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ABSTRACT
While long-term rainfall trends and related atmospheric dynamics in eastern equatorial
Africa (EEA) and central equatorial Africa (CEA) has been researched over the past several
decades, much less is known about rainfall in western Uganda. This region is considered a
rainfall transition zone between CEA and EEA. Using multiple rainfall and atmospheric datasets,
this study examines the controls of and trends in seasonal rainfall across western Uganda for the
1983-2017 period. Rainy (dry) seasons were characterized by rising (sinking) air and increased
(decreased) specific humidity. In addition, the tropical rain belt existed across CEA and not over
EEA during the western Uganda rainy seasons. And wet days within rainy seasons have
increased westerly flow from the Congo basin. Rainy seasons, especially the first rains, have
gotten longer and wetter in all regions, and these changes are associated with increased rising air
and specific humidity in the middle troposphere.
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1

INTRODUCTION

Understanding the inherent rainfall variability in equatorial Africa is an imperative matter
because rainfall is a decisive climate characteristic on food security and, in turn, the overall
stability of the region. Agriculture, of which 70% of people in East Africa and nearly 60% of
people in Central Africa are actively involved, is the dominant livelihood in equatorial Africa
(AfDB 2011). The agriculture in these regions is predominantly rainfed crop farming (Axberg et
al. 2006; Cooper et al. 2008; Cooper & Coe 2011; Zougmoré et al. 2018). Crop yields are highly
affected by the rainfall variability rather than the absolute amount of rainfall (Shiferaw et al.
2014); therefore, livelihoods and food availability in this region are intimately bound to the
variance of rainfall timing, duration, and quantity (Rosegrant et al. 2002; Rockström 2010). In
addition, technologies and the capacity to deal with unpredictable rains are often not available to
smallholder farmers (Cooper et al. 2008; Bolwig et al. 2009; FAO 2013). Rainfall variability also
impacts livelihoods in other ways; for example, armed conflict is also often preceded by
anomalous rainfall totals (Fjelde et al. 2012; Raleigh & Kniveton 2012). Considering that the
average share of agriculture in GDP reaches 30% in equatorial Africa (Tomšík et al. 2015) and
the region has a high proportion of climate-sensitive smallholder farmers, rainfall variability is
likely to negatively impact on crop yields which then threats the regional economy (Barrios et al.
2010), food security (Funk et al. 2008; Conway et al. 2009; Maitima et al. 2009), and social
stability (Hendrix & Glaser 2007; Hendrix & Salehyan 2012).
The spatial variability of rainfall in equatorial Africa is relatively complex. Three general
types of rainfall regimes exist across the region: a humid area with no definitive dry season, an
annual rainfall regime (i.e., one rainy season), and a biannual rainfall regime (i.e., two rainy
seasons) (Herrmann & Mohr 2011; Dunning et al. 2016). The amount of annual precipitation
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typically decreases from west to east across equatorial Africa (Figure 1): much of the Congo
Basin receives over 1,500 mm (Todd & Washington 2004), western Uganda receives between
750 mm and 1,650 mm (Diem et al. 2019), eastern Kenya receives between 700 mm and 900 mm
(Kisaka et al. 2015), and Somalia receives between 400 and 600 mm (Liebmann et al. 2012).
Equatorial Africa is typically divided into Eastern Equatorial Africa (EEA) and Central
Equatorial Africa (CEA). EEA includes eastern Uganda, Kenya, Tanzania, and Somalia
(Monaghan et al. 2012), while CEA exists almost entirely within the Democratic Republic of
Congo and thus contains a large portion of the Congo rainforest (Todd & Washington 2004).
While EEA is relatively dry and most places within EEA have a biannual rainfall regime, CEA
receives more annual rainfall than EEA and does not have an actual dry season (Liebmann et al.
2012; Dunning et al. 2016). Similar to EEA, CEA does tend to have increased rainfall from
March to May and from September to November, yielding two rainfall peaks in a year
(Washington et al. 2013; Dezfuli 2017).

Figure 1. Annual rainfall in Central Equatorial Africa and Eastern Equatorial Africa
This figure is a modified version of the figure 1 in Diem et al. (2014a).
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Rainfall in equatorial Africa is associated with the tropical rain belt and the Congo Air
Boundary (CAB). Rainfall in the tropical rain belt, which over central Africa has often been
referred to incorrectly as the intertropical convergence zone (Nicholson 2018), is mostly
convective in nature (i.e., cumulonimbus clouds) (Nicholson 1996; Schneider et al. 2014). Since
the rain belt migrates across the equator twice per year, it causes the biannual rainfall regimes at
or near the equator (Nicholson 1996; Nicholson, 2000; Kigobe et al. 2011; Dunning et al. 2016).
The rain belt is over equatorial Africa mostly during the equinoctial months; therefore, the rainy
seasons coincide with spring and fall (Nicholson 1996; Dezfuli & Nicholson 2013; Nicholson &
Dezfuli 2013; Washington et al. 2013). The CAB is a confluence zone of unstable air from the
Congo Basin and stable air from the Indian Ocean and (Nicholson 2000; Levin et al. 2009;
Dezfuli 2017). The Congo Basin air mass has mostly recycled moisture from the Congo
rainforest (Costa et al. 2014).

1.1

Rainfall in Eastern Equatorial Africa
The major controls of spatial and interannual rainfall variability in EEA are the CAB and

Indian Ocean sea-surface temperatures (SSTs), respectively. Congo moisture and the associated
CAB, has a large influence on rainfall in western EEA: wet days and wet seasons in the western
portion of EEA such as Uganda, western Kenya, and southwestern Ethiopia are associated with
low-level westerly wind anomalies which contains the moisture from the Congo Basin
(Camberlin 1997; Camberlin & Philippon 2002; Pohl & Camberlin 2006a,b; Williams et al.
2012). Mountainous terrain in western Kenya prevents much Congo moisture from reaching
eastern EEA (i.e., eastern Kenya, northeastern Tanzania, and Somalia), which is much drier than
the western region (Hill 1979; Nicholson 1996; Hastenrath et al. 2011; Tierney et al. 2011;
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Spracklen et al. 2012; Nicholson 2017). All of EEA receives more rainfall during the first rainy
season (i.e., the long rains), which occur during March-May, compared to the second rainy
season (i.e., the short rains), which occur from October-December (Camberlin et al. 2009;
Liebmann et al. 2012). The interannual variability of the long rains is less than that of the short
rains (Nicholson 1996; Camberlin et al. 2009; Camberlin et al. 2010), and the reasons for the
variability in the long rains remains unclear (Pohl & Camberlin 2006b). On the other hand, the
interannual variability in the short rains is modulated by the El Niño–Southern Oscillation
(ENSO) and the Indian Ocean Dipole (IOD) (Indeje et al. 2000; Mason & Goddard 2001;
Tierney et al. 2013; Liebmann 2014). Increased (decreased) rainfall, early (late) onset, and
extremes in rainfall totals are strongly associated with the warming (cooling) phase of ENSO
(Kijazi & Reason 2005; Nicholson 2015). A positive (negative) phase of the IOD followed by
stronger (weaker) easterlies across the central equatorial Indian Ocean brings more (less)
moistures from Indian Ocean and accelerates (decelerates) upward motions due to the increased
(decreased) SSTs, thereby causing more (less) rain in EEA (Hastenrath et al. 2011; Nicholson
2015).
EEA has undergone a long-rains drying trend, and increasing SSTs are hypothesized to
be the main cause. Rainfall during long rains (i.e., boreal spring) has decreased significantly over
the past several decades (Funk et al. 2008; Lyon & DeWitt, 2012; Liebmann et al. 2014; Yang et
al. 2014), with trends ranging from 14 to 65 mm/year per decade for the period 1983 to 2010
(Maidment et al. 2015). The drying trend appears to have been caused by increases in central
Indian Ocean SSTs, which caused a westward extension on the Walker Circulation and, in turn,
more descending air over EEA (Funk et al. 2008; Williams & Funk 2011).
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1.2

Rainfall in Central Equatorial Africa
The controls of rainfall in Central Equatorial Africa (CEA) are less understood than EEA.

In contrast to EEA, CEA is the third most active convection region in the world (Todd &
Washington 2004). And up to 80% of the rainfall in CEA is associated with large storms (i.e.,
mesoscale convective complexes) (Nesbitt et al. 2006; Nicholson & Dezfuli 2013; Washington et
al. 2013). The tropical rain belt and CAB move less over CEA than EEA (Nicholson 1996). A
major feature of CEA are low-level westerlies, and, similar to what has been found for EEA, this
air flow has been associated with wet days in the region (Nicholson & Grist 2003; Dezfuli &
Nicholson 2013; Nicholson & Dezfuli 2013). These winds transport moisture from the Atlantic
Ocean and thus contribute to the development of the tropical rain belt and CAB (Grist &
Nicholson 2001; Nicholson & Grist 2003). Furthermore, the interannual variability of rainfall in
CEA may not be connected with ENSO, unlike EEA (Camberlin et al. 2001; Todd &
Washington 2004; Diem et al. 2014a; Hua et al. 2016).
CEA also may have experienced a drying trend, but there is much less confidence in
rainfall trends in the region compared to EEA. A massive reduction in the number of rain gauges
in CEA over the past several decades (Washington et al. 2013), has made the use of satellitebased estimates vital for assessing rainfall trends (Diem et al. 2019). Results from satellite
products that rely heavily on contemporaneous gauge data show decreasing rainfall trends: from
1979-2014 April-June rainfall may have decreased 77 mm per decade (Hua et al. 2016), from
1983-2010 annual rainfall may have decreased up to 220 mm per decade over large parts of CEA
(Maidment et al. 2015), and from 1979-2004 annual rainfall may have decreased up to 250 mm
per decade (Yin & Gruber 2010). But given that the ground measurements are severely lacking
in CEA (Washington et al. 2013), satellite-based trends in this region from the above products,
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which includes ARC2 (African Rainfall Climatology Version 2) (Novella & Thiaw 2013), might
be artificial (Maidment et al. 2015). On the other hand, data from TARCAT (The TAMSAT
African Rainfall Climatology And Timeseries) (Maidment et al. 2014), which is a satellite-based
product that does not rely on contemporaneous gauge data, has shown that rainfall may have
increased 40 mm per decade from 1983-2008 (Maidment et al. 2015).

1.3

Rainfall in Western Uganda
Western Uganda appears to be a transition zone between CEA and EEA. For example,

studies on CEA rainfall often use the 30º longitude as the eastern boundary of the region
(Nicholson & Grist 2003; Todd & Washington 2004; Diem et al. 2014a), and that longitude is
the approximate longitude of western Uganda. Mean annual rainfall totals in the region are much
higher than totals in EEA as a whole and slightly lower than totals in CEA (Diem et al. 2014a)
The far northern portion of western Uganda has an annual rainfall regime (Monaghan et al. 2012;
Diem et al. 2019), while the rest of the regime has a biannual rainfall regime (Diem et al. 2014b).
Unlike in EEA, the rainfall in boreal spring is less than that in boreal autumn; therefore, the first
rains of the year are called the “short rains” and second rains are called the “long rains” (Hatter
et al. 2012; Diem et al. 2017).
There is considerable debate about whether rainfall has been increasing or decreasing in
western Uganda. Similar to CEA, the number of rain gauges in western Uganda has not been
consistent over time: political instability between 1979 and 1992 caused a large reduction in
gauge-based rainfall totals (Kizza et al. 2009; Christy 2013). And again similar to CEA, results
ARC2 data show the following: annual rainfall may have decreased 70 mm per decade from
1983-2012 in western Uganda (Diem et al. 2014a), and there may have been a 12% decrease in
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annual rainfall for all of Uganda from 1983-2016 (Ssentongo et al. 2018). As expected, based on
the CEA findings, results from TARCAT data shows that rainfall may have increased up to 39
mm per decade from 1983-2010 (Maidment et al. 2015). After adjusting for any drying and
wetting biases in four satellite-based products, annual rainfall in western Uganda has been shown
to have increased between 7% and 16% from 1983-2016 (Diem et al. 2019). The wetting trends
in rainy seasons and drying trends in dry seasons were found using TARCAT data and CHIRPS
(Climate Hazards Group InfraRed Precipitation with Stations) (Funk et al. 2015) data from 19832016 and 1997-2016, and farmers have been perceiving this increase (Salerno et al. 2019).
Little research has been conducted on the controls of rainfall in western Uganda. Studies
mostly have focused on a larger geographic scale that includes western Uganda; examples
include Kenya and Uganda (Otieno & Anyah 2013; Ongoma et al. 2018), eastern Africa
(Nicholson 2017), the Greater Horn of Africa (Williams et al. 2012; Nicholson 2014), or CEA
(Nicholson & Dezfuli 2013; Dezfuli & Nicholson 2013). What is known about western Uganda
is that westerly winds transporting moisture from Congo basin are likely to be an important
feature of rainfall, because the positive association of the rains with the moisture flux from
Congo basin has been detected in northern Uganda during boreal summer (Basalirwa 1995).
Moreover, farmers have perceived westerly winds as a prevailing sign for the onset of the rainy
season (Okonya & Kroschel 2013).
Western Uganda is in need of an examination of multi-decadal trends in rainfall and
related variables. Although Salerno et al. (2019) examined multi-decadal trends of rainfall by
seasons in the region, only a few locales were studied. Diem et al. (2019) examined western
Uganda as a whole and did not examine changes in the rainy seasons. Therefore, it is not known
how rainy-season rainfall characteristics have changed over time within the various subregions
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of western Uganda. In addition, it is not known exactly how the atmospheric circulation changes
from rainy season to dry season as well as what conditions lead to rain days and dry days within
the rainy seasons.

1.4

Research Question and Objectives
This study is driven by the research gaps noted in the preceding paragraph. Therefore, the

overarching research question is as follows: What are the controls and trends of rainfall in
western Uganda? The three objectives are to examine the following: (1) the spatial variability in
intra-annual rainfall, (2) atmospheric characteristics of seasons, (3) multi-decadal trends in
rainfall, and (4) the cause of the trends in rainfall.
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2

STUDY REGION: WESTERN UGANDA

Western Uganda has been defined as a zone within 160-km of the Congo watershed
boundary (Diem et al. 2019), and within this zone, there is widespread smallholder farming
(Figure 2). The geographical scale of the study region is 86,600 km2, with the maximum northsouth and east-west extents being 590 km and 320 km, respectively. The vast majority of
households in western Uganda, which total approximately 6.5 million people (Pomeroy-Stevens
et al. 2016), practice rain-fed small-scale agriculture; therefore, planting and harvesting cycles
are timed with the onset and cessation of the rainy season for the major crops such as maize,
bananas, beans, potatoes, and cassava (Hartter et al. 2012). The average size of farmlands is only
2.5 hectares (Salerno et al. 2019), and most of the production is primarily for home-consumption
(Graeub et al. 2016).
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Figure 2. Location of western Uganda
(LEFT) Location of Western Uganda in between eastern equatorial Africa (EEA) and
central equatorial Africa (CEA): Orange color dotted line is northern limits of the Tropical Rain
Belt, and CAB, and the blue colored line is southern limits (Nicholson 2000). (RIGHT) DEM
elevation (GTOP30 data, ESRI). The solid black outline indicates western Uganda.
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3
3.1

DATA AND METHODS

Precipitation
Daily precipitation data from two satellite-based rainfall datasets, CHIRPS and

TARCAT, were used to examine rainfall variability from 1983-2017. CHIRPS data begin in
1981 and have a spatial resolution of 0.05°, while TARCAT data begin in 1983 and have a
spatial resolution of 0.0375°. CHIRPS is a serially complete database, while 2.2% of the
TARCAT daily totals were either missing or deemed erroneous. To reduce the drying bias of
CHIRPS data and suppressed estimates during 2007-2010, daily estimates from January 1983
through July 1989 were multiplied by 0.9353 and daily estimates from March 2007 through
April 2010 were multiplied by 1.1899 (Diem et al. 2019).

3.2

Rainfall Regionalization
Since rainfall patterns have been shown to vary substantially within western Uganda

(Diem et al. 2019) and it is not practical to analyze of each of the 2,823 CHIRPS cells and 5,094
TARCAT cells individually, the study domain was divided into rainfall regions (i.e., regions
with homogeneous rainfall variability). CHIRPS was used for the regionalization, because it is
more accurate than TARCAT at estimating rainfall totals across western Uganda (Diem et al.
2019). The regionalization divides regions based on climatic variables (Badr et al. 2015). The
hierarchical cluster analysis, a bottom-up process that merges the most similar clusters by
calculating differences between two clusters at each step (Manning & Raghavan 2008; Badr et
al. 2015), was performed using monthly mean rainfall estimates from CHIRPS data from 1981 to
2017. The median values of the data were used to determine the clustering (i.e., Mcquitty’s
Median method) (Blashfield, 1976).
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3.3

Rainy Seasons and Dry Seasons
Rainy and dry seasons for each year were determined using both CHIRPS and TARCAT

data by using a modified version of the methodology in Dunning et al. (2016). The typical dates
of the rainy seasons and dry seasons were calculated by regions and subsequently validated by
years. The daily mean rainfall total for each day of the year except February 29 were calculated
using the 35 years of data; the resulting values were the climatological mean rainfall totals for
the day. Values for each rainfall region were calculated using the grid cells that existed either
fully or partially in each region; a weighting method was used based on cell area within the
region. The start and end dates of the climatological rainy seasons were identified from the
cumulative differences, subtracting the climatological mean based on all days for the 35 years
(Q̄) from the climatological mean rainfall total for the day (Qi). The equation below is from
Dunning et al. (2016):
𝐷𝑒𝑐 31

𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒𝑠 =

∑ 𝑄𝑖 − 𝑄̅
𝑖=𝐽𝑎𝑛 1

A day after the first local minimum was the onset date of the first rainy season and the day of the
first local maximum was the cessation date of the first rainy season for the region (Figure 3).
Likewise, a day after the second local minimum was the onset date of the second rainy season
and the day of the second maximum was the cessation date of the second rainy season. This
process was repeated for each year using the rainfall total of the day and the mean rainfall for the
year. Since TARCAT had 278 days with invalid rainfall total, the rainfall totals for those days
were replaced with the mean value for that particular day of the year.
Wet days and dry days were identified within each rainy season using both rainfall
products. Since not all days in a rainy season have rainfall, a day that had one ≥ 1mm of rain was
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classified as a wet day. The remaining days were classified as dry days. Because the focus of this
study is rainfall within rainy seasons, wet and dry days during dry seasons were not studied.

Figure 3. Water year graph
The first dotted circle is the first local minimum when the first rainy season begins, the
second dotted circle is the first local maximum when the first rainy season ends, the third dotted
circle is the second local minimum when the second rainy season begins, and the fourth dotted
circle is the second local maximum when the second rainy season ends.

3.4

Atmospheric Conditions
Two reanalysis products were used to determine the typical atmospheric conditions of

seasons and rainy and dry days within rainy seasons. These analyses were performed separately
for results from analyses of the CHIRPS and TARCAT data. Daily atmospheric values were
extracted from NOAA National Centers for Environmental Predictions (NCEP-DOE) Reanalysis
2 (Kanamitsu et al. 2002) and European Centre for Medium-Range Weather Forecasts
(ECMWF) ERA-Interim (Dee et al. 2011). Daily zonal velocity, meridional velocity, and
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specific humidity were acquired from 1983-2017 at the 500 hPa and 850 hPa pressure levels. An
additional variable was 500 hPa vertical velocity.
Intra-annual variation and seasonal differences in the atmospheric variables were
examined. Initially, 12-day means of atmospheric variables were used to identify the typical submonthly variations within a year. Subsequently, all days within rainy seasons and dry seasons
across the 35-year period were used to produce the surfaces of typical conditions during rainy
and dry seasons. Daily wind directions by seasons within each region also were examined.
Anomalous atmospheric conditions were determined for wet and dry days during the rainy
seasons; these anomalies were computed by subtracting the mean values of wet days and dry
days from the mean values of all days within the rainy season. Atmospheric values on the days
when TARCAT had invalid rainfall totals were excluded from anomalous atmospheric
conditions for TARCAT.

3.5

Detection of Trends in Seasons and Rainfall
Multi-decadal trends in rainy-season variables were assessed. The variables were season

onset, season cessation, season duration, seasonal rainfall total, and seasonal rainfall intensity.
The intensity of rainfall represents the mean daily rainfall total within a season, and it was
calculated by dividing the seasonal rainfall total by the number of days in the season. Trends in
intensity, therefore, are independent of changes in season duration and provide information about
whether days within a rainy season are getting wetter or drier. Trends over 1983–2017 of the
rainy-season variables were assessed using Kendall-Tau correlation tests (a = 0.05; one-tailed).
Any TARCAT season with more than 20% of its daily rainfall totals being replaced with the
mean rainfall total for that particular day of the year was excluded from the correlation tests.
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The Kendall-Theil robust line, the median of the slopes between all combinations of two
points in the data (Helsel & Hirsch, 2002), was used to estimate changes over the 35-year period
of the rainy-season variables described above. To minimize the impact of outliers, values with
absolute values of Z-scores larger than 2.5 were removed prior to the calculation of the KendallTheil robust line. The seasons with more than 20% of the invalid rainfall in TARCAT data were
excluded from the Kendall-Theil robust line analysis.
In order to determine sub-seasonal rainfall trends, multi-decadal trends in rainfall totals
for overlapping 14-day periods in a year were examined for the 35 years using the Kendall-Tau
correlation tests (a = 0.01; one-tailed). These analyses were performed separately for each
region, and the means of CHIRPS and TARCAT were used as the rainfall totals. There were 352
periods within each year, and, for example the first period in each year was January 1 to 14, and
the second period was January 2 to 15, etc.

3.6

Exploring the Connections between Inter-annual Variability in Atmospheric
Conditions and Significant Trends in Rainfall
Multiple linear regression was used to explore the impacts of changes in atmospheric

conditions on rainfall trends for 14-day periods. To ensure robust analyses, a chosen 14-day
period for model development had to have one or more significant periods occur consecutively.
The atmospheric variables were screened using principal components analysis to prevent multicollinearity. Two regression models were developed for each period with a significant trend: one
model used ERA-Interim data and the other used Reanalysis 2 data. In addition, the reanalysis
predictor variables and the residuals from the models were tested for significant trends using
Kendall-Tau correlation tests (a = 0.01; one-tailed).
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4
4.1

RESULTS

Rainfall Regionalization
Western Uganda was divided into five homogeneous rainfall regions that captured the

north-south differences in intra-annual rainfall variability (Figures 4 and 5). Annual rainfall
varies from 1,071 mm in Region 5, the southernmost region, to 1,276 mm in Region 1, the
northernmost region. January and February are relatively dry months for all regions, with less
than 50 mm of rainfall per month. In March, Region 5 receives more than 112 mm, while Region
1 receives about 75 mm. All regions receive relatively large rainfall totals in April; totals range
from about 130 mm to 160 mm. Except for Region 1, the amount of rainfall from April to May
decreases, with the northern regions receiving more rainfall than the southern regions. In June
and July, relatively large rainfall totals are confined to the northern portion of Region 1. The
spatial pattern and magnitudes of rainfall totals in August are similar to those in May. All regions
are relatively wet in September. October is one of the wettest months, with rainfall totals among
the regions ranging from 128 mm to 169 mm. Rainfall decreases markedly in November
especially in the far northern part of Region 1. All regions have relatively low rainfall totals in
December, which is similar to January and February.
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Figure 4. Rainfall regions in western Uganda
Congo rainforest is seen at the west side of the satellite imagery (Satellite imagery: Esri)
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Figure 5. Monthly rainfall total in western Uganda: CHIRPS (1981-2017)

4.2

Typical Rainy and Dry Season by the Rainfall Regions
The typical start and end dates of the rainy seasons differed among the regions (Table 1

and Figure 6). The largest difference in rainy-season dates occurred between Region 1 and the
rest of the regions (Figure 5). Region 1 has an annual rainfall regime, with the one long rainy
season occurring from late March to mid-November. The rest of the regions have biannual
rainfall regimes (i.e., two rainy seasons). In general, the first rainy season occurred from March
to May and the second rainy season began in early August and ended in either late November or
early December.
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Figure 6. Rainy season and dry season in each rainfall region.
The x-axis is the day of the year and the y-axis is average rainfall in millimeter.
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Table 1. Start and end date of rainy seasons of rainfall datasets by the rainfall regions.
The duration of the seasons is in days
First Rainy Season

Second Rainy Season

Onset

Cessation

Duration

Onset

Cessation

Duration

Region 1

Mar. 26

Nov. 22

242

---------

---------

---------

Region 2

Mar. 16

May. 18

64

Jul. 28

Nov. 23

119

Region 3

Mar. 16

May. 18

64

Jul. 22

Dec. 01

133

Region 4

Mar. 15

May. 18

65

Aug. 10

Dec. 01

114

Region 5

Mar. 01

May. 16

77

Aug. 26

Dec. 12

109

Region 1

Mar. 31

Nov. 15

230

---------

---------

---------

Region 2

Mar. 24

May. 18

56

Jul. 29

Nov. 25

120

Region 3

Mar. 26

May. 17

53

Aug. 01

Nov. 19

111

Region 4

Mar. 26

May. 17

53

Aug. 04

Nov. 26

115

Region 5

Mar. 01

May. 17

78

Aug. 25

Nov. 28

96

CHIRPS

TARCAT

Onset dates for the first (second) rainy season generally increased with an increase
(decrease) in latitude (Figure 6). Therefore, Region 5 had the earliest onset and Region 1 had the
latest onset for the first rainy season, and Region 2 had the earliest onset and Region 5 had the
latest onset for the second rainy season. The maximum difference among the regions in onset
dates for the rainy seasons was approximately one month: onset dates for the first rainy season
ranged from March 1 to March 31, and the onset dates for the second rainy season ranged from
July 28 to August 26.
Compared to season onset, there was much less difference among the regions in season
cessation. While seasonal onset dates ranged by about one month, the first rainy season typically
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ended between May 16-18. The cessation of the second rainy season was more variable with the
dates ranging from November 22 in the north to December 12 in the south.
The duration of the rainy seasons also differed between the northern and southern regions
(Figure 6). Region 1 was the only region with an annual rainfall region; the single rainy season
extended more than seven months. Among the biannual rainfall regions, the second rainy season
– colloquially known as the long rains– were approximately 50 days longer than the first rainy
season (i.e., the short rains). Region 5 had the smallest difference in duration between the two
rainy seasons: among the biannual regions, it had the longest first rainy season and shortest
second rainy season.
Differences in rainy-season duration were reflected in the differences in dry-season
duration (Figure 6). The boreal-winter dry season increased in duration from south to north:
Region 5 had the shortest first-dry season (i.e., 85 days), while Region 1 had the longest first-dry
season (i.e., 129 days). Conversely, the boreal-summer dry season (i.e., the second dry season)
increased in duration from north to south. Region 1 did not even have a boreal-summer dry
season, while Region 5 had a boreal-summer dry season that lasted 100 days.

4.3

Atmospheric Conditions of rainy and dry seasons
Rainy seasons for all regions were characterized by ascending air, while dry seasons had

descending air (Figure 7). Vertical velocity tended to decrease to below zero (i.e., transition to
ascending air) when the rainy seasons started and maintained those values throughout the season.
The average vertical velocity during the rainy seasons was -0.04 Pascal/s, while during the dry
seasons the average value was 0.02 Pascal/s.
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Figure 7. Twelve-day average values of the atmospheric variables
The rainy season is derived from Figure 5.
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Rainy seasons had much higher specific humidity than dry seasons (Figure 7). The mean
specific-humidity values for rainy seasons (dry seasons) were 2.46 g kg-1 (1.95 g kg-1) and 13.19
g kg-1 (11.92 g kg-1) at 500 hPa and 850 hPa, respectively. Therefore, specific humidity during
the rainy seasons at both levels was at least 10% higher than specific humidity during the dry
seasons. The largest humidity differences occurred at 500 hPa, where rainy-season specific
humidity was nearly 30% higher than dry-season specific humidity.
There were substantial differences in wind direction between the two dry seasons of the
bimodal rainfall regions (Figure 7). All regions had much stronger negative zonal velocities (i.e.,
easterlies) during boreal winter than during boreal summer at 500 hPa. At 850 hPa, there was a
decreasing tendency in easterlies during rainy seasons, which in turn, changed into westerlies in
some regions. For example, Region 1 had westerlies during their rainy season at 850 hPa in the
Reanalysis 2 data although the westerlies were extremely weak, while there were strong
easterlies at all levels during the dry season. All regions had weak positive (strong positive)
meridional velocities during boreal winter (summer) at 500 hPa; therefore, there were weak
southerlies in winter and strong northerlies in summer. Unlike zonal velocity, the intra-annual
variation in meridional velocities at 850 hPa did not differ between Region 1 and the other
regions for: the values were negative (northerlies) during boreal winter and positive (southerlies)
during boreal summer across the regions. Therefore, for the biannual rainfall regions, there were
negative values (northerlies) during the first rainy season and negative values (southerlies)
during the second rainy season. Considering the zonal and meridional velocities simultaneously,
strong easterlies during boreal-winter and weak easterlies/southeasterlies during boreal-summer
were identified at 500 hPa. The wind patterns differed among regions at 850 hPa: there were
strong northeasterlies in boreal-winter (the dry season) and southerlies in boreal summer (the
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rainy season) in Region 1, and there were northeasterlies during the second rainy season and
winter dry season and southeasterlies during the first rainy season and boreal-summer dry season
in the southern regions.
Ascending air and high specific humidity were common over western Uganda and across
equatorial during rainy seasons in western Uganda (Figures 8-13). Composite maps (Figures 813) are shown only for the northernmost and southernmost regions, since these regions had the
largest differences. The ascending air was about 35% greater during the first rainy season (i.e.,
boreal spring) than during the second rainy season (i.e., boreal autumn) in biannual regions.
During Region 1’s rainy season, the zone of high specific humidity across Africa was mostly
north of the equator. EEA was the only part of equatorial Africa without ascending air and high
specific humidity during western Uganda’s rainy seasons. For vertical velocity, western Uganda
(-0.041 Pa s-1) and CEA (-0.047 Pa s-1) had ascending air, while EEA (-0.004 Pascal s-1) had
about ten times weaker upward motion during the rainy seasons. Similarly, western Uganda and
CEA had about 25% higher specific humidity at 500 hPa than EEA. At 850 hPa, specific
humidity in western Uganda was at least 50% higher than the other two regions.
During the rainy seasons, mid-troposphere easterlies prevailed over equatorial Africa,
while lower-troposphere flow was much more variable. During the rainy seasons for Region 1,
strong southeasterly winds existed over EEA, while weak westerly and southwesterly winds
existed over the Congo Basin in the lower troposphere. During the rainy seasons for Region 5,
EEA had strong easterlies, while, CEA had weak southerlies. During the second rainy season,
there were weak westerlies over the Congo Basin.
Downward motion and relatively low specific humidity occurred across equatorial Africa
north of the equator and over EEA during dry seasons in western Uganda (Figures 8-13). During
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the boreal-winter dry season (i.e. boreal winter), ascending air and high specific humidity existed
across much of tropical Africa south of the equator. During the boreal-summer dry season for
Region 5, ascending air and high specific humidity existed across much of tropical Africa north
of the equator. Therefore, Region 1 experienced ascending air and high specific humidity during
Region 5’s second dry season.
Similar to the rainy seasons, mid-troposphere easterlies prevailed over equatorial Africa
during the dry seasons and the lower-troposphere flow varied across equatorial Africa. During
the boreal-winter dry season, EEA had strong easterlies inland and strong northeasterlies at the
coast while CEA had weak northerlies. Both EEA and CEA had southerlies during the borealsummer dry season, with the flow much stronger over EEA.
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Figure 8. Vertical velocity and winds of Reanalysis 2 at 500 hPa by seasons
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Figure 9. Vertical velocity and winds of ERA-Interim at 500 hPa by seasons
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Figure 10. Specific humidity and winds of Reanalysis 2 at 500 hPa by seasons
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Figure 11. Specific humidity and winds of ERA-Interim at 500 hPa by seasons
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Figure 12. Specific humidity and winds of Reanalysis 2 at 850 hPa by seasons
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Figure 13. Specific humidity and winds of ERA-Interim at 850 hPa by seasons
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4.4

Atmospheric Conditions on rainy and dry days within rainy seasons
Rainy days were characterized by increased vertical ascent, increased specific humidity,

and westerly wind anomalies (Figures 14-19). Since the maps were based on rainfall occurrence
in western Uganda, the largest anomalies for vertical velocity and specific humidity were
typically centered over western Uganda. There were differences in anomalies in lowertroposphere specific humidity between their two rainy seasons for Region 5: the first rainy
season had large positive anomalies extending to the north/northeast while the second rainy
season had large positive anomalies extending to the southwest. Westerly anomalies in both the
lower- and middle-troposphere were dominant over equatorial Africa, except EEA. The pattern
was larger for Region 5’s rainy seasons than Region 1’s rainy season. The anomalous wind
patterns over EEA differed between Region 5’s two rainy seasons: westerly anomalies were
present for the first rainy season at all levels, while northerly anomalies were present for the
second rainy season in the lower troposphere.
Dry days were characterized by increased vertical descent, decreased specific humidity,
and easterly wind anomalies. As expected, the largest anomalies typically occurred over western
Uganda. The positive anomalies for vertical velocity differed between Region 5’s two rainy
seasons: the anomalies extended to the north/northeast in the first rainy season, while the
anomalies extended to the south/southwest in the second rainy season. A similar pattern existed
for specific humidity, especially at the 850 hPa level. Easterly wind anomalies in the middle
troposphere occurred across equatorial Africa. In the lower troposphere, the easterly anomalies
were generally confined to the Congo Basin, but EEA had easterly/northeasterly anomalies in the
first rainy season and southerly/southeasterly anomalies in the second rainy season.
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Figure 14. Anomalous vertical velocity and winds of Reanalysis 2 at 500 hPa
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Figure 15. Anomalous vertical velocity and winds of ERA-Interim at 500 hPa
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Figure 16. Anomalous specific humidity and winds of Reanalysis 2 at 500 hPa
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Figure 17. Anomalous specific humidity and winds of ERA-Interim at 500 hPa
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Figure 18. Anomalous specific humidity and winds of Reanalysis 2 at 850 hPa
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Figure 19. Anomalous specific humidity and winds of ERA-Interim at 850 hPa
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4.5

Trends in Rainy-Season Variables
Rainy-season onset dates either have not changed or have been getting earlier (Figure 20

and Table 2). CHIRPS data had significant trends for the first rainy season, while TARCAT data
had significant trends for the second rainy season. Based on CHIRPS data, Regions 3, 4, and 5
had the onset of the first rainy season starting about a month earlier over the 35 years. It is worth
noting that there were no significant increases in the onset date for any product/season
combination.

Figure 20. Annual time series of onset for 35 years (1983-2017)
Red lines represent significantly decreasing trends (α= 0.05; one-tailed). Dark grey lines
represent non-significant trends.
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Table 2. Changes over the 35-year period (1983-2017) of the rainy-season variables and
rainfall total using the Kendall-Theil robust line
Red-colored asterisks represent significant decreasing trends (α= 0.05) and blue-colored
asterisks represent significant increasing trends. The arithmetic mean of the trend for each rainy
season is colored in grey and the average values were not included in the significance test.
Onset

Cessation

Duration

Rainfall

Intensity

(d)

(d)

(d) (%)

(mm) (%)

(%)

Region 1

0.0

8.5

9.7 (4.4)

127.1 (11.6)

3.6

Region 2

-11.3

13.6

14.7 (24.6)

62.2 (20.2)

-2.4

Region 3

-31.6 *

11.3

38.3 (87.6) *

176.1 (68.8) *

-2.2

Region 4

-26.8 *

1.4

34.0 (79.1) *

127.4 (54.7) *

3.5

Region 5

-22.7 *

5.3

25.5 (44.1)

193.9 (83.3) *

16.6

Average

-18.5

8.0

24.4 (47.9)

137.3 (47.7)

3.8

CHIRPS First Rainy Season

CHIRPS Second Rainy Season
Region 2

3.2

0.0

-2.4 (-2.1)

50.2 (10.3)

7.9

Region 3

11.3

-10.3

-10.2 (-7.9)

-0.3 (-0.1)

11.3

Region 4

-12.4

-5.7

1.9 (1.6)

52.4 (10.8)

7.3

Region 5

-6.4

0.0

8.5 (7.9)

113.1 (26.6) *

16.7 *

Average

-1.0

-4.0

-0.6 (-0.1)

53.9 (11.9)

Region 1

-9.7

12.9

21.5 (9.6)

315.2 (35.9) *

19.0 *

Region 2

-4.6

14.0 *

16.1 (30.9)

127.5 (56.9) *

18.2 *

Region 3

-2.3

27.2 *

34.0 (77.3) *

189.8 (105.0) *

6.7

Region 4

9.3

16.0

-1.5 (-2.5)

71.0 (38.5)

22.4 *

Region 5

-12.2

9.1

21.5 (35.4)

87.5 (53.1) *

13.8

Average

-3.9

15.8

18.3 (30.1)

158.2 (57.9)

10.8

TARCAT First Rainy Season

16.0

TARCAT Second Rainy Season
Region 2

-9.7

-2.6

4.0 (3.2)

79.2 (15.1)

14.9 *

Region 3

-8.0

3.4

18.9 (18.9)

80.8 (17.2)

3.0

Region 4

-16.0 *

-7.6

4.3 (3.7)

84.9 (20.3)

9.7

Region 5

-11.3

3.8

13.0 (14.2)

42.7 (12.9)

5.3

Average

-11.3

-0.7

10.0 (10.0)

71.9 (16.4)

8.2
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Rainy-season cessation dates either have not changed or have been getting later (Figure
21 and Table 2). Based on TARCAT data, Regions 2 and 3 experienced increases in cessation
dates of approximately two weeks and one month, respectively. There were no significant trends
in cessation dates for the second rainy season.

Figure 21. Annual time series of cessation for 35 years (1983-2017)
Blue lines represent significantly increasing trends (α= 0.05; one-tailed). Dark grey lines
represent non-significant trends.

Rainy-season duration generally increased for the first rainy season, while there was no
change for the second rainy season (Figure 22 and Table 2). The duration of the first rainy season
increased more than a month in Regions 3 and 4; therefore, the duration increased by at least
77% for those two regions. In addition, both the CHIRPS and TARCAT data showed significant
increases in rainy-season duration for Region 3, which may have had a nearly 90% increase in
duration.
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Figure 22. Annual time series of duration for 35 years (1983-2017)
Blue lines represent significantly increasing trends (α= 0.05; one-tailed). Dark grey lines
represent non-significant trends.

Seasonal rainfall totals increased significantly during the first rainy season, but did not
increase during the second rainy season (Figure 23 and Table 2). On average, the rainfall total
during the first rainy season increased by 150 mm (53% increase), while the total during the
second rainy season increased by 60 mm (14% increase) of rainfall. Region 3 had the largest
increase in rainfall during the first rainy season, with seasonal totals from 1983-2017 increasing
by about 70% and > 100% for CHIRPS and TARCAT, respectively.

Figure 23. Annual time series of rainfall total for 35 years (1983-2017)
Blue lines represent significantly increasing trends (α= 0.05; one-tailed). Dark grey lines
represent non-significant trends.
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Seasonal rainfall intensity (i.e., mean daily rainfall) generally increased, but the results
were much more uncertain than those for the other seasonal variables (Figure 24 and Table 2).
Rainfall intensity for both seasons increased by about 10%. In fact, some of the seasons had
decreases in rainfall intensity, although they were not significant. There was no agreement
between the two products for significant increases for a region/season combination. The largest
increases in rainfall intensity were found for the first rainy season using TARCAT data.

Figure 24. Annual time series of rainfall intensity for 35 years (1983-2017)
Blue lines represent significantly increasing trends (α= 0.05; one-tailed). Dark grey lines
represent non-significant trends.

4.6

Rainfall Trends for 14-day Periods
Most trends in rainfall for 14-day periods within the year were positive from 1983-2017,

and the significant increases were more frequent within or proximate to the first rainy season
compared to the second rainy season (Figure 25). Significant increases in rainfall occurred for
the following periods: the last two weeks of January (Region 3); the last two weeks in February
(Regions 3, 4, and 5); the last two weeks of March (Region 3); the last two weeks of April
(Regions 3 and 5); the last week of April and first week of May (Region 4); the last two weeks of
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June (Region 2); the last two weeks of July (Regions 1 and 2); the last week of July and first
week of August (Region 4); the first two weeks of August (Region 5); the last two weeks of
October (Regions 2 and 3); and last week of October and first week of November (Regions 1, 4,
and 5). The only decreasing trend was found for Region 3 during the first two weeks of July,
which is during the second dry season for that region.

45

Figure 25. Trends over 35 years of the mean rainfall for the 14-day period using
Kendall-tau correlation test (α= 0.01; one-tailed)
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4.7

Multiple Linear Regression
The multiple linear regression models using ERA-Interim greatly outperformed the

models using Reanalysis 2 data. Out of the 16 pairs of models produced, 14 of the pairs had
higher coefficients of determination (i.e., r2 values) with the ERA-Interim data: the mean values
for the ERA-Interim and Reanalysis 2 models were 0.42 and 0.18, respectively. Therefore, the
results presented below are only for the models that used ERA-Interim data.
Significant increases in rainfall during the rainy seasons can be explained well by the
inter-annual variability in specific humidity, vertical velocity, and – to a lesser extent – lowertroposphere zonal flow (Table 3). In addition, none of the models had increasing trends in the
residuals. During periods with significantly increasing rainfall, there were either significant
increasing trends in 500 hPa specific humidity or significantly decreasing 500 hPa vertical
velocity (i.e., increasing ascent) or both. Trends in winds varied by seasons and regions.
Table 3. Summary of the multiple linear regression models developed for explaining
significant increasing trends in rainfall during rainy seasons
Vertical velocity, zonal velocity, meridional velocity, and specific humidity are written in
the table as vertical velocity, westerlies, southerlies, and humidity, respectively. Therefore,
positive westerlies are westerly winds and negative westerlies are easterly winds. Positive
southerlies are southerly winds and negative southerlies are northerly winds. Numbers in the
parenthesis represent pressure levels. ‘Trends in variables’ column represent the trends over the
35-year period for each variable for the respective period: ‘+’ (‘–’) and ‘++’ (‘– –’) represent
significant increasing (decreasing) trends (Kendall-tau correlation test; one-tailed) at α= 0.05
and α= 0.01, respectively. If there were significant trends in the residuals (Kendall-tau
correlation test; α= 0.01; one-tailed), ‘yes’ were written in the ‘Trends in residuals’ column.
Adjusted
r2

Variables

Standardized Trends in Trends in
Coefficient Variables Residuals

Region 1
Last two weeks of July
Last week of October and first week of
November

0.428 Westerlies (850)
Humidity (850)
0.674 Vertical velocity (500)
Humidity (500)

0.404
0.333

++

No

-0.440
0.421

––
++

No

0.229
0.688

++

Region 2
Last two weeks of October

0.525 Westerlies (850)
Humidity (500)

No
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Region 3
Last two weeks of April

Last two weeks of October

0.566 Westerlies (500)
Westerlies (850)
Southerlies (850)
0.238 Southerlies (500)
Humidity (500)

-0.522
0.561
-0.254
-0.400
0.438

––

0.258 Southerlies (850)
Humidity (500)

-0.275
0.430

+
++

0.182 Southerlies (850)
Humidity (500)

-0.377
0.364

++

No

No
++

Region 4
Last week of April and first week of May
Last week of October and first week of
November

No

No

Region 5
Last two weeks of March
Last two weeks of April
Last week of October and first week of
November

0.298 Humidity (500)
0.392 Humidity (500)

0.565
0.640

0.225 Westerlies (850)
Humidity (500)
Humidity (850)

-0.323
0.521
-0.339

+

No
No
No

++

Significant increases in rainfall in the weeks immediately prior to the typical start of rainy
seasons can be explained by the inter-annual variability in vertical velocity, mid-troposphere
specific humidity, and zonal and meridional flow (Table 4). Similar to the rainy-season models,
the rainfall residuals did not have significant trends for these models. Increasing ascending air,
increasing 500 hPa specific humidity, and increasing lower-troposphere westerly flow were
likely significant contributors to the increases in rainfall.
Table 4. Summary of the multiple linear regression models developed for explaining
significant increasing trends in the rain just prior to the rainy seasons
Vertical velocity, zonal velocity, meridional velocity, and specific humidity are written in
the table as vertical velocity, westerlies, southerlies, and humidity, respectively.
Adjusted
r2

Variables

Standardized Trends in
Coefficient Variables

Trends in
Residuals

Region 2
Last two weeks of July

0.502 Westerlies (850)
Southerlies (500)
Southerlies (850)

0.407
-0.271
-0.332

0.514 Humidity (500)
Vertical velocity (500)

0.437
-0.275

++
–
––

No

Region 3
Last two weeks of February

No
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Southerlies (850)

0.243

Region 4
Last two weeks of February
Last week of July and first week of
August

0.505 Vertical velocity (500)
Humidity (500)

-0.291
0.497

–

No

0.634 Westerlies (850)
Vertical velocity (500)

0.282
-0.629

++
––

No

0.575 Humidity (500)
0.609 Vertical velocity (500)
Westerlies (500)
Westerlies (850)

0.766
-0.475
0.274
0.281

+
––

No
No

Region 5
Last two weeks of February
First two weeks of August

+
++

Significant changes in rainfall during the dry seasons are difficult to explain (Table 5).
Two of the three models had low r2 values. Increasing rainfall during the last two weeks of
January in Region 3 is explained well by the inter-annual variability of mid-troposphere specific
humidity as well as by mid-troposphere and lower-troposphere winds. However, this model and
the others had residuals with significantly decreasing trends. It is less clear why the rainfall has
been decreasing during the first two weeks of July.
Table 5. Summary of the multiple linear regression models developed for explaining
significant increasing and decreasing trends in rainfall during dry seasons
Vertical velocity, zonal velocity, meridional velocity, and specific humidity are written in
the table as vertical velocity, westerlies, southerlies, and humidity, respectively.
Adjusted
r2

Variables

Standardized Trends in Trends in
Coefficient Variables Residuals

Region 2
Last two weeks of June

0.164 Humidity (500)

0.434

++

0.440 Westerlies (500)
Southerlies (500)

-0.334
-0.257

+

Southerlies (850)
Humidity (500)
0.113 Westerlies (850)

0.455
0.397
0.373

No

Region 3
Last two weeks of January

First two weeks of July

Yes

Yes
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5

DISCUSSION

The intra-annual variability of rainfall in western Uganda is controlled strongly by the
movement of the tropical rain belt. Crossing the equator twice in a year, the rain belt contributes
to the rainy seasons in western Uganda during the equinoctial months (Nicholson 1996;
Schneider et al. 2014). This north-south movement explains the gradient pattern of the onset and
cessation dates for rainy seasons (Dunning et al. 2016): the closer to southern regions, the earlier
onset and cessation for the first rains, and the later onset and cessation for the second rains.
The northernmost region, which was on average 3º N of the equator, has an annual
rainfall regime while the rest of regions have biannual regimes. There has been considerable
agreement that the southern regions (Regions 4 and 5) are biannual (Herrmann & Mohr 2011;
Dunning et al. 2016; Diem et al. 2019). But there is a slight dispute about the northern regions
(Regions 1 and 2): the rainfall regime in this part of western Uganda has been classified as
humid (Dunning et al. 2016), annual (Herrmann & Mohr 2011; Diem et al. 2019), and biannual
(Herrmann & Mohr 2011).
Rainy seasons differ from dry seasons due to the tropical rain belt. High specific
humidity and active upward motions appear with the arrival of the rain belt (Byrne & Schneider
2016). When the rain belt is located over the Southern Hemisphere (i.e., in boreal-winter),
northerly and northeasterly winds prevail at lower troposphere. However, the dominant wind
direction changes to southerly and southeasterly as the rain belt migrates to Northern hemisphere
at the same pressure level (Nicholson & Grist 2003).
The atmospheric characteristics of wet days are substantially different from the
conditions on dry days within a rainy season. Wet anomalies are associated with increased rising
air, increased specific humidity, and westerly wind anomalies, while the opposite conditions are
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associated with dry days. The north-south movement of the area with the high specific humidity
and ascending air coincides with the position of the tropical rain belt. Westerlies from the Congo
basin are highly associated with the rainy season and wet anomalies in western Uganda, given
that the westerlies are a common feature of rainy seasons in CEA (Dezfuli & Nicholson 2013;
Nicholson & Dezfuli 2013), wet spells from March to May and October to December in EEA
(Pohl & Camberlin 2006 a,b; Williams et al. 2012), and the onset of the rainy season in western
Uganda by local farmers (Okonya & Kroschel 2013).
Rainfall seasonality and the atmospheric characteristics associated with the rainfall
indicate that western Uganda is much more similar to CEA than EEA, although the region as a
whole is still a transition zone. The composites of vertical velocity and specific humidity across
equatorial Africa reveal the following for rainy seasons in western Uganda: small differences
(i.e., 10%) in vertical velocity and 500 hPa specific humidity between western Uganda and CEA,
and large differences (i.e., 90%) in those two variables between western Uganda and EEA. But
during dry seasons in western Uganda, there are large differences in vertical velocity and 500
hPa specific humidity between western Uganda and both CEA and EEA. Nevertheless, Region 3,
the westernmost region and the nearest region to Congo basin with its centroid located at 30º E,
could actually be considered within CEA. Region 3’s annual rainfall is approximately 1,300 mm
and it is similar to the rainfall total in the Congo Basin (about 1,500 mm) (Todd & Washington
2004).
The rainy seasons, especially the first rainy season, have had increased rainfall over the
past several decades. The rainfall total generally increased more than 50% and about 14% in the
first and the second rainy season, respectively. The large increases in the first rainy season was
also found by Salerno et al. (2019) in Kibale, Rwenzori Mountain National Park, and Queen
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Elizabeth National Park that are equivalent to Regions 2, 3, and 4: increases in the TARCAT
(CHIRPS) rainfall during the first rainy season ranged 21-98% (about 43%), and the increases in
the second rainy season was about 19-29% in the 1983-2016 period. A major contributor to the
rainfall increase has been increased duration of the rainy seasons. The first rainy season has
gotten longer about three weeks, while only less than a week increased in the second rainy
season. These findings are different than what has been reported for the central portion of the
region by Diem et al. (2017), where it has been shown that the long rains shortened by three
weeks from 1983-2014. The reason for the disparity is the use of the ARC2 product, which is
biased towards drying trends in western Uganda (Diem et al. 2019), by Diem et al. (2017). The
increased duration of the first rains found in this thesis is mostly caused by an earlier onset of
rains, and this earlier onset is corroborated by the finding of significantly increased rainfall
during the last two weeks of February in the southern regions of western Uganda. The increased
boreal-spring rainfall is the opposite of what has been found in EEA, where gauge-based totals
show a decrease in boreal-spring rainfall (Williams & Funk 2011; Lyon & DeWitt, 2012;
Liebmann et al. 2014; Maidment et al. 2015).
The increasing rainfall in western Uganda, which has been occurring mostly within or on
the edges of the rainy seasons, most likely has been caused by increases in specific humidity and
the upward movement of air. Rainfall increases in the last two weeks of February, for example,
can be well explained by increasing specific humidity and upward motion at 500 hPa over
western Uganda. More active upward motion over western Uganda might be the result of the
westward extension of the ascending branch for the Walker Circulation from EEA (Funk et al.
2008; Williams & Funk 2011). There is also the possibility that Congo westerlies contributed to
the increased rainfall prior to the typical rainy season onsets (Nicholson 2017).
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6

CONCLUSION

Understanding the timing, duration, rainfall total, and its intensity of rainy seasons is
important in western Uganda, the transition zone of EEA and CEA, given the critical impact of
rainfall on livelihoods. Unfortunately, sufficient multi-decadal measurements from rain gauges
are lacking in the region. This has necessitated the use of satellite-based rainfall products, which
have yielded uncertain rainfall trends in the region. This study examined the relationship
between the rainfall and atmospheric variables in western Uganda using CHIRPS and TARCAT
rainfall data, which are high-quality, minimally biased satellite-based products, and two
reanalysis products (Reanalysis 2 and ERA-Interim) for the 1983-2017 period. Western Uganda
was divided into five rainfall regimes that capture the north and south movement of the tropical
rain belt. The northernmost region was the only region with an annual rainfall regime, while
other regions had biannual regimes. The rainy seasons and wet days within the rainy seasons
were associated with upward motion in the middle troposphere and high specific humidity in the
lower- and middle-troposphere. In addition, westerly anomalies were present along the equator
on wet days. Rainy seasons, especially the first rainy season, have gotten longer and wetter, and
the trends were caused by significant increases in the rainfall within seasons and just prior to the
typical start of the rainy seasons. The significant increases within the rainy seasons can be
explained by an increase in both rising air and specific humidity in the middle troposphere.
Increased lower-troposphere westerlies from the Congo basin was another significant contributor
to the increasing trends just prior to the rainy seasons. This research has improved the
understanding of not only changes in rainy seasons over the past several decades but also the
atmospheric controls of those rainfall changes.
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