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Abstract: We used CMIP6 GCMs to quantify climate change impacts on precipitation and potential
evapotranspiration (PET) across water management zones (WMZs) in Uganda. Future changes are
assessed based on four Shared Socioeconomic Pathways (SSP) scenarios including SSP1-2.6, SSP2-4.5,
SSP3-7.0, and SSP5-8.5 over the periods 2021–2040, 2041–2060, 2061–2080, and 2081–2100. Both
precipitation and PET are generally projected to increase across all the WMZs. Annual PET in the
2030s, 2050s, 2070s, 2090s will increase in the ranges 1.1–4.0%, 4.8–7.9%, 5.1–11.8%, and 5.3–17.1%,
respectively. For the respective periods, annual precipitation will increase in the ranges 4.0–7.8%,
7.8–12.5%, 7.9–19.9%, and 6.9–26.3%. The lower and upper limits of these change ranges for both
precipitation and PET are, respectively, derived under SSP1-2.6 and SSP5-8.5 scenarios. Climate
change will impact on PET or precipitation disproportionately across the WMZs. While the eastern
WMZ (Kyoga) will experience the largest projected precipitation increase especially towards the end
of the century, the southern WMZ (Victoria) exhibited the largest PET increase. Our findings are
relevant for understanding hydrological impacts of climate change across Uganda, in the background
of global warming. Thus, the water sector should devise and implement adaptation measures to
impede future socioeconomic and environmental crises in the country.

Keywords: climate change; CMIP6 projections; precipitation; evapotranspiration; water management
zones; Uganda

1. Introduction

The increasing emission of greenhouse gases (GHGs) that causes climate change exerts
pressure on water resources [1]. By 2025, the United Nations approximates that about
1800 million people will be living in countries or regions with absolute water scarcity,
while two-thirds of the world population could be under water stress conditions [2].
Climate change and socioeconomic developments can exacerbate the situation especially
for developing countries. This is particularly the case for the countries within the tropical
zone which will experience the largest impacts [3–5], despite them having made the smallest
contribution to climate change [6,7].
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Climate change will induce hydrological changes by affecting rainfall–runoff genera-
tion processes. Precipitation and evapotranspiration are the key factors in the assessment
of the influence of the climate system on hydrology [8]. The difference between evapotran-
spiration (water demand) and precipitation (water supply) has been frequently employed
in climate change studies for quantification of water availability (e.g., [9–12] and aridity
conditions (e.g., [13–15]).

For Uganda, several climate change studies (e.g., [16–18]) projected precipitation in-
crease. However, the investigation of the concomitant future changes in both precipitation
and evapotranspiration across Uganda is limited. In addition, the collective changes in
both annual means and seasonal variations of these variables have been rarely quantified,
yet such an information can enlighten socio-environmental vulnerability to potential future
water availability [11]. In an investigation of historical precipitation and evapotranspi-
ration changes over the Mpologoma catchment in Uganda, Mubialiwo et al. [19] found
an increasing trend in seasonal evapotranspiration while rainfall variability exhibited an
oscillatory pattern in subtrends over multidecadal time scales. Over the period 1948–2008,
the southern and northern parts of Uganda exhibited positive and negative precipitation
trends, respectively [20]. From 1948 to 2016, northeastern Uganda (or the Karamoja region)
was characterized by decreasing precipitation and increasing PET trends [21]. PET in the
Eastern Lake Kyoga basin exhibited an increase over the period 1961–2008 [22]. However,
long and short rains from 1961 to 2015 were characterized by decreasing and increasing
trends, respectively, in most parts of the Lake Kyoga basin [22]. In a recent study [23],
significant (p < 0.05) increasing trends in series derived by subtracting potential evapotran-
spiration (PET) from precipitation were found across the various WMZs except around the
Mount Elgon area. These findings highlight the necessity of investigating future climate
change impacts on precipitation and evapotranspiration. This is highly important since
temperature, as a key determinant of potential evapotranspiration (PET) rate, is expected
to sharply increase as a result of intensified global warming in the future [24]. In a study in
Ruhezamyenda catchment in Uganda, Mehdi et al. [25] quantified future water availability
by projecting surface runoff derived from the COSERO hydrological model forced with
CMIP5 simulations. The study projected an increase in actual runoff by about 8 mm/month
towards the end of the century under RCP8.5.

Previous climate change studies in Uganda were either limited to a catchment scale or
did not consider differences in the hydro-climates of the various sub-regions [16–18,26–28].
This shows that there is limited information for adaptive planning of water resources
management across the various WMZs in Uganda. This is despite the fact that the planning
requires frequent updates on climate change projections of precipitation and PET across
the entire country under Uganda’s Vision 2040. This thirty-year development master plan
conceptualized around strengthening the fundamentals of the economy to harness the
abundant within-country opportunities, two of which are water resources and agricul-
ture [29]. In this regard, water resources management in Uganda was decentralized in 2011
to maximize economic and social benefits for Ugandans from water/related resources man-
agement and development. Accordingly, to implement catchment-based water resources
management framework, four regional units known as water management zones (WMZs)
were created in 2011. Catchment management plans were required to be developed for the
various catchments within each WMZ following the guidelines provided by the Ministry
of Water and Environment [30]. These catchment management plans are meant to ensure
that water resources are effectively planned for and sustainably developed and managed
to support the achievement of the country’s vision 2040 [30]. However, these plans did not
incorporate climate change impacts on precipitation or PET based on the latest generation
general circulation models (GCMs) from Phase 6 of the Coupled Model Inter-comparison
Project (CMIP6). As climate change is expected to affect most of Uganda’s key economic
sectors, action on climate change is crucial if the country is to meet its goal to become
a competitive, upper-middle-income country by 2040 in line with the Vision 2040 of the
Government of Uganda [31].
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Therefore, this study aimed at conducting a comprehensive investigation of climate
change impacts on precipitation and PET across different WMZs in Uganda. This was
done while considering the use of the latest generation GCMs (CMIP6). We focused on
quantifying climate change impacts on precipitation and PET while taking into account
the difference in seasons across the WMZs in line with planning adaptation to the impacts
of climate change on sub-regional hydro-climate. The rest of the paper is organized as
follows: Section 2 presents materials and techniques employed while Section 3 highlights
results. Lastly, discussion, conclusions and recommendations of the study are captured in
Section 4.

2. Materials and Methods
2.1. Study Area

Uganda is a landlocked country with a total surface area of about 241,000 km2 in the
eastern part of Africa. The water resources in Uganda cover an area of nearly 44,000 km2

of which 36,000 km2 and 5100 km2 comprise open water and swamps, respectively [32].
The country has a tropical climate and is semi-arid in the northeast. The southern part of
the country includes a substantial portion of Lake Victoria, which it shares with Kenya
and Tanzania. Other major lakes within Uganda include Lake Kyoga, Lake Albert, Lake
George, Lake Kwania, and Lake Bisina. There are eight major rivers in Uganda: the Victoria
Nile in central Uganda, River Achwa, Okok, and Pager in the north, the Albert Nile in the
northwest; and River Kafu, Katonga, and Mpanga in western Uganda.

The climate of Uganda is generally of a warm tropical type. Temperature on average
ranges between 20 and 30 ◦C. The hottest months are December, January and February.
Long rains occur from March to May. Long dry season is from June to August. On average,
the amount of annual rainfall in Uganda ranges between 900 mm and 1600 mm. In the
southern part along the Equator, the rainfall pattern is of a bimodal type. However, the
rainfall pattern becomes somewhat of a unimodal type in the extreme northern part of
the country. Nevertheless, largely bimodal precipitation annual cycle is found over much
of the East African region (where Uganda or the study area is located) characterized by
winter dry season (January–February [JF]); the long rains season (MAM), the summer dry
season (June–September [JJAS]) and the short rains season (OND) [33].

Uganda has elevations varying from 620 m (Albert Nile) to 5110 m (Mt. Rwenzori)
averaging to about 1100 m above sea level. The plateau generally slopes northwards from
the south explaining the northerly tendency of most river flows in the country. Uganda
has four WMZs including Albert, Kyoga, Upper Nile and Victoria (Figure 1). The areal
coverage of each WMZs obtained by delineation of 30 m × 30 m digital elevation model
(DEM), from the United States Geological Survey [34], was different from that provided by
the Uganda Catchment Management Planning Guidelines [30]. The differences (Table 1)
could be due to the dissimilarity of the spatial resolutions of DEMs used in delineation by
Ministry of Water and Environment [30] and this study.

Table 1. Areas of the WMZs in Uganda.

WMZs Areas Calculated in
This Research (km2)

MWE (2014)
Area (km2)

Area Difference
(km2)

Albert 56,702 45,000 11,702
Kyoga 57,258 58,000 −742

Upper Nile 59,908 50,000 9908
Victoria 61,665 78,100 −16,435
TOTAL 235,533 231,100 4433
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Figure 1. Uganda’s WMZs and some physical features including lakes, rivers, rift valley, wetlands, and mountains.
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2.2. Data
2.2.1. Historical Data

Historical data including monthly precipitation, solar radiation, as well as maximum
(Tmax,◦C) and minimum (Tmin,◦C) temperatures for a 5-min spatial resolution were obtained
from WorldClim version 2.1 climate data (WC2.1) spanning from 1970 to 2000 [35]. The
WC2.1 dataset was downloaded via https://www.worldclim.org/data/worldclim21.html
(accessed on 10 January 2020).

2.2.2. GCMs’ Output

The CMIP6 model outputs can be accessed from Earth Systems Grid Federation (ESGF;
https://esgf-node.llnl.gov/search/cmip6/, accessed on 18 May 2021) data replication
centers [36]. However, the spatial resolution of these GCMs is coarse, hindering regional
climate change impact studies for scales finer than those of the GCMs. For our regional
water availability study, we made use of CMIP6 downscaled simulations for monthly
precipitation, solar radiation, Tmax, and Tmin, obtained from https://www.worldclim.org/
(accessed on 10 January 2020).

2.3. Statistical Analyses
2.3.1. Computation of PET

PET was computed using the method of Hargreaves and Samni [37,38] as shown in
Equation (1):

PET = 0.0023× Ra ×
√
(Tmax − Tmin)× (Tmean − 17.8) (1)

where Tmean, Tmax, and Tmin refer to the mean, maximum and minimum air temperature
(◦C), respectively, and Ra denotes the extra-terrestrial solar radiation (W/m2).

2.3.2. Characterization of Mean Climatology

PET and precipitation were converted from daily to annual and seasonal series. To
do so, daily PET rates for all the days in each year (or a particular season) were summed
to obtain an annual (or a seasonal) value. This was separately repeated for each of the
data years. The seasons considered were JF, MAM, JJAS, and OND. The same procedure of
summing values in each season or year was applied to precipitation data. Results of spatial
distribution of precipitation or PET were used to show areas which are characterized by
high or low precipitation or PET totals across each WMZ. Long-term means of precipitation
or PET averaged over each WMZ were also used for further comparison.

2.3.3. Statistical Downscaling

Future projections of GCMs are generally inappropriate for direct use in regional
climate change impact investigation and this is because of the large bias in the GCMs [8].
Thus, downscaling and/or bias correction is required prior to climate change impact
analysis. Downscaling can be performed both dynamically and statistically. Dynamical
downscaling is time consuming and computationally arduous. Eventually, statistical
methods such as change factor (delta) and quantile-perturbation-based approaches tend to
be often used [8,39]. For data used in this study, projected change in weather was computed
as the absolute or relative difference between the GCM’s output for the 1970–2000 baseline
and future period. Under the assumption that climate is characterized by a high spatial
autocorrelation (or relatively stable over space), the computed changes were interpolated
to grids of high resolution. The next step was calibration which involved application of
the computed changes to the high resolution interpolated WC2.1 or climate data over the
1970–2000 baseline. The idea behind calibration was to minimize mismatch between the
simulated and observed (1970–2000) baseline climatic data. Further details can be found
via https://www.worldclim.org/data/downscaling.html (accessed on 25 May 2020). The

https://www.worldclim.org/data/worldclim21.html
https://esgf-node.llnl.gov/search/cmip6/
https://www.worldclim.org/
https://www.worldclim.org/data/downscaling.html
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downscaled future climate data were processed for eight GCMs (Table 2) considering four
shared socio-economic pathways (SSPs; SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5).

Table 2. Overview of the GCMs.

No. Model Institution
Original
Spatial

Resolution

1 BCC-CSM2-MR Beijing Climate Center, China Meteorological
Administration, China. 1.1 × 1.1◦

2 CNRM-CM6-1 National Center for Meteorological Research,
Météo-France and CNRS laboratory, France 1.4 × 1.4◦

3 CNRM-ESM2-1 National Center for Meteorological Research,
Météo-France and CNRS laboratory, France 1.4 × 1.4◦

4 CanESM5
Canadian Centre for Climate Modelling and
Analysis, Environment and Climate Change

Canada, Victoria, BC V8W 2P2, Canada
2.8 × 2.8◦

5 IPSL-CM6A-LR Institute Pierre-Simon Laplace, France 2.5 × 1.3◦

6 MIROC-ES2L

Atmosphere and Ocean Research Institute
(The University of Tokyo), National Institute for
Environmental Studies, and Japan Agency for
Marine-Earth Science and Technology, Japan.

2.8 × 2.8◦

7 MIROC6

Atmosphere and Ocean Research Institute
(The University of Tokyo), National Institute for
Environmental Studies, and Japan Agency for
Marine-Earth Science and Technology, Japan.

1.4 × 1.4◦

8 MRI-ESM2-0 Meteorological Research Institute, Tsukuba,
Ibaraki 305-0052, Japan 1.1 × 1.1◦

In phase 5 of the CMIP (CMIP5), there were four representative concentration path-
ways (RCPs) including RCP2.6, RCP4.5, RCP6.0, and RCP8.5 which characterized a broad
range of forcing (2.6, 4.5, 6.0, and 8.5 watts per m2) by 2100. The narratives of the RCPs did
not purposefully consider the SSPs. In CMIP6, SSPs [40] were considered to characterize the
ways in which socioeconomic factors (such as population, urbanization, economic growth,
and education) might change the world in the absence of climate policy; furthermore, the
SSPs also consider how the mitigation targets of RCPs when combined with the SSPs could
influence the levels of climate change mitigation.

The 8 GCMs (Table 2) used in this study were the only ones for which downscaled
and bias-corrected data were available on the website of the WorldClim by the time of
conducting this research. The list of the GCMs and their institutions as well as spatial
resolution can be seen in Table 2. All the GCMs in Table 2 had the same spatial (5-min)
resolution before being adopted for this study. Each of the monthly scenarios, SSP1-2.6,
SSP2-4.5, SSP3-7.0, and SSP5-8.5, was obtained for the periods 2021–2040, 2041–2060,
2061–2080, and 2081–2100.

2.3.4. Quantifying Future Changes in Precipitation and PET

As for the historical data, GCMs outputs including precipitation, solar radiation, Tmax,
and Tmin were used to compute PET scenarios based on Equation (1). It is worth noting
that solar radiation for the future simulations was lacking. Thus, computations of PET
scenarios were based on an assumption of a constant solar radiation (or similar to that
of the 1970–2000 climate baseline). Precipitation and PET scenarios were converted from
monthly to seasonal totals. Precipitation or PET over the periods 2021–2040, 2041–2060,
2061–2080, and 2081–2100 were computed for each season.

For calculation of future changes in precipitation and PET, let f his (f fut) be the observed
(scenario) annual precipitation or PET (mm), and f his,z (f fut,z) the observed (future) precipi-
tation or PET for season z. Changes in annual precipitation or PET were calculated as the
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difference (f fut−f his) over f his expressed in percentage. Similarly, the ratio of the difference
(f fut,z−f his,z) to f his,z was used to quantify the changes in precipitation or PET for season z.

3. Results and Discussion
3.1. Historical Precipitation and PET

The spatial variation in the long-term precipitation and PET totals across the four
WMZs in Uganda is shown in Figure 2. Results of the precipitation and PET totals averaged
over each WMZ are presented in Table 3. Generally, the western part of the Victoria WMZ
(where Lake Victoria is located) is characterized by larger precipitation and lower PET
totals than those over land (Figure 2a–f). The Upper Nile, northern Kyoga, and northern
Albert are characterized by high PET but low precipitation (Figure 2a–f). This indicates the
susceptibility of the Upper Nile to water scarcity over both seasonal and annual scales [23].
Low OND and annual precipitation totals are generally confined to the northeastern (or
Karamoja) region (Figure 2d–e). The JJAS precipitation is low over Victoria and southern
Albert (Figure 2c). The precipitation pattern is unimodal in the southern and bimodal in
the northern part of the country following the latitudinal migration of the tropical rain belt.

Table 3. Long-term mean of historical precipitation and PET for the four WMZs.

WMZ
Time Scale

JF MAM JJAS OND Annual

Precipitation (mm)

Albert 93.5 369.3 362.0 336.5 1161.3
Kyoga 72.3 399.3 435.6 240.8 1148.1

Victoria 158.0 508.6 254.4 358.1 1279.2
Upper Nile 39.7 340.2 552.0 234.1 1166.2

PET (mm)

Albert 329.4 455.0 572.2 469.4 1826.1
Kyoga 417.9 542.2 646.8 570.7 2177.6

Victoria 296.3 418.1 550.0 428.7 1693.0
Upper Nile 460.3 584.9 667.4 616.0 2328.5

3.2. Future Precipitation and PET

The projected changes in precipitation in the 2030s (period 2021–2040) can be seen
in Figure 3. The results show that seasonal precipitation over this period will generally
increase across the country by up to 10% (Figure 3a–d,f–i,k–n,p–s). Considering all the
SSPs, each of the WMZs will record an increase in OND precipitation (Figure 3d,i,n,s).
However, certain areas will be characterized by a decrease in precipitation of some seasons.
For instance, SSP3-7.0 showed that almost the entire country will experience a decrease in
JF precipitation by up to 10% (Figure 3k). Over Lake Victoria, JJAS precipitation will remain
almost unchanged (a decrease of '1%) (Figure 3c,h,r). Similarly, considering SSP1-2.6,
SSP2-2.4, and SSP5-8.5, JF precipitation will remain approximately unchanged though
with a slight increase of <1% especially in the northern half of the country (Figure 3a,f,p).
Overall, the various SSPs revealed that annual precipitation is expected to increase across all
the WMZs with the percentage changes ranging from 2.8 to 9.5% (Figure 3e,j,o,t). Changes
in precipitation for the 2050s, 2070s, and 2090s considering the various scenarios can be
found in Appendix A Figures A1–A3. The results (considering all the scenarios SSP1-
2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5) show that generally the largest increases in annual
precipitation during the 2050s, 2070s, and 2090s will be in the ranges 7.8–12.5%, 7.9–19.9%,
and 6.9–26.3%, respectively. The upper and lower limits of these ranges were all obtained
under SSP5-8.5 and SSP1-2.6, respectively.
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Figure 2. Historical annual and seasonal (a–e) precipitation and (f–j) PET.



Atmosphere 2021, 12, 887 9 of 25Atmosphere 2021, 12, x FOR PEER REVIEW 10 of 27 
 

 

 
Figure 3. Projected percentage changes in (a,f,k,p) JF, (b,g,l,q) MAM, (c,h,m,r) JJAS, (d,i,n,s) OND, and (e,j,o,t) annual 
precipitation for the 2030s based on (a–e) SSP1-2.6 (f–j) SSP2-4.5, (h–o) SSP3-7.0, and (p) SSP5-8.5. 

Averaged climate change projections for precipitation over each WMZ can be seen in 
Figure 4. A substantial change in precipitation will occur towards the end of the 21st 
century; 2090s, under SSP3-7.0 and SSP5-8.5 relative to the baseline period (Figure 4d). 
The period 2030s and 2050s show that the region will experience <10% increase in 
precipitation in most WMZs, while a pronounced increase is noted during the 2070s until 
the end of the century. Whereas JF season is considered as a dry anomaly in present 

Figure 3. Projected percentage changes in (a,f,k,p) JF, (b,g,l,q) MAM, (c,h,m,r) JJAS, (d,i,n,s) OND, and (e,j,o,t) annual
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Results from this study indicated that both seasonal and annual precipitation across
Uganda will generally increase over the period 2021–2100. However, these increases
especially in the annual precipitation from the various scenarios will be limited to less than
30%. There are a few studies [16,17] that also found that precipitation will increase over
Uganda. Sridharan et al. [18] showed that even the expected driest climate in the future
will have an average annual precipitation of approximately 1000 mm. Nevertheless, our
study showed that the Upper Nile as well as the northern parts of Kyoga and Albert will
meteorologically be drier than Victoria, southern Albert.

Averaged climate change projections for precipitation over each WMZ can be seen
in Figure 4. A substantial change in precipitation will occur towards the end of the 21st
century; 2090s, under SSP3-7.0 and SSP5-8.5 relative to the baseline period (Figure 4d). The
period 2030s and 2050s show that the region will experience <10% increase in precipitation
in most WMZs, while a pronounced increase is noted during the 2070s until the end of the
century. Whereas JF season is considered as a dry anomaly in present climate and MAM is
regarded as a long rainy season (Table 3), the future change presents an opposite pattern
with noteworthy deviations in the climatology. In fact, JF is projected to increase while
minimal changes in MAM are projected to continue across various time slices and scenarios
(Figure 4a–d). For instance, during the 2070s and 2090s under SSP5-8.5, the JF season is
projected to experience an increase by >25 and 37% in Victoria and Kyoga compared to
MAM with 3 and 5%, respectively (Figure 4c,d). On the other hand, OND exhibits a positive
anomaly with projected changes expected under SSPs 2-4.5, 3-7.0, and 5-8.5 scenarios in
all WMZs during the 2070s and 2090s. Overall, remarkable changes are projected to occur
across the various WMZs in Uganda during the late century from the 2070s and 2090s
compared to the 2030s and 2050s under averaged no policy and worst-case no policy
scenarios. MAM and JJAS are projected to receive an insubstantial amount of precipitation,
while JF and OND precipitation will increase in most WMZs in Uganda. The findings
agree with existing studies based on previous versions of GCMs, or RCMs conducted
across the entire Uganda or broader East Africa region [16,17]. Enhanced precipitation
changes during OND and JF could be attributed to the increased moisture convergence
that enhances the local monsoon during boreal autumn local over East Africa [41]. More
intense Walker and Hadley circulations resulting from Indian Ocean Dipole mode also
had a significant impact on the seasonal precipitation changes [42]. Conversely, fewer
changes during MAM under all scenarios over the WMZ of Uganda could be linked to the
persistent warming of the sea surface temperature along the Western Indian Ocean during
the twentieth and twenty-first centuries [43–45].

Figure 5 shows the impacts of climate change on PET. It is noticeable that JF PET total
of the 2030s is expected to be generally greater than that of the historical condition by about
2.5% on average (Figure 5a,f,k,p). Almost no change of JF PET (a slight decrease of '1% on
average) is expected to occur around Lake Albert. The MAM PET is projected to increase
over all the WMZs to varying extents up to 4.8%. Generally, PET increase over Victoria
and southern Albert is expected to be larger in magnitude than those in the Upper Nile as
well as the northern parts of Albert and Kyoga (Figure 5b–e,g–j,l–o,q–t). Changes in PET
for the 2050s, 2070s, and 2090s for different future scenarios can be found in Appendix B
Figures A4–A6. Results (considering all the scenarios SSP1-2.6, SSP2-4.5, SSP3-7.0, and
SSP5-8.5) show that the largest increases in annual PET during the 2050s, 2070s, and 2090s
will be in the ranges 4.8–7.9%, 5.1–11.8%, and 5.3–17.1, respectively. Like precipitation, the
lower and upper limits of these ranges in all cases were related to the SSP1-2.6 SSP5-8.5
scenarios, respectively.
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Figure 4. Projected percentage changes in precipitation averaged over each WMZ for the (a) 2030s, (b) 2050s, (c) 2070s, and
(d) 2090s.
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Similar to precipitation, both seasonal and annual PET of the future climatic condi-
tions will be larger than those over the historical period. This increase in PET will occur
almost across the country. It is notable that there will be a generally positive trend in PET
throughout the projection period. This is due to the projected increase in temperature
(as the major determinant of PET) under global warming [24]. An increase in tempera-
ture across East Africa or the African tropics has also been found in a number of studies
(e.g., [17,46,47]). As temperature increases, PET is also expected to increase. This is because
high temperature induces an increased amount of energy required to convert liquid water
to water vapor [48]. Theoretically, the expected increase in evaporative demand per degree
warming is at a globally varying rate of 1.5–4% according to the Clausius–Clapeyron rela-
tionship [49]. Nevertheless, our results show that the amount by which annual PET under
different future scenarios over the period 2021–2100 will increase is expected to remain
below 20% on average. The increases in PET will generally be larger over the Upper Nile,
Kyoga, and northern Albert than in the Victoria and the southern Albert. It is worth noting
that the water required to meet the evaporation and transpiration demands is supplied
by precipitation [48]). Hence, as precipitation increases, PET is also expected to increase.
This theorized expectation is not always met and precipitation and PET changes highly
vary in space due to their spatially varying dynamic and thermodynamic drivers [50].
The crucial aspect to consider for water resources planning is whether the PET is greater
than precipitation. When precipitation is less than PET at a location, we talk about water
availability or surplus and hence the need to plan for disasters such as floods. On the other
hand, water scarcity at a location results from the condition characterized by PET being
greater than precipitation. Here, there is a need to plan for livelihood under prolonged dry
conditions or droughts.

Climate change projections for PET averaged over each WMZ are shown in Figure 6.
The 2030s will experience smaller changes across all seasons and annual cycles under all
scenarios examined (Figure 6a). The PET changes over Albert, Kyoga, and Victoria are
projected to intensity during the 2070s and 2090s, while Upper Nile shows smaller changes,
and in some cases negative anomalies during JJAS under the SSP3-7.0 scenario (Figure 6c).
Nevertheless, relative increment in PET is projected to increase with lead time, i.e., 2030s,
2050s, 2070s, and 2090s. A positive change of >14% is noted over Victoria and Albert
under the worst-case scenario policy during MAM and JJAS (Figure 6d). On the other
hand, PET changes will be minimal under the SSP1-2.6 and SSP2-4.5 scenarios, reflecting
the effectiveness of nations in implementing mitigation measures spelled out under the
Paris Accord. Generally, the temporal patterns of PET changes over WMZs in Uganda will
follow precipitation changes during the study period. The noticeable shift under SSP3-7.0
and SSP5-8.5 for PET resembles the patterns of projected changes in precipitation. The
implication of PET increase/decrease relative to precipitation change will result in either
drought/floods over the region.
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Figure 6. Projected changes in PET averaged over each WMZ during the (a) 2030s, (b) 2050s, (c) 2070s, and (d) 2090s.
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4. Discussion and Conclusions

This study aimed at analyzing observed and future precipitation and PET of the four
water catchment zones in Uganda. The study used the latest GCMs of CMIP6 to quantify the
climate change impacts on precipitation and PET while taking into account the difference in
seasons across various WMZs. Historical and projections (bias-corrected) datasets obtained
from World Clim (WC2.1) for precipitation, Tmin, Tmax, and solar radiation were employed
for the period 1970–2000 and 2021–2100. Solar radiation as well as Tmin and Tmax were used
to compute PET. Future changes were assessed based on four SSPs scenarios including
SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5, for four future horizons of 2021–2040, 2041–2060,
2061–2080, and 2081–2100. The specific findings are detailed as follows:

i. Observed precipitation and PET over WMZs in Uganda are characterized by distinct
variations from one region to another. While the western part of the Victoria WMZ
(where Lake Victoria is located) was generally characterized by higher precipitation
and lower PET totals than those over land. Moreover, Upper Nile, northern Kyoga,
and northern Albert were characterized by high PET but low precipitation totals.

ii. The lowest seasonal precipitation and highest seasonal PET totals exhibited patterns
characterized by a north–south gradient for OND and annual scales mostly occurring
over the northeastern region while JJAS dominates in the Victoria and southern Albert.

iii. Future changes based on SSPs scenarios depict an increase in annual precipitation
across all the WMZs with percentage change ranging from 2.8% to 9.5% for the 2030s.
A larger change in precipitation is projected to occur towards the end of 21st century
and under SSP3-7.0 and SSP5-8.5 relative to the baseline period. The projected increase
for annual precipitation for the 2090s reaches 26.3% under SSP5-8.5.

iv. Seasonal analyses show that the MAM and JJAS are projected to receive an insub-
stantial amount of precipitation, while JF and OND precipitation will experience an
increase in most WMZs in Uganda.

v. Likewise, impacts of climate change on PET demonstrate noticeable changes during
the seasons, time periods, and scenarios under consideration. For instance, the
largest increases in annual PET during the 2030s, 2050s, 2070s, 2090s (when all the
scenarios or SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5 are considered) will be in the
ranges 1.1–4.0%, 4.8–7.9%, 5.1–11.8%, and 5.3–17.1, respectively. The lower and upper
limits of these ranges in all cases were obtained under the SSP1-2.6 and SSP5-8.5,
respectively.

The findings of this study highlight robust results on the future changes in key
components of water balance including precipitation and PET among others. The results
of this study are important to stakeholders and most especially the Directorate of Water
Resources Management (DWRM) that is charged with responsibility of planning and
implementing catchment-based water resources management [30]. While we used bias-
corrected CMIP6 simulations to examine the future changes in precipitation and PET
over WMZs across Uganda, the results should be interpreted with caution due to few
limitations. Existing studies have pointed out the simulated precipitation over Uganda
and the Greater Horn of Africa depends on the boundary layers, the model horizontal
resolution, and the parameterization schemes [51–54]. In fact, in a recent study over
East Africa [55] established that the biases in GCMs are not fully corrected to resemble
observed patterns, despite the implementation of various robust statistical methods such
as quantile approach. Even Regional Climate Models (RCMs) which are of spatially
finer resolution than the GCMs were found to be largely biased in reproducing the East
African climatology [56]. Conclusively, the use of a bottom-up, resource-based vulnerability
technique [57] should be adopted in dealing with complexities of climate variables such
as precipitation and PET in the wake of global warming and climate change. Moreover,
the skills with which models reproduce observed climate give it the confidence to be
employed for future projections due to the inherent uncertainties in the models [58,59].
Recent studies over the study region that evaluated CMIP6 noted various challenges of the
latest phase six models in skilfully reproducing the climate [53,60]. The future projections
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for the region are also subject to a large model uncertainty [61]. Such uncertainties call for
future studies over Uganda to incorporate the model weighting schemes such as climate
model weighting by independence and performance (ClimWIP; [62] or reliability ensemble
averaging REA; [63]).
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Appendix B. PET Changes in the 2050s, 2070s, and 2090s
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Figure A6. Percentage change in PET over the period 2081–2100.
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