultural sector, where

most activities depend on both the spatial and temporal distribution of rainfall

throughout the season. Using a combination of observational and reanalysis

datasets, the present study investigates the atmospheric and oceanic conditions

associated with early and late onset for Eastern Africa short rains season

(October–December). Our results indicate enhanced rainfall in October and

November during years with early onset and rainfall deficit in years with late

onset for the same months. Early onset years are found to be associated with

warmer sea surface temperatures (SSTs) in the western Indian Ocean, and an

enhanced moisture flux and anomalous low-level flow into Eastern Africa

from as early as the first dekad of September. The late onset years are charac-

terized by cooler SSTs in the western Indian Ocean, anomalous westerly mois-

ture flux and zonal flow limiting moisture supply to the region. The variability

in onset date is separated into the interannual and decadal components, and

the links with SSTs and low-level circulation over the Indian Ocean basin are

examined separately for both timescales. Significant correlations are found

between the interannual variability of the onset and the Indian Ocean dipole

mode index. On decadal timescales the onset is shown to be partly driven by

the variability of the SSTs over the Indian Ocean. Understanding the influence

of these potentially predictable SST and moisture patterns on onset variability

has huge potential to improve forecasts of the East African short rains.

Improved prediction of the variability of the rainy season onset has huge impli-

cations for improving key strategic decisions and preparedness action in many

sectors, including agriculture.
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1 | INTRODUCTION

The livelihoods, food security and gross domestic product
for most countries in Sub-Saharan Africa are highly
dependent on rainfall variability (Barrios et al., 2010;
Damania et al., 2020). The climate-sensitive sectors that
contribute to these socio-economic factors include the
agricultural sector, tourism, water and transport, with agri-
culture being found to be the key pathway. Approximately
95% of agricultural land use over Sub-Saharan Africa is
rainfed (Singh et al., 2011); thus, the sector is heavily
dependent on the interannual rainfall variability (Sultan
et al., 2020). Eastern Africa is no exception with agricul-
ture playing a critical role in enhancing food security and
improving livelihoods over the region. Consequently, reli-
able and actionable forecast information on the intra-
seasonal variability of rainfall has the potential to better
support decision-making in the agricultural sector. For
instance, knowledge on the beginning of the rainy season
(onset of the rainfall) is key for making strategic decisions
(Owusu et al., 2017) such as time of planting, the crop
varieties and choice of crop to plant. If farmers anticipate
a later onset there is a likelihood that they will not prepare
the land on time which, if the rains come early, will likely
affect the growing period of the crops. Likewise, if a crop
is planted too early there is a likelihood that it will wilt
before reaching maturity. Thus, unexpected onset variabil-
ity is clearly linked to increasing food insecurity.

Eastern Africa straddles the equator; thus, it is
directly impacted by seasonal changes in the Hadley cir-
culation. The region is characterized by three major rain-
fall seasons, the March–May (MAM), June–September
(JJAS) and the October–December (OND). These rainy
seasons accompany the meridional shift of the inter-
tropical convergence zone (ITCZ), moving from the
southern to the northern hemisphere during the MAM
and JJAS season and back to the southern hemisphere
during the OND season (Asnani, 1993; Nicholson, 2017).
The equatorial region is characterized by a bimodal rain-
fall distribution, that is the MAM (commonly known as
the long rains) and the OND (known as the short rains)
seasons. In this study we focus on the October–December
season. The season is important for the numerous climate
sensitive sectors over the region and accounts for more
than 60% of total annual rainfall over eastern parts of
Kenya (Figure 1). In October the rainfall is mostly con-
fined over the northern parts and equatorial sector of the
region (Figure S1, Supporting Information). As the sea-
son progresses, the rainfall band moves southwards, with
rainfall mostly confined to the equatorial region in
November. In December most of the rainfall is received
over Tanzania with the northern and equatorial regions
generally dry.

Several studies over the region have focused on the
interannual variability of seasonal rainfall (e.g., Ogallo,
1988; Beltrando, 1990; Anyah and Semazzi, 2007;
Ongoma and Chen, 2017). For example, a relationship
between the short rains and El Nino–Southern Oscilla-
tion (ENSO) has been demonstrated in several studies
(e.g., Ogallo, 1988; Nicholson and Kim, 1997; Mutai
et al., 1998; Indeje et al., 2000). It was shown that
enhanced rainfall is associated with warming sea surface
temperatures (SSTs) over the Pacific Ocean. The SST pat-
terns and zonal winds over the Indian Ocean were also
shown to be strongly related to the short rains precipita-
tion in Eastern Africa (e.g., Beltrando and
Camberlin, 1993; Ogallo and Janowiak, 1988; Black et al.,
2003; Black, 2005; Ummenhofer et al., 2009; Hirons and
Turner, 2018). The Indian Ocean Dipole (IOD) describes
the opposite SST anomalies in the eastern and western
tropical Indian Ocean. Positive IOD events, with warm
SST anomalies in the western Indian Ocean and cool SST
anomalies in the eastern Indian Ocean, have been linked
to enhanced rainfall over Eastern Africa, while negative
IOD events are linked to suppressed rainfall during the
short rains season. The location of the eastern ridge of
the Mascarene High was also found to be linked to the
interannual variations of the short rains (Manatsa
et al., 2014; Hirons and Turner, 2018). When the
Mascarene High eastern ridge shifts to the west the
region experiences suppressed rainfall.

FIGURE 1 Percentage contribution of the short rains season to

total annual rainfall over Eastern Africa
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In addition to the interannual variability numerous
studies over Eastern Africa have investigated the decadal
variability of rainfall (e.g., Nicholson, 2000; Schreck III
and Semazzi, 2004; Omondi et al., 2012; 2013; Tierney
et al., 2013). During the short rains some regions over,
Eastern Africa have been shown to experience strong
decadal signals (Schreck III and Semazzi, 2004). Omondi
et al. (2012) investigated the modes of decadal rainfall
variability over Eastern Africa and their predictability
potentials using global SSTs. The study showed that the
MAM and OND seasons are dominated by 10-year cycles
of wet and dry phases, while the June–August season
showed 20-year cycles of wet and dry phases. Tierney
et al. (2013) showed that on multidecadal timescales, the
Indian Ocean drives Eastern African rainfall variability
by altering the local Walker circulation, whereas the
influence of the Pacific Ocean is minimal. Despite the sci-
entific advancement in understanding the interannual
and decadal rainfall patterns over Eastern Africa, a lim-
ited number of studies have focused on the rainfall onset,
yet the timing of onset is crucial for humanitarian
resource mobilization, agriculture and reservoir manage-
ment. Hence, having improved knowledge on the vari-
ability of rainfall onset has the potential to build more
resilient livelihoods and communities.

Camberlin and Okoola (2003) investigated the rela-
tionship between onset and large-scale atmospheric and
oceanic fields during the Eastern Africa MAM season on
a monthly timescale. The study found that the inter-
annual variations in the MAM season onset are linked to
SSTs and sea-level pressure patterns that have a different
sign over the Atlantic and Indian Oceans. A warm South
Atlantic and a cool Indian Ocean are associated with low
and high sea level pressure anomalies, respectively, that
lead to late onset over the region. The study also found a
relationship between the onset of rainfall over Eastern
Africa and equatorial zonal winds (zonal wind averaged
over 20�–35�E, 5�S–5�N). Anomalous equatorial east-
erlies and surface divergence over Eastern Africa main-
tain the meridional branch of the ITCZ further west
resulting in late onset over the region during the MAM
season. MacLeod (2018) investigated the role of zonal
wind index found in Camberlin and Okoola (2003) on
the onset of the MAM and OND seasons over Eastern
Africa. The study found that there was a weak link
between the zonal wind index and onset over the region
during the OND season. Wainwright et al. (2019) found
that the meridional SST gradient over the Indian Ocean
has a teleconnection with the rainfall onset over Eastern
Africa during the MAM season. Warmer SST south of
Madagascar generally leads to late onset by delaying the
northward progression of the rain-band. Okoola (1999)
suggested that at the onset of the MAM season, easterlies

are dominant near the equator and westerlies near 15�S
in the lower troposphere. Kijazi and Reason (2005) stud-
ied the link between ENSO and rainfall onset over coastal
Tanzania. The study found that the increased OND sea-
sonal rainfall during El Niño events is associated with an
early onset. Focusing on the Eastern Africa region, Dun-
ning et al. (2016) demonstrated that ENSO events had
minimum impact on the onset of the short rains. Evi-
dently the scientific analysis on rainfall onset has mostly
focused on the long rains season with only a few studies
conducted to understand the possible drivers during the
short rains season, an equally important season for agri-
cultural activities over the region. Thus, there remains a
gap in the understanding of what drives onset variability
during the short rains season.

In this study we investigate the atmospheric and
ocean conditions prior to and during the onset of the
short rains season over Eastern Africa. It is crucial to
know the atmospheric conditions before, during and
immediately after the rainfall onset in order to improve
the prediction of onset. Improved understanding of
drivers has the potential to improve forecasts of onset at
longer lead times provided the drivers and local response
can be adequately represented in models. This has impli-
cations for improved action-based forecasting in the vari-
ous climate-sensitive sectors.

2 | DATA AND METHODS

2.1 | Data

Daily rainfall data for onset calculation was obtained
from the Climate Hazard Infrared precipitation with sta-
tions (CHIRPSv2; Funk et al., 2015). The data are avail-
able from 1981 to near present and has a high spatial
resolution of 0.05�. We choose this dataset as it has a high
temporal and spatial resolution; in addition, it is available
over a longer time period in comparison with other daily
satellite datasets. The dataset has been evaluated over
Eastern Africa by a number of studies including Kimani
et al. (2017), Dinku et al. (2018) and Ayugi et al. (2019).
These studies have shown that the dataset is able to
reproduce the rainfall total and variability over the region
though skill is lower over mountainous regions.

The European Centre for Medium-Range Weather
Forecasts (ECMWF) fifth generation reanalysis (ERA5;
Hersbach et al., 2020) datasets were used in characteriz-
ing the atmospheric conditions before, during and imme-
diately after the onset of the Eastern Africa Short Rains.
The global dataset is available from 1979 to near present
with a 0.25 resolution. In this study hourly low-level
zonal, meridional winds and vertically integrated

6564 GUDOSHAVA ET AL.

 10970088, 2022, 12, D
ow

nloaded from
 https://rm

ets.onlinelibrary.w
iley.com

/doi/10.1002/joc.7627 by U
niversity of R

eading, W
iley O

nline L
ibrary on [17/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



eastward and northward water vapour fluxes from 1981
to 2019 are combined to form the dekadal (10 day) aver-
ages. The vertically integrated eastward and northward
water vapour fluxes are derived quantities and are pre-
calculated by the ECMWF.

Sea surface temperatures are obtained from the Opti-
mum Interpolation Sea Surface Temperature (OISST v2.1)
analysis. The datasets are available from 1981 to near pre-
sent at a resolution of 0.25�. The dataset is constructed by
combining observations from different platforms such as
satellites, ships, buoys, and Argo floats on a regular global
grid (Reynolds, 1993; Banzon et al., 2020).

2.2 | Methods

2.2.1 | Onset algorithm

Various techniques are utilized in the calculation of rainfall
onset; these include those that solely utilize rainfall and
those that utilize various meteorological variables. Methods
that solely use rainfall include those that utilize threshold
values on accumulated rainfall (also known as agro-
climatic definition, e.g., Sivakumar, 1988; Marteau et al.,
2009; 2011; Recha et al., 2012; Philippon et al., 2015), per-
centage cut-off on accumulated rainfall (Odekunle, 2004)
and the sum of accumulated anomalies (Marengo et al.,
2001; Dunning et al., 2016). Agro-climatic based onsets are
defined based on crop water satisfaction above a predefined
threshold value for a particular crop (e.g., Sivakumar, 1988;
Marteau et al., 2009; Philippon et al., 2015). To avoid detec-
tion of a false onset an additional criterion stipulates that
the region is not supposed to have continuous dry days of a
certain number of days in the following stipulated days after
onset has been detected (e.g., Sivakumar, 1988; Segele and
Lamb, 2005; Recha et al., 2012).

In this study, we adopt the agro-meteorological defini-
tion of onset, which is currently being utilized operation-
ally over Eastern Africa. Onset is defined as the first day of
the wet season when a wet spell of accumulated rainfall in
three consecutive days is at least 20 mm and there is no
dry spell of at least 7 days in the next 20 days. The thresh-
old for a rainy day is defined as 1 mm. This definition has
previously been applied over the region (e.g., Segele and
Lamb, 2005; Gudoshava et al., 2020). The onset is calcu-
lated from 15 days before the anticipated start of the sea-
son. In this case the start date was 15 September. It must
be noted that the shortcomings of a single threshold value
for onset are that the threshold can be too high for some
regions, for example over the arid and semi-arid lands
(ASALs). However, at regional level we utilize the same
threshold and encourage use of different thresholds at the
national level. An example of using different thresholds

can be found in Segele and Lamb (2005). Onset dates are
calculated over a 39-year period (1981–2019). The stan-
dardized anomalies for the onset were obtained by first
removing the mean, then dividing the anomalies by the
climatological standard deviation and averaging over the
region that receives at least 15% of the annual total rainfall
(Figure 1). To ensure robustness of the results sensitivity
analysis is performed utilizing two other rainfall masking
thresholds (20 and 30%). Using each of these timeseries
composite analysis is then conducted.

2.2.2 | Dynamical drivers characterization

Composite analysis using the standardized onset anoma-
lies on the various meteorological variables was conducted
to obtain the atmospheric conditions for early, normal and
late onset. The early, normal and late onset thresholds
used in composite analysis are described further in sec-
tion 3.1. Composite analysis has been extensively used
over the Greater Horn of Africa to characterize the state of
the global climate drivers for seasons with enhanced and
depressed rainfall (Okoola, 1999; Indeje et al., 2000). This
study utilizes dekadal time periods for the months of
September and October to construct the composites for the
various atmospheric fields and SST.

2.2.3 | Interannual and decadal variability

We further explore the influence of interannual and
decadal (10 year) variability separately on onset variability
over the region. Different techniques have been utilized
over the region for signal processing including wavelet
analysis, binomial filter (e.g., Omondi et al., 2012),
Butterworth filter (e.g., Bahaga et al., 2019) and the Fast
Fourier decomposition (e.g., Awange et al., 2008). In this
study timeseries decomposition for low- and high-frequency
modulation is done utilizing the Fast Fourier decomposi-
tion. We choose a wave number of 1–5 for low-frequency
modulation (corresponding to periods ≥7.8 years) and 6–19
for the high-frequency modulation (corresponding to
periods ≤6.5 years). The high frequency will be used to ana-
lyse the interannual variability, while the low frequency
will be used for the decadal variability. Filtering is done on
the onset dates, and the atmospheric and oceanic drivers
(winds and SSTs).

2.2.4 | The dipole mode index

The Indian Ocean Dipole (IOD) is a coupled ocean and
atmosphere phenomenon that plays a critical role in

GUDOSHAVA ET AL. 6565
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modulating the Eastern Africa short rains (e.g., Black
et al., 2003; Ummenhofer et al., 2009; Hirons and
Turner, 2018). As an indicator of the IOD, the dipole
mode index (DMI) is defined by calculating the SST

gradient between the western Indian Ocean (10�S–10�N,
50�–70�E) and the southeastern Indian Ocean (10�S–0�N,
90�–110�E; Saji et al., 1999). The index is also filtered for
the interannual analysis.

3 | RESULTS AND DISCUSSION

3.1 | Mean rainfall onset

The standardized anomalies for onset of the short rains,
spatially averaged over the region that receives above
15% of annual rainfall during the OND season (Figure 1)
are shown in Figure 2. Over the region early onset mostly
occurs during 1981–1990 and 2011–2019, while late onset
mostly occurs during 1991–2010. The timeseries of onsets
shows both high-frequency interannual variability and a
low-frequency modulation of the onset (Figure 2). Fur-
ther discussion of the high- and low-frequency modula-
tion is found in section 3.6. In the initial (unfiltered)
analysis we use the years marked with red squares for
early onset composites (standardized anomalies less than
−0.2) and the blue circles for the late onset composites
(standardized anomalies greater than 0.2). Nine years are
identified as early onset using a threshold of −0.2 and
13 years are identified as late onset years. The normal
onset is calculated using the years not marked by either

FIGURE 2 Standardized onset anomalies time series for

Eastern Africa short rains utilizing the CHIRPS daily datasets

(1981–2019). The entire timeseries was utilized in computing the

standardized anomalies. The dashed black horizontal lines

represent the thresholds utilized for the early onset (≤−0.2) and
late onset (≥0.2). The blue circles represent the identified early

onset and the red squares represent late onset years

FIGURE 3 Onset date and anomaly for Eastern Africa short rains utilizing the CHIRPS daily datasets. (a) Normal onset dates (average

of the years with standardized anomalies between −0.2 and 0.2), (b) early onset anomaly (composite of years with standardized anomalies

≤−0.2), (c) late onset anomaly (composite of years with standardized anomalies ≥0.2)

6566 GUDOSHAVA ET AL.
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the red squares or blue circles. All anomalies for unfil-
tered data will be calculated relative to these years. We
proceed to analyse the spatial variation of onset.

The Eastern Africa short rains onset commences from
the northern parts of the region, over southern parts of
Ethiopia and South Sudan in September and advances south-
wards to Tanzania by late November consistent with the
boreal autumn southward movement of the inter-tropical
convergence zone (Figure 3a). This north–south pattern is
consistent with other studies over the region (Camberlin
et al., 2009; Dunning et al., 2016; MacLeod, 2018). Using the
early and late onset years shown in Figure 2, Figure 3b,c
show the early and late onset anomalies respectively over the
region. Anomalies are calculated relative to the normal onset
years shown in Figure 3a. Overall, during early/late onset
years the majority of the region displays a consistent early/
late onset signal, with only a few localized areas that are not
consistent with onset anomaly over the region. The localized
areas are mostly the transitional regions, which experience
rainfall during the June–September season. The spatial
coherence in the onset anomalies is consistent with what has
been shown previously for total rainfall over the region
(Ogallo, 1989; Beltrando, 1990). Early onset occurs up to
more than 20 days earlier compared to the normal onset over
parts of Tanzania, Kenya and Uganda while the late onset is
delayed by approximately more than 20 days over parts of
Tanzania (Figure 3c).

Normal onset dates exhibit high temporal variability
over Tanzania, Kenya and southern parts of Ethiopia

(Figure 4), and least variable over parts of Ethiopia,
Uganda, South Sudan and Somalia. The standard deviation
in the normal onset is approximately 20 days over parts of
Tanzania, about 12 days over parts of Kenya and Ethiopia
and up to 8 days over parts of Uganda, South Sudan and
Somalia. For early onset the variability of onset dates is
approximately 8 days over the northern parts of the region
and in Uganda and up to 20 days over the southern parts of
the domain. For late onset variability is also over 20 days
over the southern parts of the region. The large interannual
variability during the short rains has been report before for
total rainfall (e.g., Ogallo, 1989) and for the rainfall onset
(Camberlin et al., 2009). However the standard deviations
found in this study are slightly lower than those obtained in
Camberlin et al. (2009) of approximately 24.7 over Kenya
and Tanzania. The difference could be due to the time
period analysed; in addition, in this study we separated the
normal, early and late onset years. The standard deviation
results indicate that in regions that receive rainfall during
the boreal summer the onset variability is lower relative to
areas that were dry in the previous season.

3.2 | Rainfall in early and late onset
years

To study the relationship between onset and monthly
total rainfall, composite analysis is conducted. In October
most of the rainfall is concentrated in the northern and

FIGURE 4 Standard deviation of the onset dates for Eastern Africa short rains utilizing the CHIRPS daily datasets. (a) Normal onset

spread, (b) early onset spread, (c) late onset spread

GUDOSHAVA ET AL. 6567
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equatorial region of Eastern Africa (Figure 5b). During
this time the southern parts of the region are generally
dry. Early onset is associated with enhanced rainfall over
the equatorial and northern parts of the region during
the month of October (Figure 5a), while late onset is
associated with a rainfall deficit that is concentrated over
parts of eastern and coastal Eastern Africa, specifically
over parts of Somalia, southeast Ethiopia, central Kenya
and coastal parts of Kenya and Tanzania (Figure 5c). In
addition, during the late onset years in October northern
South Sudan and southern Sudan are wetter than usual
indicating the rain band is further north. In November,
the peak of the short rains season, rainfall is concentrated
mostly over the equatorial and southern parts of Eastern
Africa (Figure 5e). During November early onset is

associated with enhanced rainfall over most parts of the
region, whereas the late onset is associated with a rainfall
deficit. In December, which is normally the short rains
cessation, parts of the equatorial region and most of the
southern region receive rainfall while the other parts are
dry (Figure 5h). In December the early onset years have
relatively weak wet anomalies, possibly indicating that
early onset is not associated with heavy rainfall towards
the end of the season (Figure 5g). However for late onset,
the total rainfall is strongly reduced in the month of
December over parts of Tanzania (Figure 5i). It must be
noted that most parts of Tanzania have a unimodal rain-
fall season, with the onset in late November and cessa-
tion at the beginning of April. In addition to showing the
normal onset mean precipitation we also conducted

FIGURE 5 Mean daily rainfall

composites for early onset anomaly

(left column), daily mean rainfall

(middle column) and a late onset

anomaly (right) during the short

rains for each month (October–
December) over Eastern Africa

6568 GUDOSHAVA ET AL.
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composite analysis for the anomalies during the mean
onset years. During the normal onset years rainfall anom-
alies are very small and close to zero except over parts of
Somalia that has positive anomalies however the anoma-
lies are smaller in comparison to those in early onset
years. In December the anomalies are mostly positive
over Tanzania, but, still smaller in comparison to the
early onset years (Figure S2).

3.3 | Role of sea surface temperature

Numerous studies have shown the important role that
the SSTs over the Indian Ocean basin exert on the total
rainfall during the short rains (Behera et al., 2005;
Ummenhofer et al., 2009; Liu et al., 2020). Hence, in this
study we explore the role of the Indian Ocean SST on the
onset variability. The Indian Ocean is chosen, as this is

FIGURE 6 Correlation of the SST and the short rains onset anomaly from CHIRPS from 1981 to 2019. (a) Onset anomaly correlation and

the SST for each grid point over the Indian Ocean Basin. The black dots represent correlations that are statistically significant at the 5%

significance level. (b) Evolution of the SST over western Indian Ocean (45�–60�E and 15�S–5�N). The shading in the plot represents the standard

deviations of the SST. (c) Relationship of SST and onset anomaly utilizing the box 45�–60�E and 15�S–5�N for the second dekad of October
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the major source of the moisture into the Eastern Africa
region during the short rains. Interannual correlations
between onset and SST are computed using the Pearson
correlation for six dekads from September to October
(Figure 6). The rainfall onset is negatively correlated (cor-
relation less than −0.4) with the SSTs over the western
Indian Ocean; this indicates that early onset is associated
with warm SSTs over the western Indian Ocean. The
region of negative SST correlations stretches diagonally
from the coast of East Africa to the region of the semi-
permanent Mascarene high-pressure system (Figure 6a).
A positive correlation between total rainfall and SST has
been seen in previous studies in the same region
(Black, 2005; Ummenhofer et al., 2009; Liu et al., 2020),
consistent with a link between early onset and increased
seasonal rainfall. Statistically significant correlations are
evident from dekad one of September (1st–10th
September); however, the correlations reduce in the sec-
ond dekad of September, and thereafter the correlations
gradually increase to dekad 3 of October (Figure 6a).
Dekad 2 and dekad 3 of October have the largest spatial
extent of statistically significant correlation coefficients.
The evolution of the SSTs over time for the region 45�–
60�E and 15�S–5 N (red box; Figure 6a) over western
Indian Ocean indicates that SST gradually increases from
September to October (Figure 6b). During the early onset
years the SSTs over western Indian Ocean basin (red box;
Figure 6a) are warmer; however, there is no clear distinc-
tion of the SST for the late and normal onset years
(Figure 6b). Late onset is associated with cooler SST,
while early onset is associated with warmer SSTs
(Figure 6c). Utilizing the 20 and 30% masking threshold
it is shown that the relationship between the onset
timeseries and the SST remains the same (Figure S3).
The correlations between the onset timeseries and the
SST for the 20% threshold are highest in dekad 2 of
October and lowest in dekad 2 of September, consistent
with the results for the 15% masking. A 30% rainfall mas-
king threshold also shows similar results with the
15 and 20% thresholds though with higher correlations
between the SSTs over western Indian Ocean and onset
timeseries.

3.4 | Sea surface temperatures and
vertically integrated moisture flux

Composite analysis for the rainfall onset and the SST is
conducted to investigate the mean state of the Indian
Ocean during the early, normal and late onset years. Dur-
ing the early onset years the SSTs over the Indian Ocean
are generally warmer compared to the SSTs associated
with normal onset (Figure 7). The warming anomaly

slightly reduces in September dekad 2 and 3; thereafter,
the warming anomaly gradually increases consistent with
the correlation patterns in Figure 6. The SST anomaly for
the late onset years is mostly negative; however, the
values are close to zero, implying that the cooler signal
for late onset is weak. These results show that early onset
is linked to the warming of the SSTs over the Indian
Ocean, but indicates that there is no distinct difference
between the normal and late onset years consistent with
Figure 6b. The SST anomalies during the normal onset
years are also computed and are small (not shown).

We further investigate the composites of vertically
integrated moisture fluxes with early and late onset
years. While no discernible differences are evident from
the composite analysis of the vertically integrated mois-
ture fluxes in September, differences exist for early and
late onset in October. In early onset years there is an
anomalous equatorial easterly moisture advection into
Eastern Africa during the first two dekads of October
(Figure 7). The enhanced moisture flux is due to the
warm SST anomalies in the western Indian Ocean that
result in increased atmospheric moisture content and
enhanced local convective activity, hence early onset.
During the late years anomalous westerly flow is domi-
nant and limits moisture into the region. This pattern
weakens in dekad 3 of October, possibly indicating other
mechanisms dominate towards the peak of the rainy
season.

3.5 | Low-level circulation

MacLeod (2018) investigated the role of the 700-hPa low-
level zonal winds on the onset of the short rains. The
study focused on a monthly timescale and found a weak
link between the rainfall onset and zonal winds. In this
study we investigate the link between the short rains
onset and zonal winds at a lower pressure level and
dekadal timescales. 850 hPa is chosen as this is the pres-
sure level that is used to characterize the Somali low-level
jet (Boos and Emanuel, 2009); an important source of
moisture over the region (Riddle and Cook, 2008).
Figure 8 shows the low-level (850 hPa) circulation (vec-
tors) and mean zonal flow (shaded) for the early, normal
and late onset years for September and October. The
mean flow is dominated by the southeasterly flow in the
southern equatorial region and northwesterly flow in
the northern equatorial region. Mean southeasterly and
northwesterly flows during the normal onset years are
stronger during the month of September and weaker dur-
ing October. In September, from dekad 1 to dekad 3 there
are no salient differences in the mean flow for the early
and late onset years in the black box highlighted on the
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FIGURE 7 Vertically integrated moisture flux (vectors, kg�m−1�s−1) and sea surface temperatures (shaded, �C) composites for the early

onset anomaly (left column), mean onset (middle column) and late onset anomaly (right column) over Eastern Africa, from Dekad 1 of

September (top row) to Dekad 3 of October (bottom row)
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plots. In dekad 1 of October early onset is linked to
anomalous easterlies, while for the late onset years late
anomalous westerlies dominate the flow. The flow

weakens in the second and third dekad of October
however the pattern observed in dekad 1 of October
persists.

FIGURE 8 Mean flow

(vectors) and zonal flow

(shaded) composites for the

early onset anomaly (left

column), normal onset (middle

column) and late onset anomaly

(right column) over Eastern

Africa from September dekad

1 (top row) to October dekad

3 (bottom row)
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An analysis of the evolution of the mean zonal winds
near the Somali coastal region (50�–70�E, 0�–10�N) indi-
cates that there are no notable differences in the mean
zonal winds in September; however, in October there are
differences in the mean zonal winds (Figure 9). Stronger
westerlies dominate the flow in late onset years, while
weaker westerlies dominate during early onset years.
This consequently implies that more moisture is drawn
out of the region during the late onset years, leading to a
delay in the start of the rainy season. The separation in
the strength of the westerlies reduces in the third dekad
of October.

Limited studies have investigated the link between
the rainfall onset and the migration of the ITCZ
(Camberlin and Okoola, 2003; Kijazi and Reason, 2005;
Mugalavai et al., 2008; Dunning et al., 2016; 2018; Wain-
wright et al., 2019). Sohn and Park (2010) showed that
moisture convergence flux intensifies in areas with
ascending motions along the ITCZ. Dunning et al. (2016)
showed that the onset of rainfall over Africa is consistent
with the migration of the ITCZ. The intensification of the
Saharan Heat Low was found to influence the southward
progression of the tropical rain belt (Dunning et al.,
2018). It was found that during the boreal summer the
rainband travels further north and stays north longer,
delaying the southward retreat (Dunning et al., 2018)
which could lead to a late onset over Eastern Africa.
Camberlin and Okoola (2003) found that the modified
pressure gradient between the Atlantic and Indian Ocean
basins and enhanced easterlies over land prevent the
meridional branch of the ITCZ from expanding to the
east over East Africa, hence delaying the rainy season
onset during the long rains. In addition to the modified
pressure gradient, Wainwright et al. (2019) found that
warmer SST south of Madagascar delayed the northward

progression of the rainband during the long rains season.
We hypothesise that during the early onset years for the
short rains, the warm SSTs in the western Indian Ocean,
and southwesterly wind anomalies off the coast of
Somalia support the southward retreat of the rainband
and earlier establishment of rainfall over Eastern Africa.
The easterly moisture flux in early onset years also pro-
vides moisture to support early onset of the rainfall in
such years.

3.6 | Interannual and decadal variability

Since the timeseries for onset shows both interannual
and decadal variability we use a Fourier transform to
obtain the low- and high-frequency modulation.
Figure 10 shows the filtered low-frequency and high-
frequency timeseries. The low-frequency timeseries indi-
cates that in the first and last 10 years the region mostly
experienced early onset while in the middle 19 years the
region experienced late onset (Figure 10a). The high-
frequency timeseries shows a relatively uniform distribu-
tion of early, normal and late onset years with no obvious
time period being dominated by a single category. In
order to explore the high-frequency (interannual) compo-
nent the 10 earliest and 10 latest years of the high-
frequency filtered timeseries were selected; the other
19 years that are not marked with either red or blue in
Figure 10b comprises the normal onset years. To explore
the low-frequency (decadal) variability, the periods from
1981 to 1990 and 2010 to 2019 were compared with the
period 1991–2009. Dekad 1 of October is utilized for the
interannual and decadal analysis as this is the first dekad
with distinct different flow for early and late onset; in
addition, the SST over the western Indian Ocean has a
relatively high correlation with the rainfall onset.

3.6.1 | Sea surface temperature

We explore the relationship between SSTs over the
Indian Ocean basin with the rainfall onset on both
decadal and interannual timescales. The mean SST has a
gradual decrease from the northern part of the Indian
Ocean to the southern part of the basin (Figure 11b). On
decadal timescales, in the early onset years the Indian
Ocean is warmer (Figure 11a), while for the late onset
years the basin is cooler (Figure 11c). The interannual
variability analysis shows that for the normal onset
anomaly years the western and eastern parts of the
Indian Ocean basin are warmer than during the mean
onset years while the central part is cooler (Figure 11e).
For the early onset years (Figure 11d) the western and

FIGURE 9 Evolution of the zonal wind flow over the region

50�–70�E, 0–10�N for the early (blue), normal (black) and late (red)

onset
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central Indian Ocean are generally warmer while the
eastern part is cooler compared to the normal onset. In
the late onset years the western Indian Ocean is cooler
while the central and eastern Indian Ocean are warmer
(Figure 11f). An analysis of the correlation of the filtered
interannual variability of the onset and the dipole mode

index indicates negative statistically significant correla-
tions (−0.51, Figure S4). In previous studies enhanced
total rainfall over the region has been linked to the posi-
tive phase of the Indian Ocean dipole (Black, 2005;
Ummenhofer et al., 2009; Hirons and Turner, 2018). In
this study we have shown the link between the onset and

FIGURE 10 Filtered CHIRPS onset timeseries (1981–2019) for (a) low-frequency (≥7.8 years) and (b) high-frequency periods

(≤6.5 years) utilizing the fast Fourier transform

FIGURE 11 SST composites of decadal periods (top row) and interannual periods (bottom row) for (a) decadal early onset anomaly,

(b) mean SST, (c) decadal late onset anomaly, (d) interannual early onset anomaly, (e) interannual normal onset anomaly, (f ) interannual

late onset anomaly
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IOD, with positive (negative) phases linked to early (late)
onset. While in the interannual case the anomalies show
a dipole, the decadal case is dominated by a uniform tem-
perature change across the basin. Comparing with the
unfiltered composite analysis (Figure 7), it is clear that in
the early onset years the decadal variability acts to
increase the SSTs for the interannual timescale over west-
ern and central Indian Ocean.

3.6.2 | Circulation and zonal winds

The analysis for interannual and decadal variability is
also conducted for the mean low-level flow and zonal
winds (Figure 12). The mean flow is dominated by the
southeasterly flow over the southern part of the Indian
Ocean and the westerly flow dominates off the coast of
Somalia (Figure 12b). On decadal timescales the anoma-
lous easterlies (westerlies) for early (late) onset are weak
and mostly close to zero (Figure 12a,c). For the inter-
annual periods, early onset is associated with anomalous
easterlies in the northern Indian Ocean (Figure 12d) and
late onset is associated with anomalous westerlies

(Figure 12e). This indicates that at decadal timescale the
influence of the zonal winds on the rainfall onset is very
weak and that most of the signal from Figure 8 is due to
variability on an interannual scale rather than on a
decadal scale.

4 | CONCLUSIONS

In this study we have investigated the atmospheric and
oceanic conditions that prevail prior to and during the
short rains (OND) onset. The study showed that early
onset is associated with enhanced rainfall over the region
in October and November, however the relationship is
weaker in December. On the other hand, late onset is
associated with suppressed rainfall for all the months
during the short rains season.

Composite analysis showed that early onset is linked
to warmer SSTs over the western Indian Ocean, while
there were no major differences in SST for the normal
and late onset years over the western Indian Ocean. In
early onset years there is an anomalous equatorial east-
erly moisture advection into Eastern Africa during the

FIGURE 12 Mean flow (vectors) and zonal flow (shaded) composites of decadal periods (top row) and interannual periods (bottom

row) for (a) decadal early onset anomaly, (b) mean circulation, (c) decadal late onset anomaly, (d) interannual early onset anomaly,

(e) interannual normal onset anomaly, (f) interannual late onset anomaly
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first two dekads of October. Conversely, during the late
onset years anomalous westerly flow is dominant and
draws moisture out of the region. In dekad 1 of October
early onset is linked to anomalous easterlies, while for
the late onset years anomalous westerlies dominate the
flow. This spatial pattern persists into dekad 2 and 3 of
October; however, the magnitude of the anomalous east-
erly flow weakens.

In addition, we decompose the timeseries and analyse
the interannual and decadal variability separately and its
links with SSTs over the Indian Ocean basin. The analy-
sis showed statistically significant correlations between
the interannual variability of the onset and the dipole
mode index. The analysis also showed that the variability
in the onset is driven by both the interannual and
decadal variability of the SSTs over the Indian Ocean. On
decadal timescales, early onset years are linked with
warm SSTs across the entire Indian Ocean basin, while
on interannual timescales early onset is linked with
warm SSTs in the western and central Indian Ocean and
cool SSTs anomalies in the eastern Indian Ocean. In
terms of winds, the anomalies are negligible for the
decadal periods, with those associated with the inter-
annual variability closely matching those found in the
unfiltered analysis. These results warrant further work
exploring the different drivers of onset variability on
interannual and decadal timescales.

This study has developed an improved understanding
of the relationship between the Indian Ocean SSTs and
wind patterns and the variability in the onset of the East-
ern Africa short rains season. Specifically, it has been
shown that the state of the western Indian Ocean SSTs as
early as the first dekad in September is associated with
the nature of rainfall onset over Eastern Africa. This has
immense implications for improving action-based fore-
casting. For example, knowing that there is an increased
likelihood of early onset, and hence wetter Eastern Africa
short rains, in early September significantly increases the
lead time for effective preparedness action. However,
these improvements in the understanding of drivers of
onset variability will only be realized if they can be trans-
lated into reliable and timely forecasts products for the
region. Further work on the representation of the atmo-
spheric and oceanic drivers found in this study on the
sub-seasonal to seasonal timescales can help understand
the source of errors in the models and hence improve
forecasts over the region.
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