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Abstract while long-term rainfall trends and related atmospheric dynamics have been researched over
the past several decades across equatorial Africa, little is known about rainfall in western Uganda, a
transition zone in the middle of the continent. Using satellite-derived rainfall and reanalysis data from 1983
to 2017, this study examines atmospheric characteristics of seasons and multidecadal trends in rainfall. Most
of the region has a biannual rainfall regime (i.e., the first rains within March-May and the second rains
during August-November). Ascending (descending) air and increased (decreased) specific humidity are
observed over western Uganda during the rainy (dry) seasons. Southeasterly air-parcel back trajectories are
common throughout western Uganda at all times except for the first dry season (i.e., December-February).
For all seasons, wet days in western Uganda are characterized by increases in ascending air and specific
humidity in addition to westerly flow anomalies. Wet days in most seasons also have a disproportionately
high frequency of westerly back trajectories extending over the Congo Basin. These Congo westerlies are
associated with more vertical ascent and a more humid middle troposphere compared to the other
trajectories. Rainy seasons, especially the first rains, have gotten longer and wetter throughout western
Uganda. The duration of the first rains increased by about 1 month over the 35 years; in turn, the rainfall
total increased by approximately 70%. Rainfall also has increased for climatological seasons, with the
exception being December-February. Increases in middle-troposphere specific humidity and vertical ascent
over time provide support for the wetting trends derived from the satellite-derived rainfall data.

1. Introduction

Rural communities in equatorial Africa rely predominantly on rainfed agriculture and so are intimately
connected to seasonal rainfall patterns (Cooper et al., 2008; Zougmoré et al., 2018). Therefore, developing
a better understanding of the controls and variability of seasonal rainfall in equatorial Africa is important
for improving food security in the region. In general, rainfall is tied to the movement of the tropical rainbelt
and the Congo air boundary (CAB). The rainbelt is located over equatorial Africa mostly during the
equinoctial months; therefore, the rainy seasons coincide with boreal spring (i.e., March-May, MAM) and
fall (i.e., September-November, SON; Dezfuli & Nicholson, 2013; Nicholson, 1996; Nicholson & Dezfuli,
2013; Washington et al., 2013). The CAB is a confluence zone of unstable air from the Congo Basin and more
stable air from the Indian Ocean (Costa et al., 2014; Dezfuli, 2017; Levin et al., 2009; Nicholson, 2000).

Rainfall varies greatly between central equatorial Africa (CEA) and eastern equatorial Africa (EEA). CEA
exists almost entirely within the Democratic Republic of Congo and thus contains a large portion of the
Congo rainforest (Todd & Washington, 2004), and EEA includes eastern Uganda, Kenya, Tanzania, and
Somalia (Monaghan et al., 2012). CEA receives more annual rainfall than EEA, and much of CEA is
considered to have a humid regime (i.e., no dry season; Liebmann et al., 2012; Dunning et al., 2016). But
CEA does tend to have decreased rainfall during boreal winter (i.e., December-February, DJF) and summer
(June-August, JJA; Dezfuli, 2017, Washington et al., 2013). Most of EEA has a biannual rainfall regime
(i.e., two rainy seasons), with more rainfall occurring during the first rainy season (i.e., the long rains), which
occur during MAM, compared to the second rainy season (i.e., the short rains), which occur from
October-December (Camberlin et al., 2009; Liebmann et al., 2012). CEA has the opposite situation: SON
rainfall is greater than MAM rainfall (Creese & Washington, 2018).
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Both CEA and western EEA tend to receive more rainfall when there are low-level westerlies. The Congo
westerlies are a major feature of CEA: They transport moisture from the Atlantic Ocean and thus contribute
to the development of the tropical rainbelt and CAB (Grist & Nicholson, 2001; Nicholson & Grist, 2003), and
they are associated with wet days in the region (Dezfuli & Nicholson, 2013; Nicholson & Dezfuli, 2013;
Nicholson & Grist, 2003). The westerlies also have 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 contain the moisture from the
Congo Basin (Camberlin, 1997; Camberlin & Philippon, 2002; Pohl & Camberlin, 2006a, 2006b; 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
(Nicholson, 1996).

EEA has undergone a long-rains drying trend. Rainfall in months coinciding with the long rains has
decreased significantly over the past several decades (Funk et al., 2008; Liebmann et al., 2014; Lyon &
DeWitt, 2012; Yang et al., 2014). The drying trend has been hypothesized to have been caused by increases
in central Indian Ocean sea surface temperatures, which, in turn, caused a westward extension of the
Walker circulation and thus more descending air over EEA (Funk et al., 2008; Williams & Funk, 2011).

CEA also may have experienced a drying trend, but there is much less confidence in rainfall trends in the
region compared to EEA. A large reduction in the number of rain gauges in CEA over the past several dec-
ades (Nicholson et al., 2019; Washington et al., 2013) has made the use of satellite-based estimates vital for
assessing rainfall trends (Diem et al., 2019). Results from satellite products that rely heavily on contempora-
neous gauge data show decreasing trends for the following: April-June rainfall from 1979 to 2014 (Hua et al.,
2016); annual rainfall from 1979 to 2004 (Yin & Gruber, 2010); and annual rainfall from 1983 to 2010 over
large parts of CEA (Maidment et al., 2015). However, given that the ground measurements are severely lack-
ing in CEA (Washington et al., 2013), satellite-based trends in this region from those products referenced
above, which include African Rainfall Climatology Version 2 (Novella & Thiaw, 2013), might be artificial
(Maidment et al., 2015). Data from The TAMSAT African Rainfall Climatology And Timeseries (TARCAT;
Maidment et al., 2014), which is a satellite-based product that does not rely on contemporaneous gauge data,
have shown that annual rainfall may have increased from 1983 to 2008 (Maidment et al., 2015).

Western Uganda has been considered the transition zone between CEA and EEA (Figure 1), and there is
debate about whether rainfall has been increasing or decreasing in the region. Mean annual rainfall totals
in this region are much higher than totals in EEA as a whole and slightly lower than totals in CEA (Diem
et al., 2014). Despite western Uganda being commonly included as part of EEA, the rainy seasons in western
Uganda are similar to those in CEA: The rainfall in MAM is less than that in SON; therefore, the first rains of
the year are called the “short rains,” and second rains are called the “long rains” (Diem et al., 2017; Hartter et
al., 2012). Similar to CEA, the number of rain gauges in western Uganda has not been consistent over time
(Christy, 2013; Kizza et al., 2009). While results using African Rainfall Climatology Version 2 data show that
annual rainfall may have decreased significantly in western Uganda during the past several decades (Diem et
al., 2014; Ssentongo et al., 2018), after adjusting for drying biases in three satellite-based products, annual
rainfall in western Uganda has been shown to have significantly increased from 1983 to 2016 (Diem et al.,
2019). In addition, wetting trends in rainy seasons and drying trends in dry seasons were found using data
from 1983 to 2016 and 1997-2016 from TARCAT data and Climate Hazards Group InfraRed Precipitation
with Stations (CHIRPS; Funk et al., 2015), and farmers have been perceiving these changes (Salerno et
al., 2019).

Since western Uganda has been greatly understudied, especially with respect to EEA, an examination of mul-
tidecadal trends in rainfall and related variables as well as an examination of atmospheric variables during
rainy and dry seasons is needed for the region. The vast majority of households in western Uganda, which
include over 6 million people (Stevens et al., 2015), practice rainfed small-scale agriculture; therefore, plant-
ing and harvesting cycles are timed with the onset and cessation of the rainy season for the major crops
(Hartter et al., 2012). Although Salerno et al. (2019) examined multidecadal trends of rainfall by seasons
in the region, only a few locales were studied. Diem et al. (2019) examined western Uganda as a whole but
did not examine changes in rainy and dry seasons. In addition, western Uganda has been included—often
as a small part of a domain—in rainfall and circulation studies with diverse geographic scales; examples
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Figure 1. Location of western Uganda, which has been defined as a zone within 160 km of the Congo Basin (Diem et al.,
2019), with respect to the Congo rainforest, central equatorial Africa (CEA), and eastern equatorial Africa (EEA). Land-
cover information is derived from the Moderate Resolution Imaging Spectroradiometer land cover type product
(MCD12Q1). The five rainfall regions within western Uganda also are shown, and the development and description of

these regions are described in sections 3 and 4.

DIEM ET AL. 10,714



'AND SPACESCIENCE.

Journal of Geophysical Research: Atmospheres 10.1029/2019JD031243

include Kenya and Uganda (Ongoma et al., 2018; Otieno & Anyah, 2013), eastern Africa (Nicholson, 2017),
EEA (Gitau et al., 2018); the Greater Horn of Africa (Nicholson, 2014; Williams et al., 2012), and CEA or
Congo Basin (Creese et al., 2019; Creese & Washington, 2018; Dezfuli & Nicholson, 2013; Hua et al., 2018,
2019; Nicholson & Dezfuli, 2013). Not only is it not known how rainy-season rainfall characteristics have
changed over time within western Uganda, but it also is not known what atmospheric conditions lead to
wet days and dry days within the rainy and dry seasons. Consequently, the overarching goal of this research
is to greatly improve the understanding of seasonal rainfall characteristics and trends in western Uganda,
which as noted before is a region with greatly conflicting information regarding trends in rainfall, with some
studies finding drying trends (Diem et al., 2014; Ssentongo et al., 2018) and other studies finding wetting
trends (Diem et al., 2019; Salerno et al., 2019). The three objectives are to examine the following: (1) atmo-
spheric characteristics of seasons and wet days within seasons; (2) the influence of Congo westerlies on rain-
fall; and (3) multidecadal trends in rainfall.

2. Data and Methods

2.1. Precipitation

Daily precipitation data from two satellite-based rainfall data sets, CHIRPS and TAMSAT-2 (also known as
TARCAT in previous papers), were used to examine rainfall variability from 1983 to 2017. CHIRPS and
TAMSAT-2 begin in 1981 and 1983, respectively, and have spatial resolutions of 0.05° and 0.0375°, respec-
tively. Although the latest version (v3.0) of TAMSAT does not underestimate rainfall totals like TAMSAT-2
does (Maidment et al., 2017), TAMSAT-3 was not used in this study, because rigorous analyses of the tem-
poral stability of TAMSAT-3 in western Uganda have not been conducted. CHIRPS is a serially complete
database, while 2.2% of the TAMSAT-2 daily totals were either missing or deemed erroneous (i.e., series
of days with identical nonzero values) by the authors of this paper. Based on results from change-point ana-
lyses specific to western Uganda, CHIRPS data have been found to have a drying bias than begins in 1989
and to have suppressed estimates during 2007-2010, while TAMSAT v2.0 may be considered to be homoge-
neous and thus not have any significant change points (Diem et al., 2019). Therefore, daily TAMSAT v2.0
estimates were not adjusted, but daily CHIRPS estimates from January 1983 to 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).

2.2. Rainfall Regionalization

Since rainfall patterns have been shown to vary substantially within western Uganda (Diem et al., 2019), 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 TAMSAT-2 at estimating rainfall totals
across western Uganda (Diem et al., 2019). Regionalization was performed via hierarchical cluster analysis
(Badr et al., 2015) of monthly mean rainfall estimates from CHIRPS data from 1983 to 2017. The clustering
was iterative, and final set of regions was selected based on a combination of maximizing rainfall differences
among the regions and a logical physical partitioning of western Uganda.

2.3. Rainy Seasons and Dry Seasons

Rainy and dry seasons for each year were defined using both CHIRPS and TAMSAT-2 data, using a mod-
ified version of the methodology in Dunning et al. (2016). Since TAMSAT-2 had 278 days with invalid
rainfall values, the rainfall totals for those days were replaced with the mean value for that particular
day of the year. The start and end of the climatological water seasons (1983-2017) were defined using
the cumulative differences over the course of a climatological year between the climatological mean rain-
fall for the day of a year minus the mean daily rainfall total derived from all days. The procedure was
repeated for each year using only rainfall totals and the mean daily rainfall total for that year, with all
starting and ending dates constrained to occur within 30 days of the climatological starting and ending
days. The values were then subsequently adjusted—if necessary—by examining the cumulative-difference
plots for each 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 >1 mm of rain was classified as a wet day. The
remaining days were classified as dry days.
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2.4. Atmospheric Fields

The European Centre for Medium-Range Weather Forecasts ERA-Interim (Dee et al., 2011) reanalysis pro-
duct was used to (1) determine the typical atmospheric conditions of dry seasons and rainy seasons, (2) deter-
mine differences in atmospheric conditions between rainy and dry days within rainy seasons, and (3) verify
trends in rainfall. Daily zonal and meridional wind velocities and specific humidity were examined from
1983 to 2017 at 500 and 850 hPa. Vertical velocity at 500 hPa also was examined.

2.5. Back Trajectory Analyses and Land Cover Information

In order to systematically evaluate air parcel origins throughout western Uganda, 7-day back trajectories spe-
cific to each rainfall region were created for every day from 1983 to 2017. The trajectories were produced
using National Centers for Environmental Prediction Reanalysis 1 data (Kalnay et al., 1996) in the Hybrid
Single-Particle Lagrangian Integrated Trajectory model, Version 4 (Stein et al., 2015) with the model vertical
velocity option. Each trajectory began at 0900 UTC (12 noon local time) at 500 m above ground level at the
centroid of a rainfall region. The trajectories terminating in each rainfall region were placed into clusters
using the clustering procedure included in Hybrid Single-Particle Lagrangian Integrated Trajectory model.

The typical land cover characteristics, rainfall totals, and atmospheric conditions of the trajectories were cal-
culated. The mean of CHIRPS and TAMSAT-2 values was used as the rainfall total. Land cover characteris-
tics of trajectories were determined by calculating the proportion of the duration of a trajectory over various
types of land cover. Since the time period was 1983-2017, the Moderate Resolution Imaging
Spectroradiometer MCD12Q1.006 land cover type database for 2001 was used (Friedl et al., 2002, 2010).
The database has a 500-m spatial resolution and consists of 17 type-1 land cover classes. Box plots of daily
rainfall totals, 500-hPa specific humidity, 500-hPa vertical velocity, and 850-hPa specific humidity were pro-
duced using the daily ERA-Interim data. Finally, Students's ¢ tests (o = 0.05; one tailed) were used to test for
differences between the aforementioned rainfall and atmospheric variables between each of the
trajectory types.

In order to examine seasonal differences among the trajectories, trajectory-cluster frequencies (i.e., frequen-
cies of trajectory types) and associated rainfall totals (the mean of CHIRPS and TAMSAT-2) were calculated.
Within each season, to assess whether a trajectory cluster had a disproportionately high or low frequency on
rainfall days, chi-square tests (¢ = 0.01) were conducted. Contingency tables for the tests contained the fol-
lowing frequencies: (1) trajectories in the cluster on wet days; (2) trajectories in other clusters on wet days; (3)
trajectories in the cluster on dry days; and (4) trajectories in other clusters on dry days.

2.6. Trends in Rainy-Season Variables

Multidecadal trends in rainy-season variables were assessed. The variables were season onset, season cessa-
tion, season duration, seasonal rainfall total, and seasonal rainfall intensity. The intensity of rainfall repre-
sented 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. CHIRPS and TAMSAT-2 data—with the mean value for the day
of year replacing invalid TAMSAT-2 values—were used to calculate two sets of variables, and the final values
used in the trend analyses were the means of results from the two products. Trends over 1983-2017 of the
rainy-season variables were assessed using Kendall-Tau correlation tests (¢« = 0.05; one tailed). 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 in the rainy-season variables over the 35-year period.

2.7. Trends in and Correlations Between Seasonal Rainfall and Seasonal Atmospheric Conditions

Trends in rainfall for the standard climatological seasons (e.g., DJF), mean seasonal reanalysis atmospheric
variables, and seasonal frequencies of trajectory types were analyzed for each rainfall region. The seasonal
rainfall totals were the mean of CHIRPS and TAMSAT-2 rainfall totals. Data from ERA-Interim and an addi-
tional high-resolution product, Modern-Era Retrospective analysis for Research and Applications, Version 2
(MERRA-2) (Gelaro et al., 2017), were used to calculate the seasonal reanalysis variables. The seasonal rea-
nalysis values were the mean of the two products. Trends over 1983-2017 were assessed using Kendall-Tau
correlation tests (o = 0.05; one tailed). In addition, correlations over the 35 years between seasonal rainfall
and reanalysis variables and trajectory-type frequencies were assessed using Pearson product-moment corre-
lation tests (o = 0.05; one tailed).
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3. Results
3.1. General Characteristics of the Rainfall Regions

The regionalization procedure divided western Uganda into five homogeneous rainfall regions that repre-
sented latitudinal zones as well as the small portion of lowland rainforest in western Uganda (Figure 1).
In general, elevation increases from north to south, with Region 1, the northernmost region, and Region
5, the southernmost region, having mean elevations of 898 and 1,584 m above sea level, respectively.
Region 3 was relatively unique among the regions, not only because of its small size but also because of its
location on the western side of the Rwenzori Mountains, which makes it similar to locales in the extreme
eastern portion of the Congo Basin. Region 1 had an annual rainfall regime, with the one long rainy season
occurring from late March to mid-November; approximately 90% of the annual rainfall occurred during the
rainy season (Figure 2). The rest of the regions had biannual rainfall regimes, and, for those regions, the first
rainy season typically occurred from MAM and the second rainy season typically began in early August and
ended in either late November or early December (Figure 2). Nearly 80% of the annual rainfall occurred dur-
ing the rainy seasons.

3.2. Atmospheric Conditions of Rainy and Dry Seasons

Ascending air, increased specific humidity, and weak easterly/southeasterly lower troposphere flow
occurred over western Uganda during the rainy seasons (Figure 3; even columns). During both rainy seasons
that moist, rising air existed across CEA and was centered at the equator. The lower troposphere flow was
generally southerly (westerly) over CEA and southeasterly over western Uganda during the first (second)
rainy season (Figure 3b). The flow during the second rainy season was much weaker, with the winds over
CEA shifting to westerlies. Much of EEA had weak sinking air and southeasterly flow during the western
Uganda rainy seasons; the flow was much weaker than during the dry seasons.

Descending air, decreased specific humidity, and easterly/southeasterly lower troposphere flow occurred
over western Uganda during the dry seasons (Figure 3; odd columns). During the first dry season, which pri-
marily occurs during DJF, sinking, relatively dry air existed north of the equator and over EEA. Strong east-
erly flow occurred across northern EEA and Regions 1 and 2 of western Uganda, and weak flow was over
CEA. During the second dry season, which occurs mostly during June and July, the dry, sinking air shifted
to the Southern Hemisphere yet still remained over EEA. Strong southerly flow existed over EEA, and weak
southerly/southeasterly flow existed over western Uganda and CEA.

3.3. Atmospheric Conditions on Wet and Dry Days Within Rainy Seasons

For both rainy and dry seasons, wet days in western Uganda were characterized by increased ascending air
and specific humidity compared to dry days (Figure 4). The largest anomalies were typically centered over
western Uganda, since the composite maps were based on rainfall occurrence at the five rainfall regions
there. Across all of western Uganda, wet days during the rainy (dry) seasons had 5% (11%) higher 850-hPa
specific humidity compared to dry days. At the 500-hPa level (not shown), the wet days during rainy (dry)
seasons had even larger percent increases in specific humidity (15% in rainy seasons and 24% in dry seasons).
On wet days during the first dry season, increased lower troposphere specific humidity existed across north-
ern tropical Africa and all of EEA. The zone of increased specific humidity was more confined to western
Uganda during the first rainy season. And during the second dry and second rainy seasons, the increased spe-
cific humidity tended to occur in a zone that extended from southern CEA to northern EEA.

Westerly wind anomalies, based on wet days minus dry days, were prevalent across most of equatorial Africa
during wet days in both rainy and dry seasons in western Uganda (Figure 4). At the 850-hPa level, wet days
during the first dry season had southwesterly/westerly anomalies over CEA and southerly anomalies over
EEA. First-rains wet days had 850-hPa westerly anomalies over CEA and western Uganda, while southerly
anomalies tended to occur over EEA. Wet days during both the second dry and second rainy seasons had 850-
hPa westerly anomalies over CEA and western Uganda, with northerly anomalies over EEA.

3.4. Back Trajectories for the Rainfall Regions

There were eight major types of air-parcel trajectories affecting western Uganda, and they differed substan-
tially in terms of the types of land cover that the air parcels crossed (Figures 5 and 6). The trajectory types,
named after the general geographical origin of the air parcels, were as follows: northerly (N),
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Figure 2. Typical mean daily rainfall, rainy-season onset and cessation dates, rainy-season duration for the five rainfall regions for 1983-2017 for the two rainfall

products. Dates are in black and durations (in days) are in blue.

northeasterly (NE), easterly (E), southeasterly (SE), southerly (S), southwesterly (SW), westerly (W), and
local (L). N trajectories arrived mostly from the Sahara desert and were rare for all regions. NE
trajectories, which extended over the North Indian Ocean toward the Arabian Sea, decreased greatly in
frequency when moving from the northern to southern regions. NE trajectories were typically over oceans
for half the hours. E trajectories—which were relatively infrequent—also tended to originate over the
Indian Ocean; however, most of the hours of the E trajectories were over land, primarily shrublands,
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western Uganda is shown in black. The rainy-season periods are typically as follows: late March to late November for Region 1; mid-March to mid-May (first rains)
and late July to late November (second rains) for Region 2; and early March to mid-May (first rains) and late August to early December (second rains).

savannas, and grasslands. SE trajectories was the most common trajectory type, occurring on 29% of all days
on average across the regions. These trajectories originated in the South Indian Ocean and generally had
approximately the same number of hours over ocean and land. S trajectories were similar to SE
trajectories, but they occurred much less frequently and had a higher percentage of hours over the ocean.
Both SW and W trajectories were relatively slow and, unlike the other trajectories, were typically present
over the evergreen broadleaf forests of the Congo basin for at least 70% of the hours. W trajectories
dwelled over evergreen broadleaf forests for approximately 80% of the hours. Therefore, W trajectories also
can be referred to as Congo westerlies. These trajectories occurred on 23% of the days on average across
the regions and were thus the second most frequent trajectory type. There was an increased frequency of
both SW and W trajectories when moving from north to south: W trajectories were the most prevalent
trajectories in Regions 3 and 5, where they occurred on nearly 30% of days. Finally, L trajectories
originated in or near western Uganda and did not have a directional component.

The atmospheric conditions of the trajectory clusters differed in the following ways: N and NE trajectories
were much drier and stable than the other trajectories and Congo westerlies were the wettest and most
unstable of the trajectories (Figure 7). N and NE trajectories were unique among the trajectories, with
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Figure 4. Differences for each season between wet days and dry days in (a) 500-hPa vertical velocity and wind vectors and (b) 850-hPa specific humidity and wind
vectors for Regions 1, 2, and 5. The outline of western Uganda is shown in black. The rainy-season periods are typically as follows: late March to late November for

Region 1; mid-March to mid-May (first rains) and late July to late November (second rains) for Region 2; and early March to mid-May (first rains) and late August to
early December (second rains).

those trajectories being the only ones associated with middle-troposphere vertical descent as well as having
lower mean daily rainfall totals and specific humidity than the other trajectory clusters. Congo westerlies had
significantly higher mean daily, rainfall, significantly more negative vertical motion, and significantly more
500-hPa specific humidity than the other trajectory clusters. Congo westerlies did not have the highest 850-
hPa specific humidity.

There was a strong seasonality to the trajectories, and there were major differences among trajectory types
with respect to rainfall contribution within seasons (Figure 8). NE trajectories were most common in
Regions 1 and 2; since they occur mostly during the first dry season, these trajectories contribute very little
to rainfall totals. SE trajectories, which were common throughout western Uganda in all seasons but the first
dry season, were major contributors to rainfall during rainy seasons. Over 10% of the annual rainfall in all
regions occurred on SE trajectory days during the first rainy season, and over 40% of the first-rains rainfall
occurred on those days. SE trajectories contributed less to rainfall in the second rains when moving to
Regions 3-5. W trajectories occurred in all seasons but were extremely prevalent during the second rainy
season, where they contributed substantially to rainfall. In Regions 3-5, W trajectories were the dominant
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Figure 5. The eight clusters of 7-day back trajectories. All trajectories from 1983 to 2018 are shown for the five rainfall
regions. The trajectory clusters are northerly (N), northeasterly (NE), easterly (E), southeasterly (SE), southerly (S),
southwesterly (SW), westerly (W), and local (L). Percentages of days for a region on which the trajectory cluster occurred
are shown.
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There was a dramatic difference between westerly/southwesterly trajec-
tories and other trajectories with respect to occurrences on wet and dry
days within the seasons (Figure 9). We define a wet (dry) trajectory as
one that has a disproportionately high frequency on wet (dry) days, based
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on the results of the chi-square tests. SW and W trajectories were wet tra-
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Figure 6. Percent of trajectory duration spent over various types of land
cover. Percentages are the mean values from all trajectories for the five

regions.
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3.5. Trends in Rainy-Season Variables

While Region 1, the only region with a single rainy season, only had a

slight lengthening of the rainy season from 1983 to 2017, there were large

increases in total rainfall and rainfall intensity over that period (Table 1).
The rainy season increased by roughly 11 days, and the increase was not significant. Trends in both rainfall
total and rainfall intensity were significant. Seasonal rainfall increased by 20%, which translates into an
increase of 58 mm per decade.

The first rains among the biannual rainfall regions (Regions 2 to 5) had large increases in duration and rain-
fall totals (Table 1). The first rains increased in duration from 22 to 34 days, and these increases were signif-
icant for all four regions. The mean increase was approximately 1 week per decade. All regions had either a
significant decrease in onset or a significant increase in cessation or both; the northern regions had a signif-
icant increase in cessation, and the southern regions had a significant decrease in cessation. The mean
decrease in onset was 16 days, and the mean increase in cessation was 12 days. All four regions had signifi-
cant increases in rainfall totals, with totals increasing by 52% to 83%. The mean increase in rainfall total was
45 mm per decade. There were no significant changes in rainfall intensity.

Compared to the first rains, the second rains had much weaker changes in season onset, cessation, duration,
and rainfall total, but the increase in rainfall intensity was much greater (Table 1). With the exception of
Region 5, the biannual rainfall regions tended to have decreased season onset offset greatly by a decreased
season cessation; as a result, season duration did not change. Region 5 had a significant increase in season
duration of 20 days (i.e., 6 days per decade), with decreasing season onset more responsible than increasing
season cessation. Resulting from the increased duration, Region 5 also was the only region to have a signifi-
cant increase in rainfall total: The total increased by 31% over the 35 years (i.e., 34 mm per decade). Finally,
all regions except Region 5 had significant increases in rainfall intensity.

Rainfall (mm)
w

0.08 35 14
& 0.00 -- I . 2 11
3 . I I %
-0.08 . 8
E SE S SW w L

Figure 7. Box plots of daily rainfall, 500-hPa vertical velocity (wsqp), 500-hPa specific humidity (SHsg), and 850-hPa specific humidity (SHgsg). The black horizon-
tal lines are the first quartile, median, and third quartile. The mean is denoted by an x.
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Figure 8. Trajectory occurrence and associated rainfall during the seasons for the five regions. The values are percentages of total annual occurrence and rainfall.
The rainy-season periods are typically as follows: late March to late November for Region 1; mid-March to mid-May (first rains) and late July or early August to late
November (second rains) for Regions 2-4; and early March to mid-May (first rains) and late August to early December (second rains) for Region 5.

3.6. Trends and Correlations for Climatological Seasons

Nearly all seasons, except DJF, experienced wetting trends in all regions, and the cumulative effect is that
western Uganda had at least a 14% increase in rainfall from 1983 to 2017 (Figure 10a). Most regions had sig-
nificant rainfall increases during MAM, JJA, and SON. Region 5, the southernmost region, was unique
among the regions, with an additional significant rainfall increase during DJF. Annual rainfall in that region
increased by 24%.

Changes in middle-troposphere conditions supported the changes in rainfall (Figure 10b). While results
using the mean of ERA-Interim and Modern-Era Retrospective analysis for Research and Applications,
Version 2 are shown in Figure 10, those two products did have similar correlations and trends for the 500-
and 850-hPa variables (Figure S1 in the supporting information). The 500-hPa specific humidity was signifi-
cantly positively correlated with seasonal rainfall in all seasons for all regions, and it had significantly
increasing trends in all regions during MAM, JJA, and SON. 500-hPa vertical velocity was significantly nega-
tively correlated with rainfall in nearly all seasons across the five regions, and significant decreasing trends
(more upward motion) occurred in JJA and SON for all regions. All regions except Region 5 had additional
significantly decreasing trends in MAM, while the northern regions had significant increasing trends (less
upward motion) in DJF.

Changes in lower troposphere specific humidity supported the increases in rainfall during JJA and the lack of
rainfall increase during DJF (Figure 10b). 850-hPa specific humidity was significantly positively correlated
with rainfall in JJA in all regions, and all regions except Region 1 had significant increasing trends in specific
humidity during JJA. Nearly all regions had significant positive correlations between 850-hPa specific
humidity and rainfall in DJF, and all trends in specific humidity were significantly negative. There were
negative trends in 850-hPa specific humidity during MAM in all regions.

There were mostly shifts toward more westerly lower troposphere flow, and that change supported the rain-
fall changes (Figure 10b). Rainfall and 850-hPa zonal velocity in JJA were significantly correlated in all
regions, and there was a significant positive trend in zonal velocity (i.e., increasing westerly or decreasing
easterly flow). All regions except Region 3 had significantly positive correlations in SON, and Regions 4
and 5 had an additional significant positive correlation in MAM. The 850-hPa zonal velocity had a signifi-
cantly positive trend for all of the above region/season combinations except SON in Region 2. Region 3
had a significant negative correlation between DJF rainfall and 850-hPa zonal velocity, and the negative
trend in zonal flow also was significant.

Changes in Congo westerlies did not align well with changes in lower troposphere zonal flow and thus did
not support the rainfall changes (Figure 10b). Shown below Congo westerlies in Figure 10b are correlations
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Figure 9. Chi-square statistics (the mean of the statistics from the separate analyses involving CHIRPS and TAMSAT-2
data) for all trajectory/season combinations in the five regions. The white to red (blue) range indicates an increasingly
disproportionately low (high) frequency of a trajectory cluster on wet days. Gray indicates no trajectories for that cluster/
season/region combination. Asterisks indicate that both CHIRPS and TAMSAT-2 chi-square statistics are significant at
the 0.01 level. The rainy-season periods are typically as follows: late March to late November for Region 1; mid-March to
mid-May (first rains) and late July or early August to late November (second rains) for Regions 2-4; and early March to
mid-May (first rains) and late August to early December (second rains) for Region 5.

and trends for EBg trajectories, which are trajectories with at least 80% of hours over evergreen broadleaf
forest (i.e., Congo rainforest). EBg, trajectories, which occurred on 21% of the days on average across the
regions, were 73% Congo westerlies, 21% SW trajectories, and 6% L trajectories. Rainfall and the frequency
of Congo westerlies and EBg, trajectories in JJA in the northern regions were significantly positively
correlated, but the trends in westerlies were not significant. Significant negative correlations occurred in
MAM and SON in Region 3 for Congo westerlies and in SON for EBgq trajectories; however, those
variables did not have significant trends. The only significant trends in Congo westerlies were negative
trends during SON in Regions 4 and 5. And the only significant trends in EBgq trajectories were positive
trends in DJF in Regions 3-5.

4. Discussion

This study found that intra-annual variability of rainfall and the atmospheric conditions of seasons in wes-
tern Uganda is much more similar to CEA than to EEA. Previously, western Uganda has been considered
both a part of CEA and EEA, but both regions are impacted by the equinoctial crossing of the tropical
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Table 1
Changes in Rainy-Season Onset, Cessation, Duration, Rainfall Total, and Rainfall Intensity (i.e., Mean Daily Rainfall) From 1983 to 2017

Onset (days) Cessation (days) Duration (days) Rainfall total (mm) Rainfall intensity (mm)
First rains
Region 1 —4 8 11 (5) 204 (20) 0.56% (13)
Region 2 -9 16% 22% (45) 134% (52) —0.15 (=3)
Region 3 —18* 15% 34% (68) 189" (85) 0.20 (4)
Region 4 -17* 8 262 (59) 123% (62) —0.09 (—2)
Region 5 —18% 11 27% (50) 142% (83) 0.49 (14)
Second rains
Region 2 -13 —3 5(5) 104% (21) 0.44% (10)
Region 3 -6 -5 3(2) 45 (9) 0.39% (9)
Region 4 11 -10 —3)(—3) 43 (9) 0.57" (14)
Region 5 11 7 20%(19) 118% (31) 0.38 (10)

Note. The percentage change from 1983 to 2017 is shown parentheses for duration, rainfall total, and rainfall intensity.
3Significant trends (a = 0.05; one tailed).

rainbelt and have more rainfall in SON than in MAM (Washington et al., 2013). EEA has more rainfall in
MAM than in SON (Camberlin et al., 2009). For rainy seasons in western Uganda, the differences in 500-
hPa vertical velocity, 850-hPa specific humidity, and 850-hPa winds between western Uganda and CEA
are small, while the differences in values between western Uganda and EEA are much larger (e.g., EEA
had descending air during the rainy seasons; Figure 3).

Congo westerlies dominate during the second rainy season and are important features during wet days in all
seasons. This supports previous findings of Congo westerlies occurring throughout the year and being most
developed in July-September (Nicholson & Grist, 2003). And the Congo Basin as a moisture source is much
more likely in SON than MAM (Hua et al., 2019). Differences in circulation between wet days and dry days
produced 850-hPa westerly anomalies for all seasons, with the possible exception of boreal winter in north-
western Uganda (Figure 4). Wet days and spells within rainy seasons in western EEA (e.g., western Kenya)
also have been shown to have westerly anomalies (Camberlin, 1997; Camberlin & Wairoto, 1997; Pohl &
Camberlin, 2006a, 2006b). The W trajectories presented in this paper represent Congo westerlies; these tra-
jectories spend on average at least 80% of the time over the Congo rainforest. Therefore, they likely are trans-
porting recycled moisture (i.e., evapotranspired moisture from the Congo rainforest) into western Uganda
(Dyer et al., 2017). As result, Congo westerlies are more unstable and have higher middle-troposphere moist-
ure levels than the other trajectories (Figure 7). Congo westerlies have a disproportionately high frequency
on wet days in most region/season combinations, especially the second dry and second rainy seasons in
the biannual-regime regions. Congo westerlies are associated with at least 40% of the rainfall during the sec-
ond rainy season in the southern regions; in the southernmost region, the value could exceed 60%. Since it
has been postulated that air that has passed over extensive tropical vegetation in the preceding few days
should produce greatly increased rainfall totals (Spracklen et al., 2012), the potentially large impact of
Congo westerlies on western Uganda rainfall is not unexpected.

The rainy seasons, especially the first rains, have gotten longer and have had increased rainfall over the past
several decades. With the exception of Region 1, which has an annual rainfall regime, the first rains
increased in duration on average by four weeks over the 35 years; as a result, the rainfall totals in the first
rains increased by over 50%. The large increases in the first rains also were found by Salerno et al. (2019)
for locales within our Regions 2-4. The earlier onset and later cessation of the first rains is supported by
the significant increases in rainfall in MAM (Figure 10a). The second rains had smaller increases in rainfall
(i.e., a mean increase of 18%). Since JJA had significant rainfall increases and the typical onset of the second
rains was in August, it makes sense that the onset for the second rains decreased by approximately 10 days
over the 35 years. With the typical cessation date of the second rains occurring in late November and no sig-
nificant increase in DJF rainfall, the cessation date of the second rains essentially did not change. But the
increased SON rainfall did contribute to the significant increases in mean daily rainfall totals during the
second rains.

Increased rainfall in MAM, JJA, and SON—and thus by extension the short rains and long rains—is sup-
ported primarily by changes in middle-troposphere conditions and also by changes in lower troposphere
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Figure 10. (a) Projected seasonal rainfall totals for 1983 (orange bars) and 2017 (blue bars). Projected values are derived from the Kendall-Theil robust line. Plus
signs indicate seasons that had a significant (o« = 0.05; one-tailed) increase in rainfall. Values in the upper-left corner of each panel are the percent increase in
annual rainfall from 1983 to 2017. (b) Pearson product-moment correlation coefficients between seasonal rainfall and 500-hPa specific humidity (SHsqg), 500-hPa
vertical velocity (wsg0), 850-hPa specific humidity (SHgsp), 850-hPa zonal velocity (Ugso), frequency of westerly trajectories (W), and EBgq trajectories (i.e., tra-
jectories with at least 80% of hours over evergreen broadleaf forest). Coefficients beyond the dashed red lines are significant (@ = 0.05; one tailed). Plus (minus) signs
indicate seasons that had a significant (o« = 0.05; one tailed) increases (decreases).

flow. Over western Uganda, there was a significant increase in 500-hPa specific humidity in all seasons
except DJF and a significant increase in 500-hPa upward motion in JJA and SON and to a lesser degree in
MAM. In addition, there was a shift toward more westerly lower troposphere flow in JJA in the northern

DIEM ET AL. 10,726



~1
AGU

100

ADVANCING EARTH
'AND SPACESCIENCE.

Journal of Geophysical Research: Atmospheres

10.1029/2019JD031243

Acknowledgments

This research was supported by the
National Science Foundation (Award
1740201) and approved by the Uganda
National Council for Science and
Technology. CHIRPS and TAMSAT-2
data were obtained from the
International Research Institute for
Climate and Society and are available at
the website (https://iridl.ldeo.columbia.
edu/). ERA-Interim data were obtained
from the European Centre for Medium-
Range Weather Forecasts and are
available at the https://www.ecmwf.
int/en/forecasts/datasets/reanalysis-
datasets/era-interim website. MERRA-2
data were obtained from the NASA
Goddard Earth Sciences Data and
Information Services Center and are
available at the website (https://disc.
gsfc.nasa.gov/daac-bin/FTPSubset2.pl).
Daily and monthly rainfall/ atmospher{c
data for the rainfall regions in this
manuscript—as well as geo-spatial data
for the regions—can be accessed at the
https://data.mendeley.com/datasets/
ccbntkp7yn/1 website.

regions and in both JJA and SON in the southern regions. And across the five regions of western Uganda, a
majority of the seasons with significant trends also had significant correlations with rainfall totals.

Aligning with the current trends discussed above, global climate models project an increased rainfall for wes-
tern Uganda in the future. Based on results from an ensemble of global climate models, rainfall in western
Uganda is projected to increase 0.9 mm/day by the late 21st century compared to the late 20th century,
and the possible cause of the increase in the eastern Congo Basin is increased middle-troposphere moisture
convergence (Creese et al., 2019). The above increase in rainfall translates to an increase of 8.8 mm per dec-
ade, which appears reasonable, since the mean trend in this paper for SON over 1983-2017 was 12.5 mm
per decade.

Given the strong impact that Congo westerlies have on wet days in both rainy and dry seasons, it is perplex-
ing that a strong relationship does not exist between Congo-westerly frequencies and the increased rainfall.
Congo westerlies have not increased in frequency in any season. In fact, westerlies have decreased in SON in
Regions 4 and 5; this coincides with the second rains, when Congo westerlies are the largest contributors to
rainfall among the trajectories. Nevertheless, there are strong correlations in Region 1 between JJA rainfall
and the frequencies of Congo westerlies and trajectories that spent at least 80% of hours over the Congo rain-
forest. In fact, over 40% of the rainfall in that season occurs on Congo-westerly days. It is possible that the
Congo westerlies were not defined at an adequate precision or identified with the same accuracy over the
35 years or both. Then again, except for JJA in northwestern Uganda, there may simply not be a strong posi-
tive interannual relationship between Congo westerlies—no matter how they are identified—and rainfall.

5. Conclusions

Determining changes in timing, duration, and rainfall totals of rainy seasons is important in western
Uganda, given the critical impact of rainfall on the millions of people in the region subsisting on rainfed
small-scale farming. Rainfall has increased significantly in most climatological seasons throughout western
Uganda; as a result, the two rainy seasons have gotten longer and wetter. Excluding extreme northwestern
Uganda, which has an annual rainfall regime, the first rains—which on average over 1983-2017 have begun
in the middle of March and ended in the middle of May—have increased in duration by 27 days and have had
a 71% increase in rainfall from 1983 to 2017, while the second rains—which on average have begun in early
August, except for a later start in southwestern Uganda, and ended in late November—have had varied
changes in duration across western Uganda and have had a modest 18% increase in rainfall. But the second
rains have had significant increases mean daily rainfall (i.e., rainfall intensity). Congo westerlies are asso-
ciated with wet days in all seasons, and they are the largest contributor to rainfall during the second rains.
However, the frequency of Congo westerlies does not appear to be related to interannual rainfall variabil-
ity—and thus not the cause of increased rainfall—in western Uganda. This region, with a wetting trend
rather than a drying trend, appears to be unique in equatorial Africa. And one cannot assume that the
increased rainfall and longer rainy seasons benefits small-holder farmers. Increased rainfall may increase
chances of fungal disease in crops and decrease the lack of time for proper harvesting of crops (e.g., maize).

This study acts as foundation for our current and future rainfall-agriculture research throughout western
Uganda. As this study has shown, much more detailed information about moisture sources of rainfall in wes-
tern Uganda is needed. Therefore, we are collecting rainwater from multiple sites for stable-isotopes analyses,
and those analyses will be combined with back trajectory analyses. In addition, farmers throughout western
Uganda have been interviewed and completed surveys to determine their perceptions of rainfall trends and
how they are coping with those perceived changes (e.g., earlier onset and more seasonal rainfall) in rainfall.
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