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The East African (EA) region highly experiences intra-seasonal and inter-
annual variation in rainfall amounts. This study investigates the driving fac-
tors for anomalous rainfall events observed during the season of October-
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November-December (OND) 2019 over the region. The study utilized daily
rainfall data from Climate Hazards Group InfraRed Precipitation with Station
Data Version 2 (CHIRPSv2) and the driving systems data. Statistical spati-
otemporal analysis, correlation, and composite techniques were performed to
investigate the teleconnection between OND 2019 seasonal rainfall and global
synoptic climate systems. The findings showed that the OND 2019 expe-
rienced seasonal rainfall that was twice or greater than its seasonal climatolo-
gy and varied with location. Further, the OND 2019 rainfall showed a positive
correlation with the Indian Ocean Dipole (IOD) (0.81), Nino 3 (0.51), Nino
3.4 (0.47), Nino 4 (0.40), Pacific Decadal Oscillation (PDO) (0.22), and North
Tropical Atlantic (NTA) (0.02), while El Nino-Southern Oscillation (ENSO)
showed a negative correlation (—0.30). The region was dominated by sou-
theasterly warming and humid winds that originated from the Indian Ocean,
while the geopotential height, vertical velocity, and vorticity anomalies were
closely related to the anomalous rainfall characteristics. The study deduced
that the IOD was the major synoptic system that influenced maximum rain-
fall during the peak season of OND 2019. This study therefore provided in-
sights on the diagnosis study of OND 2019 anomalous rainfall and its attribu-
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tion over the EA. The findings of the study will contribute to improvements
in forecasting seasonal rainfall by regional climate centers and national me-
teorological centers within the region.

Keywords

East Africa, Driving Climate Systems, October-November-December (OND)
2019 Rainfall

1. Introduction

The 21" century has witnessed an increase in extreme weather events and cli-
mate variability, including droughts, torrential rains, and floods. These events
lead to water and food shortages, energy deficits, and socio-economic disrup-
tions (Woodward et al., 2016). East Africa (EA) is one of the regions of Africa
with high intra-seasonal to inter-annual rainfall variability (Liidecke et al., 2021).
The EA experiences rainfall bimodality, with the short rainy season extending
from October-November-December (OND) being noted for its exceptionally
extreme rainfall (Doi, Behera, & Yamagata, 2022; Wainwright et al., 2020). Dur-
ing OND 2019, EA witnessed a crucial period where several parts of the region
experienced one or more extreme rainfall events due to its variability in occur-
rence and intensity compared to the previous rainfall (Liidecke et al., 2021;
Woodward et al., 2016). Over the region, rainfall is the climate variable with the
most impacts, where above-normal rainfall events result in extreme rainfall
events such as flooding and landslides, among others, while the deficit results in
dry spells, which may lead to drought and consequently famine (Kriizselyi et al.,
2011; Shrivastava & Umar, 2023). EA rainfall variability is linked to various
driving systems associated with the patterns of sea surface temperatures (SSTs)
over the Indian, Pacific, and tropical Atlantic Oceans and regional wind circula-
tions (Roy, Mliwa, & Troccoli, 2023; Varada, 2005). These global synoptic phe-
nomena include and are not limited to the Indian Ocean Dipole (IOD) (Black,
2005; Finney et al., 2020; Palmer et al., 2023; Wainwright et al., 2020), the El Ni-
no-Southern Oscillation (ENSO) (Indeje, Semazzi, & Ogallo, 2000; Nicholson,
2017; Ogallo, 1988; Palmer et al., 2023; Vashisht & Zaitchik, 2022), Atlantic
variability (McHugh & Rogers, 2001), zonal equatorial easterlies (Jury, Matari,
& Matitu, 2009), and the Southern Annular Mode (SAM) (Mbigi & Xiao,
2023).

Previous studies pointed out that natural disasters across the EA region are
often associated with the concurrence of two driving systems, such as IOD and
ENSO (Indeje et al., 2000). These two driving systems are linked with increased
rainfall over EA (Behera, 2019; Onyutha, 2016), resulting in inter-annual and
seasonal variability as well as the occurrence of extreme rainfall events (Indeje et
al., 2000; Shilenje & Ogwang, 2015). The excessive reduction of rainfall across
EA was identified to be related to the positive and negative IOD events that are
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associated with above- or below-average rainfall (Doi et al., 2022; Kebacho,
2021). Additionally, climate change may contribute to more frequent, strong
positive IOD events and wet OND seasons (Nicholson, 2019). A reversal in the
atmospheric circulation and SST coupled with climatic factors of the atmos-
pheric and ocean phenomenon known as the ENSO over the Tropical Eastern
Pacific Ocean is highly linked to the inter-annual variability of the OND season
(Dieppois, Rouault, & New, 2015). The rainfall fluctuations showed strong lin-
kage with the ENSO phenomenon, where rainfall tends to be above average
during El Nino years with a stronger connection to large-scale atmospheric and
oceanic variables than to the local circulation (Nicholson, 2019). Three Nino in-
dices, namely Nino 3.4, Nino 3, and Nino 4, are often used to describe ENSO in-
dices and have a significant impact on the variability of rainfall over EA (Ren,
Zuo, & Deng, 2019). Further, the Inter-Tropical Convergence Zone (ITCZ), re-
ferred to as a short band of strong precipitation that surrounds the Earth at the
equator (Green, Marshall, & Donohoe, 2017), and its position appear to have an
impact on the variability of rainfall over the EA. There is high dependence on
the ITCZ latitudinal position and the seasonal meridional SST gradient between
the tropical North and South Atlantic. The North Tropical Atlantic also plays a
big role in OND seasonal rainfall due to the ITCZ position in the North during
the OND season. There is a strong linkage to inter-annual rainfall variability
over Southeastern Africa with the North Atlantic Ocean, and the Southeastern
African ITCZ shifts southward (northward) when the North Atlantic westerlies
are unusually strong (weak) (Eichhorn & Bader, 2017). Other studies suggest
that the anomalous wet rainfall in EA occurs during periods of westerly out-
breaks bringing moist Atlantic air into the EA region (McHugh & Rogers, 2001;
Otieno et al., 2018; Philippon et al., 2016). Additionally, the North Tropical At-
lantic is indeed a factor that contributes to East Africa's rainfall variability. The
SST anomalies in the tropical Atlantic play a big role in influencing rainfall pat-
terns in EA, particularly through their impact on zonal winds and atmospheric
circulation (Liu et al., 2014; Moron, 1997), which highlights the importance of
zonal winds over the tropical Atlantic in modulating rainfall in West Africa and
their downstream effects on East African precipitation patterns. NTA influences
OND rainfall through the warm SST anomalies that occur during August, Sep-
tember, and October. The North Atlantic Ocean is also one factor contributing
to the Madden-Julian Oscillation (MJO) modulation of EA rainfall. The MJO,
operating at a sub-seasonal time scale, interacts with the ENSO and can lead to
increased potential for daily precipitation excesses during wet MJO phases under
El Nifio conditions (Balaguru et al., 2021). The multi-decadal Pacific Decadal
Oscillation (PDO) is a fluctuation in the tropical and mid-latitude North Pacific
SST that is characterized by cooler central North Pacific SSTs and warmer west
coast SSTs during its positive and negative phases (McHugh & Rogers, 2001;
Yang et al., 2022). Tropical Pacific SST directly affects African rainfall through
shifting the Walker Circulation in the Indian Ocean (Alexander et al., 2002;
Black, Slingo, & Sperber, 2003), and indirectly through the tropical Atlantic
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SST’s characteristic (Latif & Grotzner, 2000; Nicholson & Selato, 2000). The
PDO coincides with rainfall for several countries in the EA, particularly from
October through December (Preethi et al., 2015). These driving systems, coupled
with SST variations, have a significant impact on the rainfall patterns over EA,
and they are among the leading natural climate indices that have a strong impact
on global and regional average temperature and rainfall (Pohlmann & Latif,
2005; Zhang & Delworth, 2006). Other teleconnections that influence the rainfall
over EA are tropical storms, easterly waves, jet streams, and extra-tropical weather
systems (Ogallo, 1989).

Extreme rainfall events, such as the OND, 2019 in EA, have caused severe
economic and societal impacts. Efforts have been made to unravel the semantics
behind OND 2019 rainfall dynamics (Kai, Kijazi, & Osima, 2020; Kebacho, 2022;
Nicholson et al., 2022; Wainwright et al., 2020). However, this study provides a
comprehensive diagnostic analysis of global synoptic climate systems (IOD,
ENSO, Nino indices, PDO, and NTA), aiming at discerning the individual con-
tributions and effects of these systems on the extreme rainfall experienced dur-
ing the OND 2019 season in the EA region. After the introduction, the piece of
work studied here is subdivided into three sections, where section one presents
the data and methodology, section two discusses the result, and the conclusion

and recommendations are presented in section three.

2. Study Area, Data and Methodology
2.1. Study Area

East Africa (EA) is located in the equatorial belt with a geographical coordinate
of 11.72°S-5.1°N latitude and 28.7°E-41.91°E longitude as it is shown in Figure
1. It has five countries: Rwanda, Burundi, Uganda, Tanzania, and Kenya. The
topography of EA is remarkable; there is the East African Rift Valley created by
global plate tectonic forces; numerous mountains with high elevation in Africa
like Mount Kilimanjaro (5895 m) and Mount Kenya (5197 m); various water
bodies cover up some parts of the region like Lake Victoria, Lake Tanganyika,
Lake Albert, Lake Turkana, and Lake Kivu.

Due to the region’s tropical climate, which is distinguished by severe seasonal-
ity in rainfall and wet and dry seasons as opposed to the four-season pattern ob-
served in other regions of the world, EA has both wet and dry seasons. Refer to

Figure 2 below.

2.2.Data

The daily gridded rainfall data for a period of 30 years (1991-2020) were sourced
from the Climate Hazards Group InfraRed Precipitation with Station Data Ver-
sion 2 (CHIRPSv2). The CHIRPS dataset is widely used due to its exceptional
performance over the greater Horn of Africa (Chang’a et al., 2020; Ngoma et al.,
2021). It incorporates 0.05° x 0.05° resolution satellite imagery with in situ station

data to create gridded rainfall time series suitable for intra-seasonal variability
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Figure 1. The geographical location of East Africa.

analysis, and they are highly blended with the gauge or observed data in situ
(Kavishe & Limbu, 2020). The driving systems time series dataset of DMI The
Hadley Centre Global Sea Ice and Sea Surface Temperature (HadISST1.1), which
is the dipole mode index representing the Indian Ocean Dipole (IOD), is defined
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as the SST anomaly difference between the western (10°S-10°N, 50°-70°E) and
eastern (10°S-0°, 90°-110°E) tropical Indian Ocean. To compute the South Os-
cillation Index (SOI), representing the El Nifio-Southern oscillation (ENSO),
the SST anomalies in the eastern equatorial Pacific are obtained from the Cli-
mate Research Unit (CRU) website. We used Nifio 3.4 located at (5N-5S, 170W-
120W), Nifo 3 located at (5°S-5°N, 150°W-90°W), Nifio 4 located at (5N-5S,
160E-150W), Pacific Decadal Oscillation (PDO) and North Tropical Atlantic
(NTA) obtained from SSTs in Atlantic Ocean at the coordinates 60W-20W, 6N
-18N and 20W-10W, 6N-10N, Data is obtained from the Extended Reconstruc-
tion SST Version 3 (ERSSTV3b) dataset. SSTs and relative humidity used are
obtained from the National Oceanic and Atmosphere Administration (NOAA).
The geopotential height, vertical velocity, and vorticity datasets are from ECMWF
Reanalysis v5 (ERA5).

2.3. Methodology

The daily rainfall dataset was subjected to both temporal and spatial analysis in
order to identify rainfall variability over the EA. In order to verify the OND sea-
son rainfall and the excessive rainfall of the OND 2019 season, we investigated
the rainfall amounts of OND 2019 for various regions compared to the long-
term mean. Pearson’s correlation analysis was used to determine the specific
impact of each driving system on the rainfall variability in EA. The association
between the OND season rainfall during wet years over EA and the IOD, ENSO,
Nifo 3.4, Nifio 3, Nifio 4, PDO, and NAO indices was determined. The years
with high positive rainfall anomalies during the OND period were expressed as
wet years, as shown by the temporal time series. Pearson’s correlation is per-
formed by calculating Pearson’s correlation coefficient r, known as the correla-
tion coefficient, which is defined as a measurement quantifying the strength of
the association between Rainfall and driving systems, with values ranging from
—1 to +1 indicating a strength of linear relationship between them, whereas a

value of 0 indicates no linear relationship.

B n(Exy)—Exzy
V(=) ~(2¢)|[n(zy*)~(2v°)]

where, x represents driving systems, y represents the OND rainfall, n is the sam-

ple size, and X represents a summation for n-values. Pearson’s correlation coef-
ficient r calculated shows the relationship between OND rainfall 2019 over East
Africa with these driving systems; Indian Ocean Dipole (DMI), The El-Nifio
South Oscillation (ENSO), Nifio 3.4, Nifio 3, Nifio 4, Pacific Decadal Oscillation
(PDO) and Atlantic Oscillation (NAO) index. The P-values, with 0.05 signific-
ance level, were calculated to accept (reject) the statistical significance of the
correlation between OND rainfall and driving systems. The null hypothesis was
that the value of r in n-values was zero. If the calculated P-value was less than
0.05, the null hypothesis Ho (no correlation) would be rejected and vice versa; if
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P-value > 0.05, it means the correlation would be statistically significant. This
method was widely used by different researchers (Dezfuli & Nicholson, 2013;
King'uza & Limbu, 2019; Nicholson & Dezfuli, 2013), and (Muthoni et al., 2019)
when they correlated the tropical sea surface temperature (SST) and rainfall.

The composite analysis conducted in this research looked at how large-scale
global teleconnections affect atmospheric variability. This approach has been
widely used by researchers to gain deep insights into weather patterns and ex-
treme climate events, as well as to better understand and diagnose the state of
the climate system on a regional and global scale (Dezfuli & Nicholson, 2011;
Gunta & Bhat, 2022; Ogwang et al., 2015). In order to illustrate the atmospheric
circulation over the area, the remapped sea surface temperature and rainfall
composite for OND 2019 associated with wind were analyzed to understand the
wind patterns during this period, and at the same time, the relative humidity,
geopotential height, and vorticity composite were analyzed for further insight
into the atmosphere at various levels. associated with wind was analyzed to illu-
strate the wind patterns during this period, and at the same time, the relative
humidity, geopotential height, and vorticity composite were analyzed for further

insight into the atmosphere at various levels.

3. Result

Figure 2 presents the rainfall for October-November-December (OND)
long-term mean, OND 2019 and OND rainfall averaged over the EA. The
long-term mean rainfall distribution (Figure 2(a)) shows that the western side
of the region receives a relatively high amount of rainfall (400 - 600 mm). The
central parts of Tanzania and the northern parts of Kenya experience a low
amount of rainfall (0 - 200 mm), while the rest of the region shows a moderate
amount of rainfall (200 - 400 mm). Compared to the long-term mean, the OND
2019 (Figure 2(b)) witnessed above-normal rainfall over most parts of the EA
region. The observed rainfall during OND 2019 was not evenly distributed; some
regions experienced a high amount of rainfall while others experienced ex-
tremely above-normal rainfall over the EA region. The areas that experienced
heavy rainfall during OND 2019 can be split into three parts: region A, which
lies around Lake Victoria and is south-eastern Uganda and northwestern Tanza-
nia; region B, which is located in the central and southern parts of Kenya; and
region C, which is located in the northern coast of Eastern Tanzania that borders
the Indian Ocean. These representative areas were chosen in contrast to other
EA regions, which are known for having heavy rainfall. The map shown in Fig-
ure 2(a) indicates the long-term mean of OND rainfall. Typically, region A, lo-
cated around Lake Victoria, and region B, located in central South Kenya, rec-
orded the highest rainfall compared with other regions. Figure 2(b) illustrates
the OND 2019 rainfall. The whole region was experiencing above-normal rain-
fall, especially regions A, B, and C, which would have more complex spatial
rainfall modes during the short rainfall season of OND 2019, due to the influ-

ence of the complex regional physical features contributing to the above-normal
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Figure 2. The spatial distribution of (OND) of season rainfall for: (a) the long-term mean (Itm) seasonal rainfall, (b) the OND
2019 seasonal rainfall and (c) trend of seasonal averaged rainfall over East Africa during October-November-December from 1991

to 2020.

rainfall, which is associated with increased local circulation in the regions. For
instance, the area-averaged rainfall of central Kenya (region B) has the highest
rainfall, approximately 130% (900 mm) above the climatological average for the
OND season. Figure 2(c) illustrates the time series of OND rainfall. Over EA
over 30 years since 1991 to 2020, generally the whole region of East Africa indi-
cates an increase in rainfall for the OND period. As there has been a decline in
rainfall for some years, the OND 2019 had 600 mm/season averaged rainfall over
the whole region of EA, as the mean is estimated to be around 355 mm/season.

Considering different locations over the EA, the inter-annual variability of
rainfall during the OND season shows a nonhomogeneous characteristic. Some
locations, such as the as the central region near Lake Victoria (region A), have
anomalies that peak at extremes (530 mm), and the center of Kenya saw abnor-
mally high rainfall with seasonal abnormalities of 590 mm. At the same time,
other areas located in the eastern parts of Rwanda received typical rainfall with
anomalies of 30 mm for OND 2019.

Figure 3 illustrates the trend of annual OND seasonal rainfall, wet (dry) days,
and wet (dry) spells. The analysis of the wetness (days with more than 0.85 mm)
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Figure 3. Trend of the wet days (a), dry days (b), wet spell (c), and dry spell (d) during October, November, and December

(OND) for 1991-2020 over East Africa.

and dryness (days with less than 0.85 mm) indicates an increasing trend for wet
days and wet spells, as well as a decreasing trend for dry days and dry spells. In
contrast to previous OND seasons spanning several years, this period has fewer
dry days. The wet days for OND 2019 are peaking at more than 40 days, while
the dry days are less than 50 days. The wet spell of 5 continuous wet days with a
probability of exceeding 400 mm indicates an increasing trend and high value
during the period of OND 2019 seasonal rainfall. These results of daily analysis
assert the wetness of the OND 2019 season. The resulting OND seasonal rainfall
in regions with high daily and monthly rains may cause flooding and landslides
like what happened during OND 2019 (Nicholson et al., 2022).

Figure 4 presents the correlation between the OND seasonal rainfall and dif-
ferent driving systems. The driving system includes the Indian Ocean Dipole
(IOD), El Nifo-Southern Oscillation (ENSO), Nino 3.4, Nino 3, Nino 4, PDO,
and NTA. The spatial coherence of OND rainfall with these driving systems is
considerable. For instance, the Indian Ocean Dipole (IOD) has a significant in-
fluence on the OND seasonal rainfall in EA, with a correlation coefficient rang-
ing from 0.50 to 0.75 (Figure 4(a)). The regions A and B show a positive corre-
lation coefficient, particularly the central region encompassing Lake Victoria
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Figure 4. The correlation between the OND seasonal rainfall vs different driving systems.

and Serengeti National Park, which shows a significant positive correlation. The
positive IOD results in substantial seasonal rainfall variability due to the El-Nino
phase of the IOD, while the negative IOD results in fair association with OND
rainfall (supplementary 2). High-altitude regions with numerous water bodies
increased the probability of extreme rainfall, such as those in Kenya during
OND 2019. The region C, located in the east of Tanzania, exhibited a negative
correlation coefficient that fell below 0.25 during wet years, indicating a little
impact of IOD on the region’s rainfall amounts. The positive correlation coeffi-
cient is shown across the rest of the EA region.

The El Nifio-Southern Oscillation (ENSO) was associated with OND seasonal
rainfall in East Africa (Figure 4(b)). The correlation analysis showed a strong
negative correlation coefficient over the entire region of East Africa for wet
years, with a significant negative correlation coefficient ranged between 0.50 and
0.75 in the central region of EA (region A) and the central south of Kenya (re-
gion B), while region C has the positive correlation. There is a negative correla-
tion for the rest of the region. It is known that the influence of ENSO on OND
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seasonal rainfall over East Africa is significant (Roy et al., 2023). Typical ENSO-
strong El Nifo (right) events occur in early spring; the influence of ENSO on
OND seasonal rainfall during winter is low, but El Niflo events associated with
warmer SST anomalies over the central and eastern Pacific result in wet condi-
tions of seasonal rainfall over the region (Miiller & Roeckner, 2008). The result
validates the relationship between ENSO and OND rainfall, and it also shows
that extreme weather occurs across East Africa when positive IOD and the
El-Nino phase of ENSO coincide. When it comes to OND seasonal rainfall, DMI
and ENSO exhibit great coherence. The DMI has a strong positive correlation,
while the ENSO has a strong negative correlation associated with the warming of
SSTs over the Pacific Ocean. The OND season rainfall in 2019 is significantly
impacted by the ENSO influence.

The OND rainfall in 2019 in East Africa is influenced by other various driv-
ing systems, including Nino 3, 4, Nino 3, Nino 4, Pacific Decadal Oscillation
(PDO), and North Tropical Atlantic (NTA). The correlation coefficient of
these systems is positive, with a significant positive correlation coefficient for
regions A and B (Figures 4(c)-(e)). The Nino 3.4 and Nino 3 have equivalent
effects; they exhibit similar spatial patterns but differ in terms of intensity;
Nino 3.4 shows a high correlation coefficient while Nino 3 and Nino 4 show a
low correlation coefficient; overall, the effects of Nino 3.4 over east Africa
seem to be more extensive than those of Nino 3. The correlation for region A
indicates a very strong positive and substantial correlation coefficient around
0.70 during both Nino 3.4, Nino 3, and Nino 4, for rainy years. The rest of re-
gion has a fair positive correlation coefficient for wet years. This suggests that
for both wet years, there is a strong and stable association between seasonal
rainfall and Nino 3.4 compared to other Nino 3 and 4, but all these Nino indi-
cate a significant positive correlation, which is the fact that they can affect
OND rainfall.

The influence of PDO and NTA on the OND rainfall is determined (Figure
4(g), Figure 4(e)). The correlation performed between PDO and OND rainfall
confirms the influence of PDO on EA rainfall. The coefficient of correlation of
seasonal rainfall with PDO is generally positive for the whole region of EA; re-
gion A has a significant positive correlation coefficient ranging around 0.8, while
other regions indicate a positive correction coefficient ranging from 0.25 to 0.50.
The variability of rainfall with PDO over East Africa is fair. PDO has a signifi-
cant influence on OND rainfall. There is a correlation between the OND rainfall
and NTA; the correlation coefficient is negative, significant, and positive for re-
gion A, ranging from 0.50 to 0.60, as is the positive correlation for regions B and
C below 0.50. The rest of regions are negative over the north parts of EA, as they
are positive for the south part of EA. The association of OND seasonal rainfall
with NTA is significant, potentially influencing rainfall for both wet years in EA.

Figure 5 describes the influence of driving systems to OND 2019 rainfall; the
driving system indicated the strong relationship with OND rainfall is IOD, the
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Figure 5. The correlation of OND seasonal rainfall and driving systems.

high and significant positive value of correlation coefficient for IOD is indicated
(0.81) as other driving systems have fair values correlation coefficient (Nino 3.4,
Nino 3, Nino 4), PDO and NTA have low positive correlation coefficient and
ENSO have negative correlation coefficient (Figure 6).

Figure 6 illustrates the influence of tropical ocean sea surface temperatures on
OND rainfall over the EA region. The driving systems that influence the rainfall
over EA are highly sensitive to the SST variability in the Indian Ocean, Atlantic
Ocean, and Pacific Ocean. The Indian Ocean is the main source of warm, moist
air that influences the atmosphere over the EA (Cai, Chen, & Du, 2022). The as-
sociation between EA rainfall and Indian Ocean SSTs is well documented (Klein
& Goosse, 2018). (Mutai, Ward, & Colman, 1998) investigated the connection
between positive IOD occurrences and climate change and concluded that
strongly positive IOD events may occur twice as frequently under a world aver-
age warming of 1.5°C. Additionally, the western Indian Ocean has recently
warmed at one of the fastest rates of any tropical ocean during the past century
(Wenegrat et al., 2022). During the OND 2019 season, the eastern parts of the
Indian Ocean were cooler at a range of —0.5°C to —1°C to the normal tempera-
ture during OND 2019, while the western side of the Indian Ocean was warmed
at a range of 1.5°C to 2.0°C (Figure 6(a)). This difference in temperature ano-
maly suggests an increase in positive IOD, which happens to be presumably ge-
nerating the enhanced rainfall over EA. For the Pacific Ocean, the middle equa-
torial Pacific SST is warmer than average and colder than average in the areas
that generate the driving systems. Warmer SST's in the western equatorial Pacific
and cooler SSTs over the east region of the Pacific Ocean are linked to drier,
shorter rains. ENSO weakened and led to a low association with OND rainfall
over EA. This content claims that ENSO and OND rainfall have a negative as-
sociation. The El-Nino phase of ENSO ran at low frequencies during this pe-
riod, as in the El-Nino years 1997-1998, positive SST anomalies were mainly
observed in the eastern tropical Pacific (Vashisht & Zaitchik, 2022). In contrast,
there are anomalously increasing SSTs in the central region of the tropical Pa-
cific Ocean. This asserts the positive correlation obtained between different in-
dices of Nino (Nino 3, Nino 3.4, Nino 4) and OND rainfall in 2019. In addition,
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Figure 6. The composite of SST during the OND period (a) OND sea surface temperature temporal trend (b) the sea surface tem-
perature anomaly for OND 2019, the west part of Indian Ocean shows an increase in sea surface temperature anomaly as the east
part of Indian Ocean shows a decline in sea surface temperature anomaly.

the propagating feature of the SST anomalies is weaker and less clear in the
ENSO region, while it is stronger and very clear in the region of the Nino indic-
es. In the Atlantic Ocean, the location of NTA shows an increase in SSTs and as-
serts the positive correlation obtained (Figure 3(g)).

To get more insight into the impacts of the impacts of driving systems on
OND rainfall, the correlation between SSTs and OND rainfall was carried out
and illustrated in Figure 6(b). The results of the correlation analysis reveal a re-
lationship between OND rainfall and SSTs in the driving systems’ area. There is
a significant and strong positive correlation over the Indian Ocean, particularly
in the western region where the positive IOD occurred. Similar to the Pacific
Ocean, there is a significant positive correlation over the region of Nino indices,
confirming the relationship between Nino indices and OND rainfall in EA.
However, the ENSO area and the north tropical Atlantic Ocean exhibit negative
correlations, confirming the weak relationship between these driving systems
and OND rainfall.

Figure 7 shows the composite analysis of sea surface temperature and OND
rainfall related to the zonal wind direction at the surface, with a discernible dif-
ference between the composite of the OND long-term mean and that of OND
2019. There is an anomalous equatorial Westerly wind moving the moisture
from West to East of Indian ocean and the temperature for the West region is

low, as for OND 2019, Anti-Cyclone located in west Indian ocean near East
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Figure 7. OND Seasonal Sea Surface Temperature and Rainfall vs. Mean Wind Vector Long-Term Mean (Climate) (b) OND Sea-
sonal 2019.

Africa increases sea surface temperature in West tropical region of Indian ocean
as it is decreasing to east part, result in increasing the positive IOD and the
above-normal rainfall occurred for East Africa region, this anti-cyclone formed
in West part of Indian ocean result in strong horizontal gradients of temperature
which are particularly favorable for the formation and development of convec-
tive atmosphere, this anti-cyclone influence the atmospheric circulation over
coastal areas of East Africa as the easterly trade winds moves the moisture from
east to west, the sea surface temperature is increased over tropical of Indian
Ocean, it may reach over 30°C as it is not exceed the 28°C climatologically, sti-
pulate the above-normal rainfall over EA. For OND 2019, the strong anomalous
southeasterly winds from the Indian Ocean strike the majority of the region, and
the northeasterly winds estimated at 5 m/s strike the coast of East Africa. There
is a strong and consistent easterly wind, projected to be blowing at 8 m/s, mov-
ing from the eastern part of the Indian Ocean into East Africa during the OND

period. Additionally, there is an anti-cyclone with a low speed of around 2 m/s
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in the center, but it increases toward the south and west regions of the Indian
Ocean, resulting in enhanced rainfall. However, according to climatology, the
strong and steady westerly wind moving toward the eastern region of the Indian
Ocean moves the warm and moist air from the west region of the Indian Ocean
and avoids the EA from receiving the enhanced rainfall. The outcome shows that
the increased rainfall during OND 2019 was brought on by warm, moist South
and North-easterly winds, and the development of tropical anti-cyclones in the
western Indian Ocean boosts the convective environment over the region of EA.

Figure 8 shows the relative humidity anomalies during the 2019 OND season
throughout the land. The climatology period from 1991 to 2020 is used to calcu-
late the season mean climatic anomaly (just the climatological mean subtracted,
not normalized). For the period of OND 2019, the relative humidity anomalies
are higher over EA. The east and central regions of EA exhibit a positive anoma-
ly with values ranging from 9% to 12%, which suggests an increase in atmos-
pheric humidity. Almost all of the air in these regions is saturated with deep
convective inflow, which tends to move upward as the atmosphere warms and
prevails in rainfall activities over the region. The increase in relative humidity
across EA signifies a rise in the airborne water vapor pressure relative to the
amount of water that could be retained as vapor at that temperature. These find-
ings also point to an increase in rainfall across most of the region, particularly in
areas that experienced unusually high rainfall during the 2019 OND period.

Figure 9 shows the geopotential height anomalies for the OND 2019. The
majority of EA region observed a negative geopotential heights anomaly with
strong winds at 850 hPa (Figure 9(a)) resulting in convective atmosphere over
EA. At middle troposphere levels of 500 hPa, the low geopotential height is also
accompanied by strong winds over the central and northern region (the region
located around the Lake Victoria, the whole region of Kenya and Uganda), re-
sulting in the presence of storms or troughs over these regions, while the south
region (the entire region of Tanzania) has a relatively high geopotential height,

OND 2019 rel humidity anomaly

o
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=
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Figure 8. The spatial distribution of season means relative humidity during OND period
2019.
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which indicates an inactive and quiescent atmosphere. At the upper level of the
troposphere, low geopotential height and strong winds caused storms and un-
usual rainfall in the central region (the area around Lake Victoria), while high
geopotential height and positive geopotential height in the north and south
caused ridges and little rainfall in those regions.

Figure 10, illustrated in the vertical velocity composite plotted at various le-
vels of the troposphere, confirms our result; the majority of East Africa’s regions
depicted negative vertical velocity anomalies. The anomalous low vertical veloc-
ity indicates that the clouds and the extreme rainfall are caused by negative
anomaly air rising. The majority of East Africa’s regions often show that nega-
tive vertical velocity anomalies led to unusual rainfall over the area. If moisture
is present, areas with large negative values of vertical velocity anomalies will ex-
perience heavy rainfall. In the central region, high negative values of vertical ve-
locity are associated with high values of humidity, which led to abnormal rainfall
occurring over East Africa. The upward motion of air over the Indian Ocean and

the downward motion of air over the nearby continents create numerous vertical

(a)OND 2019 Geopot anom at 850hPa (b)OND 2019 Geopot anom at 500hPa (c)OND 2019 Geopot anom at 250hPa

s~ R

Figure 9. The geopotential height state during the period of OND 2019 seasonal at the different levels (a) 250 hPa (b) 500 hPa (c)
925 hPa.
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Figure 10. The vertical velocity anomalies with mean wind for the period of OND 2019. (a) at the level of 850 hPa; (b) at the level
of 500 hPa; (c) at the level of 250 hPa.
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(a) OND 2019 vorticity at 850hPa
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circulations that impact rainfall over the EA and the African continent (KIDSON,
1977; Lyon, 2020)

Figure 11 shows the estimated vorticity anomalies at various levels over the
timeframe of OND 2019. In the north hemisphere, the vorticity anomalies are
negative and contribute to the enhanced rainfall over the northern part of the
EA; the positive vorticity at various levels is linked to storms or anti-cyclones at
higher altitudes and tends to correspond with troughs in the geopotential height
field. Positive vorticity tends to correspond with ridges in the geopotential
height field and is linked to calm weather. The positive vorticity anomaly is lo-
cated over the south hemisphere over EA, which was increasing from the surface
to the upper levels, causing the upper atmosphere to become more dynamically
unstable, and the arising wind moves upward in vertical motion, resulting in
more activities of rainfall over the south hemisphere. The negative vorticity
anomaly over the north hemisphere results in convective atmosphere in the in

the East Africa region.

(b) OND 2019 vorticity at 500hPa (c) OND 2019 vorticity at 250hPa
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Figure 11. The velocity potential anomaly over the OND seasonal is increasing in East Africa.

4. Discussion

East Africa is one of the parts of Africa with very high rainfall rates due to its lo-
cation in the tropical zone as mentioned above. The short OND period rainfall
shows notable temporal and geographical variation over this century because of
global synoptic climate variables that regulate the rainfall across East Africa
(Endris et al., 2019; Kolstad & MacLeod, 2022; Ongoma, Chena, & Gaoa, 2018).
Numerous studies examined other driving systems, such as IOD, ENSO, and
others (Latif et al., 1999; Nyenzi, 1988; Ropelewski & Halpert, 1987), but were
not aware of Nino 3.4, Nino 3, Nino 4, PDO, and NTA. All of them were taken
into consideration during this investigation in order to conduct additional anal-
ysis. For a deeper analysis of the exceptional rainfall of OND 2019, additional
features like sea surface temperature, zonal and meridional wind, relative hu-
midity, geopotential height, vertical velocity, and vorticity were examined. The
results showed above-normal rainfall during the OND period, with most regions

receiving significant amounts of rainfall, as other studies mentioned (Kebacho,
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2022; Nicholson et al., 2022; Wainwright et al., 2020), and (Chang’a et al., 2020).
However, some regions had normal rainfall below 400 mm/season due to the
dispersal of this extreme rainfall. The OND 2019 is twice or three times greater
than the climatological rainfall observed over some regions of East Africa.

It was determined how several driving systems, including the Indian Ocean
Dipole (IOD), El Nino South Oscillation (ENSO), Nino 3.4, Nino 3, Nino 4, Pa-
cific Decadal Oscillation (PDO), and North Tropical Atlantic (NTA), affected
rainfall in East Africa. The findings indicate a strong correlation between East
African OND rainfall and driving systems, including IOD, Nino 3.4, Nino 3, and
Nino 4, while ENSO has a negative correlation. Due to the fact that the majority
of EA regions have a large positive association between IOD and OND rainfall,
the effect of IOD on OND rainfall can typically be significant and high com-
pared to other global synoptic systems. This was confirmed by the strongest
correlation between IOD and OND rainfall with a high and significant value, as
the correlation values of other driving systems are fear. It is documented that
IOD has an extreme impact on rainfall during short rainfall (Chang’a et al,,
2020; Ratna et al., 2021). There is a high correlation between 10D and OND
rainfall in 2019, unlike the year 1997, which indicates a high correlation between
both IOD and ENSO and OND rainfall in 1997. The association between EA
rainfall and sea-surface temperatures is well documented; several studies have
examined this relationship and found that Indian Ocean SSTs significantly in-
fluence rainfall variability in East Africa (Doi et al., 2022; Pohlmann & Latif,
2005). The results confirm this association, as the west half of the Indian Ocean
exhibits large sea-surface temperature positive anomalies and a significant posi-
tive correlation, particularly for the region enclosed by different driving systems.
Typically, rising sea surface temperature anomalies across the western Indian
Ocean are a signal of a positive IOD condition, which in turn causes rising rain-
fall activity over the East Africa region. The wind is a key parameter for analyz-
ing extreme weather events, as the convective atmosphere is displaced by the
wind (Blau & Ha, 2020). The strong southeasterly winds from South Indian
sub-tropical anti-cyclones cause an increase in rainfall in the sub-tropical region
of Africa, and EA received high rainfall. This confirms (Mahlobo et al. 2019) that
the south-west of the Indian Ocean is a major source of moisture for the subcon-
tinent. This trade wind is associated with the strong low-level Easterly jet over
Africa, which was generating easterly waves in regions of low atmospheric pres-
sure that have high intensity (Zivi¢, 2021). For OND 2019, the strong anomalous
southeasterly winds from the Indian Ocean strike the majority of the EA as, cli-

matologically, the warm and moist air is moved far away to the EA.

5. Conclusion and Recommendation

This study assessed the driving systems linked to the seasonal rainfall variability
throughout the October, November, and December (OND) period in order to

identify the actual drivers that cause excessive rainfall over East Africa at the
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time of OND 2019. Typically, our process considers seven driving systems in
order to determine which driving system has the most effect on the OND rainfall
in 2019.

The findings of the influence of driving systems on OND seasonal rainfall
vary based on rainfall records, with strong correlations for high rainfall and fair
correlations for low rainfall. In general, the entire region of East Africa has a ra-
tional positive association with OND rainfall, and these driving systems over the
region located around Lake Victoria, south of Uganda, and northwest of Tanza-
nia (region A) and the region located in the center and south of Kenya (region
B) exhibit a considerable positive correlation with nearly all driving systems.

The driving systems that have the greatest influence on OND 2019 are IOD,
as evidenced by its high correlation coefficient and the SST results. The wind
component developed with positive values throughout the OND 2019 period
covers the majority of East Africa and delivers warm and wet winds over the
region. Relative humidity, geopotential height, vertical velocity, and vorticity
all have anomalous values that are indicative of a convective atmosphere,
which raises the probability of receiving above-normal rainfall during the
OND 2019 period. The outcomes of this paper will help to gather more infor-
mation on the global synoptic climate systems to better improve predicting the
occurrence of extreme rainfall, which enhances weather forecasts as input to
the development of adaptation measures to mitigate flood and landslide ef-
fects. We urge further studies that can deepen the research on rainfall shortag-
es throughout the OND season.
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