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Abstract

This study revisits teleconnections associated with the anomalous events of September to November 
(SON) rainfall over Uganda during 1981-2019, owing to the recent intensification of extreme events.
Empirical Orthogonal Function (EOF), Composite and Correlation analysis are employed to exam-
ine the variability of SON rainfall over the study domain and associated circulations anomalies. The-
first EOF mode (dominant mode) displays a positive monopole pattern and explains 67.2% of the vari-
ance. The results revealed that SON rainfall is largely influenced by a Walker circulation mode over the 
Indian Ocean, whereby, wet events are associated with an ascending limb of the Walker circulation on 
the western part of the Indian Ocean characterized by convergence at low levels and divergence at up-
per level. The study showed that SON rainfall is positively (negatively) correlated with Indian ocean (At-
lantic Ocean) sea surface temperatures (SST). Furthermore, Indian Ocean Dipole (IOD) events have 
impact on SON rainfall with strong positive correlation, whereas Southern Oscillation Index (SOI) re-
vealed negative correlation. The results also reveal that there is a lag in ENSO and IOD episodes during 
wet/dry events over the region. ENSO and IOD also tend to extend the rainfall season of SON and thus 
study of extreme events may not be well captured by studies focusing on SON. Future studies might 
consider the season of October to December or December to February. These phenomena need to be 
closely monitored and considered when making seasonal forecasts.
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Introduction

Uganda is an agricultural country and the economy 
largely depends on rainfed agriculture. Abnormal oc-
currences in rainfall have far-reaching effects on com-
munity livelihoods (GOU, 2015). Rainfall over the re-
gion exhibits high spatial and temporal variability. 
This is attributed to the complex topography, vary-
ing vegetation patterns and large inland water bod-
ies which regulate the local climate (Basalirwa, 1995; 
Ogwang et al., 2014). Rainfall over the region is most-
ly influenced by the equatorial rain band which os-
cillates northwards and southwards throughout the 
year (Nicholson, 1996; 2018). This convergence zone 
over the region is twice a year, thus resulting into bi-
modal rainfall patterns over the study domain. The 
long rains occur between March to May (MAM) and 
short rains between September to November (SON) 
(Basalirwa, 1995). However, this tends to a unimod-
al pattern for areas away from the equator. Other fac-
tors influencing rainfall over the region include west-
erlies from Congo basin, monsoons, anticyclones; the 
Mascarene High, Arabian High, Azores High and the 
St Helena High, sea surface temperature (SST) anom-
alies, El-Nino Southern Oscillation (ENSO) and Indi-
an Ocean Dipole (Saji et al., 1999; Indeje et al., 2000; 
Ogwang et al., 2012; 2015).

Extreme weather events in form of droughts and 
floods have been reported over the region by previous 
studies (Ogwang et al., 2015; Nicholson, 2017; Ojara et 
al., 2020). These are as a result of below normal, above 
normal or changes in onset, frequency, duration, and in-
tensity of rains in different seasons. This has posed pro-
nounced consequences on the population. Past studies 
have reported an observed decrease in rainfall during 
MAM season and an increase during SON (Nsubuga 
et al., 2014; 2017; Egeru et al., 2019; Ngoma et al., 2021). 
Nevertheless, SON rains have exhibited higher interan-
nual variability as they are reported to be more influ-
enced by global teleconnections (Saji et al., 1999; Ongo-
ma et al., 2015). Therefore, a clear understanding of the 
various mechanisms regulating the short rains of SON 
is paramount so as to improve on seasonal climate fore-
casts for disaster mitigation and adaptation.

Over the Greater Horn of Africa, various stud-
ies have been conducted to investigate the mecha-
nisms influencing climate over the region (Indeje at 
al., 2000; Hastenrath et al., 2004; Williams & Funk, 
2011; Manatsa et al., 2012; 2014; 2015; Ongoma et al., 
2015; Nicholson, 2017; 2018; Ayugi et al., 2018). A ma-
jority of these studies also focused on the short rains 
due to its higher interannual variability (Hastenrath 
et al., 2004; 2011; Manatsa et al., 2014; Ogwang et al., 
2014). Hasternrath et al. (2011) reported that the short 

rains are mostly influenced by a zonal vertical cir-
culation cell in the central equatorial Indian Ocean 
known as the Walker circulation. Numerous studies 
demonstrate that the most important physical mech-
anism in the variability of the short rains is the inten-
sity of this cell, with the low-level westerlies playing a 
fundamental role inmodulating this cell (Mutai et al., 
2012; Limbu &Tan, 2019). It is noted that strong west-
erlies are favoured by a steep eastward pressure gradi-
ent and abnormally weak trade winds in theSouth In-
dian Ocean (Nicholson, 2017). The weakening of the 
equatorial westerliesacts to reduce the subsidence over 
East Africa.Warm SSTs in the west and cold SSTs in 
the east are associated with a weakenedWalker circu-
lation over the Indian Ocean.

On the other hand, some studies link anomalous 
wet events of the short rains to effects by the Pacific 
Ocean (ENSO) (Nicholson & Kim, 1997; Indeje et al., 
2000). It is reported that short rains are enhanced dur-
ing El-Nino years and reduced during La-Nina years.
According to Nicholson (2015), ENSO is well correlat-
ed with parameters over the Indian Ocean that mod-
ulate the short rains, such asthe low-level and upper-
level zonal winds. It is noted that a higher phase of 
Southern Oscillation (SO) weakens south easterlies 
from the Indian Ocean and lowers pressure over the 
eastern Indian Ocean. It is documented that ENSO-
plays a significant role in determining the monthly 
and seasonal rainfall patterns in the East Africanre-
gion (Black et al., 2003; Nicholson & Kim, 1997).Most 
of these studies were carried out over the entire East 
Africa or Greater Horn of Africa and a few focused-
on Uganda. Thus, they do not capture well the local-
ized patterns and the local circulations involved over 
Uganda.

The recent decades have witnessed an intensifica-
tion of anomalous events over the study region com-
pared to the last 50 years of observed climatology. 
For instance, the 2019 short rains over Uganda were 
considered the most pluvial year observed, affecting 
thousands of people and destroying the societal in-
frastructure (ReliefWeb, 2020). The need for accurate 
forecasting as a way of minimizing the losses remains 
a paramount process. Towards the detected signature 
event in 2019, the Climate Outlook Forum (COF53) 
attributed the events to several factors. They were as 
follows: the forecasted warmer positive phase of IOD, 
the Neutral ENSO conditions in the central and east 
pacific Oceans, and dynamical factors, among others 
(UNMA, 2019). The extensive probabilistic features 
for predictions of the exact cause could be attribut-
ed to the deficiency in understanding the teleconnec-
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tion’s patterns influencing the seasonal rainfall. Re-
cent studies have pointed to these new phenomena 
that affect the rainfall variation over the larger East 
African region but no studies conducted over Ugan-
da, despite the large spatial variance (Finney et al., 
2019; Wainwright et al., 2020). For instance, the ef-
fect of Madden-Julian Oscillation (MJO) and the pres-
ence of tropical cyclones in the Western Indian Ocean 
(WIO) has been detected to contribute to the recent 
climate extremes. Another recent study by Ogwang 
et al. (2014) assessed circulation anomalies of October 
to December extreme rainfall and covered whole East 
Africa. Furthermore, Ogwang et al. (2016) pointed out 

that there was an abrupt change in SON rainfall over 
Uganda during 1994. Thus, with the expected changes 
in climate, there is call for the need to revisit the possi-
ble mechanisms influencing the SON short rains over 
Uganda for accurate weather and climate prediction.

This study therefore sought to investigate the mech-
anisms influencing short rains over Uganda in the re-
cent decades (i.e.,1981 – 2019) and fill in the gap by 
past studies. Section 2 gives a brief description of the 
study domain, the data and methods employed in the 
study. Section 3 presents the findings and discussions 
of the study. Lastly section 4 gives the summaryand 
presents possible recommendations.

Study Area, Data and Methods

Study Area
Uganda is located in East Africa and stretches from 
29.2ºE–35.2ºE and from 1.5ºS–4.5ºN (Fig. 1). It is a 
landlocked country bordered by South Sudan in the 
North, Kenya in the East, Democratic Republic of Con-
go (DRC) to the West and Rwanda and Tanzania in the 
South. The country comprises of complex topography 
ranging from low lying areas in the north west, mid-
dle terrain in the central to high lands and top moun-
tains in the south west (Mts Rwenzori and Mufumbi-
ra), and north east (Mts Elgon and Moroto). Various 
water bodies also cover up some parts of the country 
including Lakes Victoria, Kyoga, Albert, Edward and 
George and rivers including the world’s longest riv-
er, River Nile. The climate of region is equatorial with 
tropical forests rain forest such as Mabira Forest. All 
these physical features regulate climate over the region 
through local induced convection. As mentioned earli-
er in the introduction section, the climate over the re-
gion is mostly influenced by the tropical rain belt which 

oscillates from north to souththroughout the year (Ba-
salirwa, 1995; Nicholson, 2018).

Data

Observed datasets
Station data over Uganda has many discrepancies 
(Sylla et al., 2012). This is due to the sparse distribu-
tion of ground stations and unreliability of equipment. 
This study therefore used monthly rainfall estimates 
from the Climate Hazards Centre for Infrared Precip-
itation with Station data(CHIRPS) (Funk et al. 2015) 
as a reference to observed data from 1981 to2019 rel-
ative to the starting period of the datasets. The data 
is available on http://https://www.chc.ucsb.edu/data/
chirps.The CHIRPS rainfall data version 2 (CHIRPS.
v2) blends 0.05° resolution satellite imagery with in-si-
tu measurements toproduce a gridded value from 1981 
to present. CHIRPS has been evaluated and utilized 
by a number of studies over East Africa (Dinku et al., 
2018; Ayugi et al., 2019; Ngoma et al., 2021).

Reanalysis Datasets
The study employed ERA5 reanalysis dataset 
(C3S,2017) at 0.25° × 0.25° horizontal resolution for 
winds (zonal u and meridional v), vertical veloci-
ty and specific humidity at 850 hPa and 200hPa for 
comparison with large-scale circulation.ERA5 isthe 
5th generation product available from the European 
Centre for Medium-Range Weather Forecasts (ECM-
WF).Winds at 850 hPa (200 hPa) was selected because 
these are linked to low-level (high-level) wind conver-
gence (divergence) that has direct influence on rainfall 
trends over the study region.

Variables of mean sea level pressure and velocity 
potential were obtainedfrom the National Centers for 
Environmental Prediction–National Center for At-
mospheric Research (NCEP–NCAR) from https://psl.

Figure 1. Location of Uganda in Africa along longitudes 
29.2oE and 35.2oE, and latitudes 1.5oS – 4.5oN. Also 

indicated include the presence of physical features, water 
bodies and elevation in meters (m).

https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.htmlat
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noaa.gov/data/gridded/data.ncep.reanalysis.htmlat at 
2.5°resolution. Version 5 sea surface temperature was 
obtained from National Oceanic and Atmospheric Ad-
ministration/National Climatic Data Center, NOAA 
NCDC at http://iridl.ldeo.columbia.edu/SOURCES/.
NOAA/.NCDC/.ERSST/.version5/.sst for the same study 
period 1981-2019. The study further utilized Southern 
Oscillation Index (SOI) and Dipole Mode Index (DMI) 
datasets to investigate the influence of ENSO and Indi-
an Ocean Zonal Mode on SON rainfall over Uganda. 
These indices were obtained from NOAA at https://psl.
noaa.gov/gcos_wgsp/Timeseries/.

Methods
The study employed various methods like Empirical 
Orthogonal Function (EOF), composite analysis, stu-
dent t-test and simple correlation.EOF is used to in-
vestigate the variability of a single field of climatic data 
(Lorenz, 1956).The variability in the time evolving field 
is broken down into a few standing oscillations and a 
time series (Principal Component) for each oscilla-
tion. The first EOF is the leading mode and points to 
thedirection in which the data vectors jointly display 
the most variability. The secondeigenvector is perpen-
dicular to the first eigenvector, which is perpendicu-
lar to the thirdeigenvector and so on, thus called the 
empirical orthogonal function analysis. Well correlat-
ed data may be defined by a small number of orthog-
onal functions andtime coefficients, corresponding 
to the variances in theirspatial and temporal distri-
bution (Bjornsson &Venegas, 1997). EOF is used in 
this study to show the dominant modes ofvariabili-
ty of SON rainfall over the region. This technique has 
been employed by a numberly of studies across East 
Africa (Ogwang et al.,2012; Ayugi et al., 2018;Limbu 
&Tan,2019).The data used is normalized in order to 
prevent areas andseasons of maximum variance from 
dominating the eigenvectors. Thestandardized rain-
fall anomaly (z) is computed as shown in equation 1.

Anomaly = X − X
σ  

(1)

• where X is the SON mean rainfall, X is the long-
term SON mean rainfall and σ is standard devia-
tion of SON rainfall.

The composite analysis involves identifying and av-
eraging different fields of a variable selected accord-
ing to their association with key conditions.Com-
posites were separately analyzed for Mean sea level 
pressure, winds, moisture flux convergence, vertical 
velocity, and velocity potential. This method was used 
to detect circulation patterns associated with anoma-
lous events of wet and dry years. Wet (dry) years are 
defined by values of >1 (<1) standard deviation from 
the time series of the principal component (PC) of 
the dominant mode of EOF as explained in studies by 
Dommenget and Latif (2002) and Makkonen (2006). 
The results of the composites are used to generate hy-
potheses for patterns associated with individual sce-
narios variability.

The composite variables were tested for statistical 
significance using the t-test (when one or both groups 
have a sample size of less than 40). The equations for t-
test are as shown in equation 2 and 3.

t = x1 − x2

Sx1−x2  
(2)

Sx1−x2 =
(n1 −1)

n1 +n2 − 2
S1
2 + (n2 −1)S2

2 1
n1

+ 1
n2

⎡

⎣
⎢

⎤

⎦
⎥

 
(3)

• where x = mean.
• S = standard deviation.

The calculated values of t were compared with 
those of the theoretical distribution with N-2 degrees 
of freedom at different significance levels. If the calcu-
lated value of tis less than the theoretical value, then 
the significant area identified. Lastly, correlation anal-
ysis for Pearson correlation coefficient was employed 
to study the relationship between SON rainfall and 
SST, SOI and DMI. The simple correlation has two im-
portant properties. First, it is bounded by -1 and 1, i.e., 

-1 <CC< 1.When the value of correlation coefficient +1 
or –1, it indicates a perfect positive or negative correla-
tion between thegiven pairs of variables, respectively. 
The square of the correlation coefficient represents th-
eportion of the variability of one of the two variables 
that is linearly accounted for or explained by theother.

Results and Discussions

Spatiotemporal variability
Figure 2 shows standardized precipitation anoma-
lies for SON rainfall based on CHIRPS data during 
1981–2019 over Uganda. High interannual and inter-
decadal variability is shown over the region with al-
most equal number of wet and dry events. 19 years 

exhibited wet patterns whereas 20 years experienced 
dry precipitation anomalies. Significant anomalous 
events with standardized anomaly of >(<) 1 occurred 
during 2011,2012, 2019 (2005, 2009).Previous studies 
have attributed these anomalous events to the dipole 
mode influence of the Indian Ocean sea surface tem-

https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.htmlat
http://iridl.ldeo.columbia.edu/SOURCES/.NOAA/.NCDC/.ERSST/.version5/.sst
http://iridl.ldeo.columbia.edu/SOURCES/.NOAA/.NCDC/.ERSST/.version5/.sst
https://psl.noaa.gov/gcos_wgsp/Timeseries/
https://psl.noaa.gov/gcos_wgsp/Timeseries/
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peratures (Saji et al., 1999; Manatsa et al., 2012). Wet 
(dry) events are associated with positive (negative) In-
dian Ocean dipole. Other studies link the interannu-
al variation of SON rains to El Niño Southern Oscilla-
tion (ENSO) (Indeje et al., 2000; Ntale and Gan 2003). 
This is also reflected by the present study with El Niño 
years coinciding with wet anomalous events of 2010 
and 2012 and La Niña years with dry events of 2005, 
2009. However, some years reported by previous stud-
ies as El-Nino and La- Nina are not reflected in the 
wet and dry years. An example is 1996-1997 which 
was a strong El-Nino year but depicting slightly above 
normal rainfall in Figure 2. This could be attributed 
to the characteristic of the episodes as reported by a 
study (Hoell et al., 2014) which found that the short 
rains are generally reduced during La Niña but that 
the degree and spatial consistency of the reduction de-
pends on the nature of the episode. Nicholson et al. 
(2001) also found that the impact of La Niña/El Niño 
materialized only when cooling/warming of thetrop-
ical Indian and Atlantic Oceans occurred in conjunc-
tion with the episode. These events are also known 
to prolong the rainfall season of SON sometimes ex-
tending it to January. An example is the heavy rains of 
2019 that resulted into flooding and landslides in var-
ious parts of the country. The rains started late Octo-
ber and persisted till mid-January 2020 in most parts 
of the country (ReliefWeb, 2020). This usually leads 
to destruction of property, damaged infrastructure, 
poor transport conditions, and increase in food prices. 

Furthermore, the spatiotemporal variability of 
rainfall during SON season was assessed using EOF. 
Figure 3 (a, b, c) shows the spatial component of the 
first three eigen vectors and the corresponding princi-
pal components (d, e, f). The three modes account for 
99.9 % of the entire rainfall variability over the region. 

Independently they explain 67.2%, 21.8% and 10.9% 
of the total variance. EOF 1 exhibits a monopole var-
iability pattern of entirely positive loading over the 
study domain, with more strong loadings over the 
eastern parts of the country, around Lake Victoria, 
and Lake Kyoga region. This could be attributed to ef-
fect of local meso-scale convection thus the modified 
rainfall patterns. The southwest and north-eastern-
parts of the country exhibit the weakest loadings. The 
first EOF 1timeseries (PC1) captures well the observed 
patterns of interannual variability of rainfall during 
SON season as demonstrated in Figure 2. Anomalous 
events with wet patterns(>1) include 2001, 2011, 2015 
and 2019. On the other hand, years characterized with 
dry patterns (<1) include 1993, 2005, 2009 and 2018.
EOF 2 and EOF 3 display a dipole pattern. EOF 2 ex-
hibits positive loading towards the eastern part and 
negative loading to the west. However, EOF 3 shows 
positive loading to the north and negative loading to 
the south of the study region.The timeseries of the sec-
ond and third modes (PC 2 and PC 3) do to not cap-
ture well the observed rainfall patterns over Uganda.
Thus, this study used PC 1 of the first and dominant 
mode for identifying wet and dry years with stand-
ardized anomaly of +/-1 respectively. The identified 
years are then utilized in composite analysis to in-
vestigate the possible circulations associated with the 
anomalous events. Table 1 shows wet and dry years 
from PC1.These results agree with previous studies by 
Ogwang et al. (2012,2016) conducted over Uganda for 
the period 1962-2007, 1901 – 2013 respectively. How-
ever, some differences are exhibited in these studies 
in the percentage variance explained by the dominant 
modes of the EOFS. One study that utilized ground 
station datasets depicted low percentage (24%) by the 
EOF compared to the other that employed gridded 
datasets from the Climatic Research Unit (CRU). This 
could be attributed to the uneven distribution of sta-
tion over the study domain. There is also controversy 
in the years between revealed as wet and dry years in 
the recent study and previous studies (Ogwang et al., 
2012; Ogwang et al., 2014; Ogwang et al., 2016). The 
results reveal that some the years reported in previ-
ous studies as El-Nino and La-Nina years were not re-
corded as extremely anomalous years. This could be 
attributed to the differences in season as some studies 
focused on October to November rainfall season and 
also probably inability of gridded datasets to accu-
rately reproduced interannual variability of observed 
rainfall over the region. 

Circulations associated with wet and dry years
Circulation characteristics are important in depic-
tingthe dynamical factorsassociated with the ob-
served weather eventsfor predicting future weather 

Figure 2. Standardized anomalies of mean SON rainfall 
(mm/month) over Uganda during 1981-2019 based on 

CHIRPS datasets averaged along longitudes  
29.2oE–35.5oE and latitudes 1.5oS–4.5oN
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Figure 3. EOF distribution of the first three dominant modes (a, b, c) and Principal components (d, e, f) of SON rainfall over 
Uganda during 1981-2019 based on CHIRPS data. The first mode represented 67.2 % of the SON rainfall over the region
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patterns. This study analyzed mean sea level pressure, 
wind, moisture flux, vertical velocity and velocity po-
tential.

Pressure systems,wind and moisture flux
Figure (4a, b, c) shows mean sea level pressure anom-
alies during wet, dry and wet-dry years. During wet 
years (Fig. 4a, c), the Arabian high-pressure system 
strengthens and is situated over Sudan. The Mas-
carene High over the south Indian Ocean on the other 
hand weakens. This positions the rain band over the 
study region, and is accompanied by north westerlies 
and westerlies from Congo and easterlies from the In-
dian Ocean (Fig. 5a, e). In contrary during dry years 
(Fig. 4b), the Arabian high weakens and the Mas-
carene High intensified. The ridging is extended over 
some parts of East Africa and thus moving the loci of 
cloud clusters associated with westward propagating 
tropical wave disturbances above the region. This re-
sults to weak westerlies towards the study region. As 
noted by previous studies including Mutai et al. (2012) 
and Defzuli and Nicholson., (2013), strong wester-
lies are favored by a steep eastward pressure gradient 
and abnormally weak trade winds in theSouth Indi-
an Ocean.

Figure (5a, b,c,d,e,f) shows wind anomalies during 
wet, dry, and wet-dry years at 850 hPa and 200 hPa.
At the lower level (850 hPa), wind is generally weak 
and strong at higher level (200 hPa). During wet years, 
moist westerlies from Congo are observed in conjunc-
tion with easterlies from the Indian Ocean. This is 
accompanied by strong easterlies at upper level.The 
winds blowing from the Congo forest in DRC are gen-
erally warm and moist with high speed, and thus they 
likely contribute to the observed above-normal rain-
fall during wet years. The flow converges at lower lev-

Table 1. EOF 1 for wet and dry years based on PC 1 for SON rainfall over Uganda between 1981–2019 wherez represents 
standardized anomaly.

Season Grades years Condition: Anomaly (z) Occurrence (%)

SON Above normal rainfall (wet) 2001, 2011, 2015, 2019 z> 1 10.3

Below normal rainfall (dry) 1993, 2005, 2009, 2018 z< 1 10.3

Normal rainfall 1981, 1982, 1983, 1984, 1985, 1986, 1987, 
1988, 1989, 1990, 1991, 1992, 1994, 1995, 
1996, 1997, 1998, 1999, 2000, 2002, 
2003, 2004, 2008, 2007, 2008, 2010, 
2012, 2013, 2014, 2016, 2017

1 <z> 1 79.4

Figure 4. Mean sea level pressure anomalies (hPa) 
during (a) wet years, (b) dry years and (c), Wet-Dry years 
based on NCEP reanalysis datasets over Uganda for the 
period 1981-2019. The shaded area is significant at 0.1 

significance level

Figure 5. composites of wind anomalies (m/s) at 850hPa 
(a) and 200 (c) for wet years,850hPa (b) and 200 hPa (d) 
for dry years and, 850hPa(d) and 200hPa (e) of wet-dry 

years for SON rainfall season over Uganda based on 
CHIRPS and ERA5 data for the period 1981-2019. The 

shaded area is significant at 0.1 significance level
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els and diverges at higher levels, thus wet years are 
marked by rising motion to the western part of the In-
dian Ocean and the study area.In contrary, dry years 
are characterized by weak westerlies and south easter-
lies from the Indian ocean without convergence at low 
level. The southeasterlies originating from the Indian 
Ocean weakens considerably when passing the Ken-
ya and Tanzania highland before entering in Ugan-
da. At upper level, strong westerlies are observed with 
convergence over the Indian ocean. This reduces wa-
ter vapor transportation and lowers convection.

Composites of mean moisture flux for wet and dry 
years is shown in Figure 6. The results reveal that 
there is more positive anomaly (moisture conver-
gence) and convergent winds during wet years than 
dry years (Fig.6a). Having sufficient moisture cou-
pled with low-level convergence over the study area 
results to ascending motion and enhanced convec-
tion which later favours anomalous rainfall (anoma-
lous wet condition). During the dry years, the anom-
alous moisture divergence (negative anomalies) at 
the lower leveldominates in the region (Fig.6b). With 
low-level divergence and inadequate influx of low-
level moisture over the study area, convection is sup-
pressed leading to less rainfall and dry condition. 
However, moisture divergence is depicted in some 
parts of the country in the north and around lake re-
gions during both wet and dry years. This is attribut-
ed to mesoscale effect of orography and convection 
from the water bodies.

Vertical velocity and velocity potential
Figure 7 shows composites of vertical velocity anom-
alies averaged at a fixed longitude (32oE) for wet, dry, 
and wet-dry years. Figures (7a, c) reveal that wet years 
are characterized by ascending motion at low lev-
el.This is accompanied by the uplifting airon moun-
tains which favors cloud formationand hence precipi-
tation. However, some descending motion is shownin 
northern areas above 2oN. This could be attributed to 
complex topography which might induce downdrafts 
at low levels (Ogwang et al., 2014). Dry years on the 

other hand are associated with descending motion 
at low levels thus subsidence (Fig. 7b). The northern 
part and areas around the equator are characterized 
by negative(positive) anomalies at low (mid to high) 
levels of the studyarea. This implies that only shallow 
uplift persists over these areas, while the remainingar-
eas experienced subsidence motion and less rainfall.

Figure 8 represents velocity potential anomalies 
during wet, dry, and wet-dry years. The results reveal 
that wet years are characterized by positive velocity 
potential anomalies and convergence at low level over 
the western Indian ocean and East Africa (Fig.8a). 
This is accompanied by negative velocity potential and 
wind divergence at higher levels (Fig.8c), which repo-
sition the ascending limb of the Walker Circulation. 
This is completed by the descending limb in the east-
ern part of the Indian Ocean. Dry years are contrari-
ly associated with negative values and a high centre of 
divergence over East Africa at low level (Fig.8b). This 
is accompanied by convergence at upper level (Fig.8d) 
and thus a descending limb of the Walker circulation. 
These results are in agreement with previous studies 
conducted including Ogwang et al. (2012), Nichol-
son et al. (2017), Ayugi et al. (2018) and Limbu &Tan 
(2019).

Correlation of rainfall with SST
Simple correlation analysis was done to establish 
the relationship between SON rainfall over Ugan-
da and sea surface temperature. The results reveal 
that SON rainfall and SST over the western Indian 
Ocean (WIO) tend to positively correlate (Fig. 9a). 
This is further depicted by temporal correlation be-
tween the two variables where a correlation coeffi-

Figure 6. Moisture flux convergence (10-5 g kg-1 s-1) at 850 
hPawhere positive values representpositive moisture flux 

convergence during wet years (a) and dry years (b)

Figure 7. Vertical velocity (omega) anomalies during (a) 
wet years, (b) dry years and (c) wet-dry years at fixed 

longitude[32°E]. Negative (positive)values indicate 
upward (downward) motion. Contour intervalis 0.01 and 

units are in Pas−1.The shaded area is significantat 0.1 
significance level
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cient of 0.37significant at 0.05 significance level is 
shown (Fig. 9b).The positive anomaly inthe western 
part of the Indian Ocean enhances convectiveactiv-
ity and rising motion from the lower level, which-
facilitates the moisture transport to the study area 
andhence results in precipitation. However, negative 
correlation is displayed with SST across the Atlantic 
Ocean (AO) (Fig. 9c, d). Weak positive correlation is 
only depicted by small parts of the Atlantic Ocean. 
These results are in agreement with previous studies 
including Saji et al. (1999) and Ngarukiyimana et al. 
(2017) over East Africa. However, a stronger positive 
correlation with Indian Ocean SST is revealed by the 
present study compared to the findings of Ngarukiy-
imana et al. (2017) which correlated SST with MAM 
rainfall. Cross correlation was performed for rain-
fall and SST temperature over Indian and Atlantic 
Ocean (Figure 10a &b). The results reveal that there 

is a strong correlation between rainfall and SST 
over WIO and AT when warm SST anomalies lags 
6 months i.e during the previous MAM season and 
when warm SST anomalies leads 3 months. A strong-
er and more pronounced correlation is shown when 
the rainfall season is extended i.e October to Decem-
ber instead of SON (Figure 10 c&d). In addition, the 
standard deviation of the wet and dry years in the 
study period is exhibited 1997 which was a strong 
El-Nino year captured well. These results thus reveal 
that anomalous SST over IO and AO during SON 
impact the SON seasonal rainfall by extending the 
rains to December and the following months which 
(December to February) which is normally a dry sea-
son over Uganda. 

Figure 8. Composite of velocity potential 
anomalies(contours in 106m2s-1) and divergent 

winds(vectors in ms-1) at 850 hPa (a, b) for wet and 
dry years, 200 hPa (b, c) for wet and dry years and 850 
hPa (e) and 200 hPa (f) for wet-dry years over Uganda 

during 1981–2019. The shaded regions are significant at 
0.1significance level

Figure 9. Correlation between standardized SON rainfall 
anomalies averaged over Uganda and Indian Ocean 
sea surface temperatures (a, b) and Atlantic Ocean 

sea surface temperatures (c, d) from 1981–2019. The 
temporal correlation was obtained by correlating SST 

over Indian and Atlantic Ocean and SON rainfall averaged 
over Uganda between longitudes 29oE-36oE and latitude 
1.5oS – 4.5oN. The dotted regions are significant at 0.05 

significance level

Figure 10. Cross correlation of mean rainfall and sea 
surface temperature averaged over Uganda for Indian(a) 
and Atlantic(b) Ocean, and correlation of OND rainfall 
(one month lead) and SST of Indian (c) and Atlantic (d) 

ocean during 1981-2019
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Correlation of SOI, DMI and SON rainfall
Southern Oscillation Index (SOI) is based on pres-
sure differences between Tahiti and Darwin. It gives 
the intensity of El Niño and La Niña events over 
the Pacific Ocean. Results show that there is nega-
tive correlation of SON rainfall and SOI over most 
parts of Uganda. Positive correlation is depicted by 
small areas in the west and northern parts of the 
country (Fig. 10a). Temporal linear correlation coef-
ficient of -0.13 insignificant at 0.05 significance lev-
elis displayed for SON rainfall averaged over Ugan-
daand SOI. However, stronger positive correlation 
is revealed with DMI (Fig. 10c). Most areas in the 
central and southern parts correlate positively with 
the DMI. The northern and southern parts of the 
country exhibit varying patterns with negative cor-
relation. These results are in accordance with a pre-
vious study by Phillips and McIntyre (2000) which 
reported that ENSO affects the southern parts of the 
country differently from the northern areas. Over-
all, SON rainfall averaged over Uganda exbibits pos-
itive correlation with DMI (0.33), significant at 0.05 
significance level and negative correlation with SOI 
(-0.13) insignificant at 0.05 significance level. These 
findings are in line with previous studies conduct-
ed over East Africa (Saji et al., 1999; Ogwang et al., 
2014; Ngarukiyimana et al., 2017). Figure 12 (a&b) 
represents lead-lag correlation between rainfall and 
SOI (a), DMI (b) during SON for the period 1981-
2019. Correlation with SOI oscillates throughout the 
months and strong negative correlation is revealed 
when SOI leads by 2 and 6 months. A stronger and 
significant negative correlation (-0.36) at 0.05 signif-
icance level is also shown for OND rainfall and SON 
SOI. A strong correlation is shown when DMI lags 
4-3 months than rainfall i.e previous MAM season 
and leads by 6 months (Figure 12b). Results also re-
veal correlation of 0.49 between DMI during SON 
and OND rainfall (Figure 12d). However, this cor-
relation is weaker than that found by Ogwang et al. 
(2015) of 0.6 over East Africa. The weak correlation 
of rainfall and SOI could be attributed to the lag of 
warming in the central and Pacific Ocean compared 
to the western pacific. Latif and Barnet (1995), indi-
cated that during the warm (cold) events in the trop-
ical Pacific, the tropical Indian Ocean was anoma-
lously warm (cold) while the tropical Atlantic was 
cold (warm). Black et al. (2003) postulate that ENSO 
predisposes the Indian Ocean coupled system to an 
Indian Ocean Zonal Mode (IOZM) event and con-
clude that only the large events (those that reduce 

the Indian Ocean SST gradient) can produce ex-
treme rainfall. These results are in agreement with 
a previous study (Mafuru & Guirong, 2020), which 
found that there is a lag in ENSO events and the up-
per warm temperature anomalies responsible for in-
ducing rainfall over East Africa.

Figure 11. Correlation between SON rainfall anomalies 
over Uganda and SOI (a, b) and correlation between SON 
rainfall anomalies averaged over Uganda and DMI (c, d) 

during 1981–2019. The dotted areas are significant at 0.01 
significance level

Figure 12. Cross correlation of SST and mean rainfall 
during SON averaged over Uganda for Indian(a) and 

Atlantic(b) Ocean, and correlation of OND rainfall (one 
month lead) and SST of Indian (c) and Atlantic (d) ocean 

during 1981-2019
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Discussion

With the high spatiotemporal variability of short rains 
of September to November over Uganda, this study 
revisited the mechanisms associated with the anom-
alous events of rainfall during the SON rainfall. EOF 
analysis revealed equal number of wet and dry years. 
Wet (dry) years were depicted during 2001, 2011, 2015 
and 2019 (1993, 2005, 2009, 2018). 

The results demonstrated that the SON rains are 
mostly influenced by a Walker circulation over the 
Indian Ocean. Wet (dry) years are associated with an 
ascending (descending) limb over the western Indi-
an Ocean. This is characterized by the weakening of 
the Mascarene High and strengthening of the Arabi-
an High over North Africa. This allows in westerly flow 
from the Congo basin and this converges with easter-
lies from the Indian Ocean at low level. This conver-
gence is accompanied by divergence at upper level. In-
dian Ocean SST exhibited positive correlation whereas 
Atlantic Ocean SST revealed negative correlation with 

SON rainfall over the region. This implies that fluctu-
ations in SST over the Indian Ocean have a great influ-
ence on SON rainfall over Uganda. In addition, SON 
rainfall displayed positive (negative) correlation with 
DMI (SOI). This agrees with past studies which report-
ed that IOD has more influence on the interannual var-
iability of SON rainfall over Uganda.The results further 
show that there is a lag in ENSO events and anomalous 
wet and dry events of rainfall over the region.

The results of this study are in contribution to the 
understanding of the dynamic and thermodynam-
ics factors responsible for varying patterns of rain-
fall over Uganda in the recent decades.We recom-
mend an in-depth study about the influence of ENSO 
on rainfall over Uganda as this study could not bring 
out deeper analysis. This would help in monitoring of 
these phenomenon and in generating seasonal fore-
casts to various sectors like agriculture, fishing, disas-
ter management.

Summary and conclusion

Rainfall is the key weather parameter over Ugan-
da. Anomalous events affect the country’s economy 
that largely depends on rainfed agriculture. Precipi-
tation over most parts of the country is bimodal with 
long rains received during MAM and short rains dur-
ing SON. However, high interannual variability has 
been witnessed in the short rains which has prompt-
ed some farmers to shift the main growing season to 
this period due to its increased frequency and some-
times duration.

Various mechanisms have been attributed to the 
varying patterns of the SON rains. This study there-
fore investigated the circulations and teleconnection 
mechanisms associated with anomalous events of SON 
rainfall during the recent decades. The results revealed 
that a walker circulation over the Indian Ocean influ-
ences rainfall during this season. Wet years are charac-
terized by the weakening of the Mascarene High, strong 
westerlies from the Congo basin at a low level and di-

vergence of strong easterlies at the upper level. Indian 
Ocean SST also have a big influence on SON rainfall 
over the region compared to Atlantic Ocean SST. In ad-
dition, there exists a strong positive correlation of SON 
rainfall with the DMI. DMI has more effect on rainfall 
over the region than the SOI. Previous studies have also 
reported the same finding that ENSO or Pacific Ocean 
has little contribution to the variability of SON rain-
fall (Omondi et al., 2013; Liebman et al., 2014; Ngaru-
kiyimana et al., 2017). However, a strong relationship is 
revealed when there is lag in the ENSO events.ENSO 
and IOD tend to extend the rainfall season of SON and 
thus study of extreme events may not be well captured 
by studies focusing on SON. Future studies might need 
to consider the season of October to December or De-
cember to February. Thus, close monitoring of Indian 
Ocean SST, wind patterns and the pressure systems; 
Mascarene High and Arabian Highis crucial in the up-
dating of seasonal forecasts.
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