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Abstract

This study assessed trends in gridded (0.25� � 0.25�) Climate Forecast System

Reanalysis (CFSR) precipitation, potential evapotranspiration (PET), and pre-

cipitation minus PET (PMP) across the four water management zones (WMZs)

in Uganda including Kyoga, Victoria, Albert, and Upper Nile. The period con-

sidered was 1979–2013. Validation of CFSR datasets was conducted using pre-

cipitation observed at eight meteorological stations across the country.

Observed precipitation trend direction was satisfactorily reproduced by CFSR

data extracted at five out of eight stations. Negative (positive) values of long-

term PMP mean were considered to indicate areas characterized by water scar-

city (surplus). Areas with large positive PMP were confined to Lake Victoria

and mountains such as Rwenzori and Elgon. The largest negative PMP values

were in the arid and semi-arid areas of north and northeastern Uganda. The

null hypothesis H0 (no trend) was rejected (p < 0.05) for increasing annual pre-

cipitation trends across the various WMZs except in the extreme eastern parts

of the Upper Nile, Kyoga, and Victoria WMZs (or areas along the boundary of

Uganda and Kenya). The H0 (no trend) was rejected (p < 0.05) for decreasing

trends in annual PET over West Nile region of the Upper Nile, western parts

of Victoria, and the Albert WMZs. For increasing trend in PMP, the H0

(no trend) was rejected (p < 0.05) across the various WMZs except around the

Mount Elgon area. The study findings are relevant for planning of water

resources management across the different WMZs in the country.
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1 | INTRODUCTION

Uganda is a land-locked country in East-Central Africa situ-
ated in the heart of the African Great Lakes region. To

harness the abundant opportunities across Uganda, a
30-year development master plan referred to as the
Uganda's Vision 2040 was launched in 2013 (Government
of Uganda, 2013). This vision was conceptualized around
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strengthening the fundamentals of the economy. Through
the Directorate of Water Resources Management (DWRM),
Ministry of Water and Environment (MWE) implemented
catchment-based water resources management framework,
thereby leading to the creation of four regional units known
as Water Management Zones (WMZs). The WMZs in
Uganda include Kyoga, Upper Nile, Victoria, and Albert
located in the eastern, northern, southeastern, and
western regions, respectively (Ministry of Water and
Environment, 2014; 2021) (Figure 1). MWE issued
guidelines to develop catchment management plans for
the various catchments within each WMZ (Ministry of
Water and Environment, 2014). Clear understanding of
hydro-climatic trends across the country is relevant for
developing such catchment management plans.

In Uganda, a number of studies (Kansiime et al., 2013;
Nyeko-Ogiramoi et al., 2013; Egeru et al., 2019; Mubialiwo
et al., 2020; 2021a; 2021b) have been conducted to under-
stand variations in hydro-climatic variables such as precipi-
tation, potential evapotranspiration (PET), river flow, and
temperature. Most of these studies were conducted on the
scales of a catchment, sub-catchment, or region. Neverthe-
less, the entire country was considered in a few other stud-
ies such as Ngoma et al. (2021), Kisembe et al. (2019),
Jury (2018), Onyutha (2016a), and Nsubuga et al. (2014).
However, even with the establishment of catchment man-
agement planning guidelines (Ministry of Water and
Environment, 2014), country-wide studies conducted after
2014 (Onyutha, 2016a; Jury, 2018; Kisembe et al., 2019;
Ngoma et al., 2021) did not consider differences in the
hydro-climates of the various WMZs. Besides, some of the
past studies (Onyutha, 2016a; Jury, 2018) analysed changes
in precipitation only. A part from precipitation, PET is
another key factor for understanding water balance of a
catchment or region. As opposed to separately analysing
precipitation or PET, consideration of the metric precipita-
tion minus PET (PMP) (an indicator of physical water avail-
ability or scarcity) yields vital information for developing
catchment management plans for WMZs.

Analyses of hydro-climatic trends require relevant
long-term observed datasets. However, Uganda as a
country in the sub-Saharan region lacks reliable long-
term observed hydro-climatic data. Furthermore, his-
torical records from the few weather stations across the
sub-Saharan region are of uncertain and questionable
quality (Van Griensven et al., 2012; Onyutha and
Willems, 2017; Onyutha, 2018). To overcome the prob-
lem of data limitation, hydro-climatic trends can be
conducted using reanalyses and/or satellite data prod-
ucts. Examples of such products include Global Precip-
itation Climatology Project (GPCP) (Adler et al., 2018),
Princeton Global Forcing (PGF) (Sheffield et al., 2006),
Climate Forecast System Reanalysis (CFSR) of the
National Center for Environmental Prediction (NCEP)

(Saha et al., 2014), Climate Research Unit (CRU) Time
series version 4.0 (Harris et al., 2020), and Climate
Hazards group Infrared Precipitation with Stations
(CHIRPS) (Funk et al., 2015). A number of recent stud-
ies (Hua et al., 2019; Alfaro et al., 2020; Martinez-Cruz
et al., 2020; Mubialiwo et al., 2020; 2021b; Ngoma
et al., 2021; Onyutha et al., 2021) have made use of the
reanalyses and/or satellite products. The increasing use
of satellite or reanalyses products is largely attributed
to their global coverage, fine spatial and temporal reso-
lutions, and long-term record periods. CFSR dataset
has a fine resolution, and coupled atmosphere–ocean–
land surface–sea ice system intended to offer the super-
lative approximation of weather products (Saha
et al., 2014). Whereas CFSR may exhibit slightly lower
performance for instance, overestimating and/or
underestimating station-based hydro-climatic variable
in some regions (Nkiaka et al., 2017; Worqlul
et al., 2017), its application has yielded creditable
results when compared with the station-based data
from several areas across the world (Fuka et al., 2013;
Onyutha, 2016b; Alfaro et al., 2020; Martinez-Cruz
et al., 2020). Besides, the study by Dile and
Srinivasan (2014) recommended the application of

FIGURE 1 Study area with locations of datasets
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CFSR series, for instance, for hydrological prediction
in a data-scarce region. Therefore, CFSR series were
adopted in the present study.

To the best of our knowledge, by the time of con-
ducting this research, there existed no studies that
analysed trends in precipitation, PET, and PMP across
the WMZs in Uganda and our work was aimed at
addressing this research gap. This was performed while
taking into account the differences in hydro-climates
among the various WMZs.

2 | DATA AND METHODOLOGY

2.1 | Data

2.1.1 | Precipitation

Monthly CFSR series of NCEP (Saha et al., 2014) including
precipitation, minimum (Tmin), and maximum (Tmax) tem-
perature data over the period 1979–2013 were obtained in
a gridded (0.25� � 0.25�) form (Figure 1). Being reanalyses
products, CFSR series may possess some shortcomings
resulting from, say, insufficient distribution of relevant
instruments and uncertainties in the precipitation recovery
procedures (Nair et al., 2009). Therefore, the validity of
CFSR dataset was evaluated using observed daily precipi-
tation obtained from the Uganda National Meteorological
Authority (UNMA) (Table 1). This requirement of validat-
ing satellite or reanalysis products prior to their applica-
tion was also considered in other past studies across
Uganda. Examples of such studies include Mubialiwo
et al. (2020, 2021a, 2021b) and Onyutha et al. (2020). The
procedure followed in validating CFSR can be found in
section 2.2.2. From Figure 1, only two stations were identi-
fied and deemed representative in each WMZ. The selec-
tion of precipitation observed at only two locations was
due to lack of weather stations with data over the same
period as that for the CFSR series. Data quality check rev-
ealed that not greater than 10% of the total required
records over the study period was missing at each selected
weather station. The inversed distance weighed (IDW)
interpolation approach (Shepard, 1968) was adopted to
fill-in the missing precipitation records. The suitability of
IDW interpolation for the precipitation over the study area
was recently demonstrated by Chelangat and Abebe (2021)
and Mubialiwo et al. (2021a).

2.1.2 | Potential evapotranspiration PET

To estimate PET rates, a number of observed meteorologi-
cal series (such as solar radiation, relative humidity, wind

speed, and temperature) are required. As already men-
tioned before, such series are lacking across the study area.
Eventually, a number of methods exist for estimating PET
based on the relevant datasets available. These methods fall
under three categories based on whether they depend
on energy mass balance, temperature, and radiation.
Penman–Monteith (PM) (Allen et al., 1998) is a typical
approach which is based on the energy-mass balance.
Methods based on temperature can be found in Lina-
cre (1977), Thornthwaite (1948), Hargreaves and Sam-
ani (1985, 1982), Blaney and Criddle (1950), and
Hamon (1963). Approaches that rely on radiation can be
found in Abtew (1996), Priestley and Taylor (1972), and
Makkink (1957). The Penman–Monteith method (Allen
et al., 1998) has physical meanings, but is recommended to
be applied in areas with adequate weather data. However,
the Hargreaves method (Hargreaves and Samani, 1982;
1985) requires only minimum and maximum temperature
and can be suitable for estimating PET over data-scarce
areas. A few recent studies (Mubialiwo et al., 2020; 2021b;
Mukasa et al., 2020; Onyutha et al., 2020; Chelangat and
Abebe, 2021; Onyutha et al., 2021) have successfully
applied the Hargreaves method in different parts of
Uganda or the study area. In this line, the Hargreaves
method was adopted in this study.

Daily PET (mm�day�1) was estimated using the Har-
greaves method (Hargreaves and Samani, 1982; 1985)
which makes use of Tmin(�C) and Tmax (�C) such that

PET¼ 0:0023�Ra Tmeanþ17:8ð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tmax�Tminð Þ

p
, ð1Þ

where Ra is the incoming extra-terrestrial solar radia-
tion (W�m�2) estimated using the latitude of each grid
point and the calendar day of the year. Daily precipita-
tion and estimated PET were converted into seasonal
and annual time series. It is known that the East Afri-
can region is characterized by largely bimodal precipi-
tation annual cycle comprising winter dry season
(January–February [JF]), the long rains season (MAM),
the summer dry season (June–September [JJAS]), and
the short rains season (OND) (Yang et al., 2015). Even-
tually, JF, MAM, JJAS, and OND were considered in
this study.

2.2 | Methodology

2.2.1 | Analyses of trends

Linear trend magnitude or slope (m) in seasonal and
annual precipitation, PET, and the metric PMP was com-
puted using (Theil (1950) and Sen (1968) such that
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m¼median xj� xi
� �� j� ið Þ�1� �

, 8i< j, ð2Þ

where xj and xi are correspondingly the jth and ith value
from the sample of size n such that 1< i≤ n�1ð Þ and
2< j≤n.

Trend significance was quantified using cumulative
sum of the difference (CSD) between exceedance and
non-exceedance counts of data points (Onyutha, 2016c;
2016d). For the adopted method, consider n as sample
size. The given series is rescaled to become di by comput-
ing the difference between the exceedance and non-
exceedance counts of data points using (Onyutha, 2016c),

di ¼ui� vi for i¼ 1,2,3,…,n, ð3Þ

where ui is the number of times each data point is
exceeded and vi denotes the number of times each data
point exceeds others. The trend statistic T can be calcu-
lated using (Onyutha, 2016c),

T¼ 6� n3�n
� ��1�

Xn�1

j¼1

Xj

i¼1

di: ð4Þ

Values of T >0 and T <0 indicate increasing and
decreasing trend, respectively.

T is approximately normally distributed with mean of
zero and the variance given by n�1ð Þ�1 (Onyutha, 2016e).
The standardized trend statistic Z with a normalized dis-
tribution of mean of zero and variance equal to one can
be given by

Z¼T�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1= n�1ð Þ� γ

p� ��1
, ð5Þ

where the term γ takes care of the influence of autocorre-
lation on trend results (Onyutha, 2016d). Considering
Zα/2 as the standard normal variate, the null hypothesis
H0 (no trend) was not rejected if jZj< jZα/2j (or p> 0.05),
otherwise, the H0 was rejected.

2.2.2 | Validation of the CFSR data

CFSR series was extracted at the location of each selected
station with observed precipitation. A common period
1979–2008 (30 years) over which both observed and CFSR
series had data was considered. Observed series were
converted to seasonal and annual scales as done for CFSR
precipitation. In the validation, the H0 (no correlation) was
not rejected when the coefficient of correlation between
observed and CFSR precipitation was less than the critical
Pearson's correlation value at α = 0.05 (or 0.361 in this
study). Trends from observed and CFSR-based precipitation
were also compared. Validation was only conducted for pre-
cipitation because there was no observed data for evapora-
tion or temperature. CFSR validation was conducted at
annual and seasonal (JF, MAM, JJAS, and OND) time
scales.

2.2.3 | Homogeneity of precipitation

Data which is not homogeneous requires application of a
correction factor before it can be used for further analysis.
Examples of studies which tested for homogeneity in cli-
matic data include Singh et al. (2015), Hänsel et al. (2016),
and Singh et al. (2016). In order to identify if there was
a particular pattern in the deviation from long-term
mean, homogeneity test was conducted using observed
annual precipitation data. The applied techniques
included the Pettitt's test (Pettitt, 1979), standard normal
homogeneity test (SNHT) (Alexandersson, 1986), Buishand's
test (Buishand, 1982), and Von Neumann's test (Von
Neumann, 1941). In the four tests, the H0 (precipitation data
are homogenous) was not rejected when the computed p-
value was greater than the selected α (0.05 in the present
study). Under the alternative hypothesis H1 , the four
homogeneity testing techniques assume a step-wise jump
in the long-term mean at a particular point in time. Addi-
tionally, the cumulative sum (CUSUM) nonparametric

TABLE 1 Precipitation stations within the WMZs

S. No. Station name Latitude Longitude Record length

Long-term mean
of annual data
(mm�year�1)

1 Masaka Forest – Masaka �0.33�S 31.73�E 1920–2012 448

2 Serere Agric. Station – Soroti 1.52�N 33.45�E 1920–2010 1,326

3 Masindi Met. Station 1.68�N 31.72�E 1926–2010 1,319

4 Soroti Met. Station – Soroti 1.72�N 33.62�E 1924–2012 1,322

5 Ibanda – Mbarara 0.12�N 30.50�E 1928–2010 705

6 Nkozi Experimental Farm – Mpigi 0.02�N 32.02�E 1924–2012 508

7 Wadelai WDD – Gulu 2.73�N 31.40�E 1965–2008 1,068

8 Gulu Met. Station – Gulu 2.78�N 32.28�E 1937–2010 1,446
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test of Page (1961) was applied. Upper and lower limits
on regime shifts in the CUSUM charts were constructed
based on standard deviation (SD) and in terms of the
mean± 2 SD of CUSUM data points.

3 | RESULTS AND DISCUSSION

3.1 | Long-term mean precipitation,
PET, and PMP

Figure 2 shows spatial distribution of seasonal and
annual of precipitation, PET, and PMP. The Upper Nile,

Kyoga, and (a big portion of) the Albert WMZs received
the least precipitation amounts during the JF season.
Also, Victoria WMZ received the least (highest) JJAS
(JF) precipitation (Figure 2a,c). The highest JJAS precipi-
tation was experienced in the Upper Nile as well as some
parts of the Albert and Kyoga WMZs (Figure 2c). Areas
around Lake Victoria, Mount Elgon, and Rwenzori
ranges and southern part of Albert WMZ received the
highest precipitation amounts in MAM and OND seasons
(Figure 2b,d). Spatial variation in the seasonal and
annual precipitation across Uganda as shown in this
study agrees to some extent with the results from Ngoma
et al. (2021) and Cattani et al. (2018), especially for MAM

FIGURE 2 Long-term mean

(mm) of (a–e) precipitation, (f–j)
PET, and (k–o) PMP at (a, f, k) JF,

(b, g, l) MAM, (c, h, m) JJAS, (d, i, n)

OND, and (e, j, o) annual time scales
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and annual time scales. Some mismatch between our
findings and results from previous studies especially for
dry seasons could be due to a few reasons. First, the
CFRS series adopted in this study could be different from
other reanalysis data analysed in previous studies. Sec-
ond, we analysed seasonal and annual precipitation totals
while others, like Cattani et al. (2018), considered
extreme precipitation indices.

Low PET was confined to Lake Victoria (Figure 2f–j).
PET represents evapotranspiration from green grass
completely shading the ground with sufficient soil mois-
ture content. Therefore, the low PET from a lake surface

could be an indication of mainly evaporation from the
lake water in the absence of vegetation or green grass
required for the transpiration. Generally, Kyoga and
Upper Nile as well as the northern part of Albert WMZ
were characterized by large PET totals (Figure 2f–j). As
highlighted before, negative and positive values of PMP
indicate areas characterized by water scarcity and sur-
plus, respectively. For both seasonal and annual PMP, it
is noticeable that areas where PET is less than precipita-
tion are confined to Lake Victoria and mountains such as
Rwenzori and Elgon (Figure 2k–o). This is because
mountains and large water bodies tend to regulate local

FIGURE 3 Trend magnitude

(mm�year�1) for (a–e) precipitation,
(f–j) PET, and (k–o) PMP at (a, f, k)

JF, (b, g, l) MAM, (c, h, m) JJAS,

(d, i, n) OND, and (e, j, o) annual

time scales
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climate by attracting localized precipitation. Largest neg-
ative PMP values were in the arid and semi-arid areas of
north and northeastern (or Karamoja region of) Uganda.
This region grapples with prolonged dry spells and
extreme hydrological and agricultural drought (Egeru
et al., 2014; Ministry of Water and Environment, 2017)
which affect the economic activities including pastoral-
ism. To meet water demand (especially for crop and live-
stock), it is necessary to practice soil and water
conservation such as storage of water during the rainy
seasons for use in the dry seasons.

3.2 | Trend analysis

3.2.1 | Trends in precipitation, PET,
and PMP

Figure 3 shows results of trend analysis. Corresponding
significance of the trends can be seen in Figure 4.
Except for the JF season, positive precipitation trends
of both seasonal and annual time scales were confined
to Mount Rwenzori and areas along the eastern bound-
ary of Lake Albert (Figure 3a–e). The north and

FIGURE 4 Standardized trend

statistic Z (or trend direction) for (a–
e) precipitation, (f–j) PET, and (k–o)
PMP at (a, f, k) JF, (b, g, l) MAM, (c,

h, m) JJAS, (d, i, n) OND, and (e, j,

o) annual time scales
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northeastern areas of the country were characterized
by decreasing precipitation trends. The entire area
exhibited positive precipitation trends except JF and
MAM season. Nsubuga et al. (2014) also reported
annual precipitation increase over Uganda except in
the southwestern and northwestern regions.

Increasing PET trends were exhibited around the
Mount Elgon (Figure 3f–j). For the JJAS and annual PET,
positive trends are noticeable over the Kyoga and Upper
Nile WMZs (Figure 3h,j). Increasing trends in MAM and
annual PET over Kyoga basin was also reported by
Onyutha et al. (2020). For JJAS and annual time scales,
areas with positive (negative) trends in precipitation also
exhibited increasing (decreasing) trends in PMP
(Figure 3c,m,e,o). Most areas except around Mount Elgon
were characterized by increasing MAM PMP (Figure 3l).
For JF PMP, positive trends were mainly in Kibale and
around the Mount Rwenzori (Figure 3k). Generally, the
OND PMP exhibited low magnitudes of increasing trend
across the country except around Mount Rwenzori
(Figure 3n).

The H0 (no trend) was rejected (p < 0.05) for increas-
ing annual precipitation trends across the various WMZs
except in the extreme eastern parts of the Upper Nile,
Kyoga, and Victoria WMZs (or areas along the boundary
of Uganda and Kenya) (Figure 4e). The increasing trend
in JJAS and OND precipitation had the H0 (no trend)
rejected (p < 0.05) over almost the entire country apart
from a small region around Mount Elgon within Kyoga
WMZ (Figure 4c,d).

The H0 (no trend) was also rejected (p < 0.05) for
decreasing trends in PET over West Nile region of the
Upper Nile, western parts of Victoria and the Albert
WMZs (Figure 4f–j). For increasing trend in PMP, the H0

(no trend) was rejected (p < 0.05) across the various
WMZs except around Mount Elgon (Figure 4k–o).

Positive (negative) trends in PMP indicates more
(less) precipitation than PET totals hence available water
(water scarcity). Available water, if sufficient, could be
vital (a) to meet crop water requirements, (b) support
ecosystem, and (c) promote water security across the vari-
ous WMZs. However, excess of the available water in
low-lying (mountainous) areas could imply possibilities
of flooding (landslides). In arid areas (like the northern
Kyoga WMZ or the Karamoja region), drought-resistant
crops could be adopted for smallholder farming. In areas
with significant trends in precipitation or PMP, future
water resources management should consider non-
stationarity of hydro-climate (Onyutha, 2017). Concepts
of return period and risk for non-stationary hydrologic
extreme events which should be considered, for instance,
in designing hydraulic structures can be found in Salas
and Obeysekera (2014).

3.3 | Homogeneity of precipitation

Table 2 shows results on homogeneity tests. There is close
agreement among results from the four tests. All tests
rejected the H0 (homogenous) (p < 0.05) at stations 1, 3,
and 5–7. The homogenous precipitation was at stations
2 and 4 (within Kyoga) as well as station 8 in the Upper
Nile. Further graphical results of the Pettitt's test and
CUSUM charts can be seen in Figures 5 and 6, respec-
tively. Based on the results, the idea that inhomogeneity
could be due to errors in measurement was deemed not to
hold water in our study. Neither was the occurrence of the
inhomogeneity of the precipitation by chance. This was
because the H0 (homogenous) was rejected (p < 0.05) in
data from majority (or 62.5%) of the stations. Thus, the
inhomogeneity could be due to spatial differences in the
precipitation characteristics across the country over time.
Strength of precipitation variability drivers can vary over
time in a particular region or sub-region. Differences in pre-
cipitation characteristics across the study area may be due
to the differential influences of the topographical features
(Great Lakes and several mountains such as Rwenzori,
Muhavura, Elgon, Moroto, Gahinga, and Sabinyo) in the
various WMZs. Nevertheless, further research is required to
comprehensively characterize the effects of possible interac-
tions between regional circulation (such as localized con-
vergence) with local geographical factors on precipitation
distribution across the East African region and/or the vari-
ous WMZs. The positive and negative regime shifts in the
CUSUM charts depict impacts of climate variability on pre-
cipitation across the country. Thus, both trends and vari-
ability are vital for planning water resources management
(Onyutha, 2021) in each WMZ.

3.4 | Validation of CFSR

Results on correlation between observed and CFSR-based
precipitation can be seen in Table 3. At all stations, CFSR
and observed precipitation were positively correlated with
coefficients ranging from 0.069 (station 8) and 0.999 (station
1). At stations 1 and 5–6, the H0 (no correlation) was
rejected (p < 0.05) for both annual and seasonal time scales.
For stations 2–4 and 7–8, the H0 (no correlation) was
rejected (p < 0.05) for at least one-time scale. Considering
the various time scales, the H0 (no correlation) was rejected
(p < 0.05) for about 60% (or 23 out of 40) cases (Table 3).
Top performance of CFSR in reproducing precipitation
totals was registered in Victoria WMZ. Nevertheless, we
generally deemed this performance of CFSR data satisfac-
tory though further improvements are required in the
reanalysis model to accurately reproduce the historical cli-
matology across the various WMZs.
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Table 4 shows comparison between the trend slopes
or significance from observed and CFSR precipitation.
At a given location (except at stations 3–4 and 8), both
observed and CFSR data exhibited positive trends in
both seasonal and annual time scales. The magnitude of

the mismatch between trend slope from observed pre-
cipitation and that of CFSR data varied from one WMZ
to another. Contrasting signs of the slopes of linear
trends in precipitation for the observed and precipita-
tion data were obtained at station 8. The CFSR data

TABLE 2 Statistical homogeneity test results

S. No. Station

p-value

Pettit's test SNHT Buishand's test Von Neumann test

1 Masaka Forest – Masaka <0.001 <0.001 <0.001 <0.001

2 Serere Agric. Station – Soroti 0.295 0.329 0.080 0.336

3 Masindi Met. Station 0.019 0.015 0.017 0.013

4 Soroti Met. Station – Soroti 0.659 0.441 0.647 0.296

5 Ibanda – Mbarara <0.001 <0.001 <0.001 <0.001

6 Nkozi Experimental Farm – Mpigi <0.001 <0.001 <0.001 <0.001

7 Wadelai WDD – Gulu 0.010 0.018 0.004 0.029

8 Gulu Met. Station – Gulu 0.177 0.407 0.169 0.629

Note: Values which are less than 0.05 indicate that the H0 (homogenous) was rejected.

FIGURE 5 Pettitt's test applied

to annual precipitation at (a–h)
stations 1–8
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FIGURE 6 CUSUM charts for

annual precipitation at (a–h) stations
1–8. UC and LC stand for upper and

lower CUSUM limits, respectively. C

+ and C� denote positive and

negative shift, respectively

TABLE 3 Correlation of observed and CFSR precipitation

S. No.

Station (up) Correlation coefficient

Grid (below) JF MAM JJAS OND Annual

1 Masaka Forest – Masaka 0.972* 0.995* 0.980* 0.981* 0.999*

CFSR data at station 1

2 Serere Agric. Station – Soroti 0.295 0.268 0.344 0.447* 0.160

CFSR data at station 2

3 Masindi Met. Station 0.186 0.110 0.657* 0.259 0.168

CFSR data at station 3

4 Soroti Met. Station – Soroti 0.538* 0.125 0.268 0.512* 0.115

CFSR data at station 4

5 Ibanda – Mbarara 0.846* 0.911* 0.972* 0.904* 0.961*

CFSR data at station 5

6 Nkozi Experimental Farm – Mpigi 0.653* 0.681* 0.900* 0.869* 0.779*

CFSR data at station 6

7 Wadelai WDD – Gulu 0.106 0.127 0.509* 0.329 0.373*

CFSR data at station 7

8 Gulu Met. Station – Gulu 0.256 0.366* 0.362* 0.162 0.069

CFSR data at station 8

Note: Asterisk indicates that H0 (no correlation) was rejected (p < 0.05).
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generally over-estimated observed trends at all the
selected locations except station 5. In 14 out of 40 (35%)
cases, the H0 (no trend) was rejected in both CFSR and
observed precipitation. Contrasting directional signs of
increase or decrease were obtained in 17.5% (7 out of 40)
cases of the various time scales for which CFSR and
observed precipitation trends were compared. Again,

top performance of CFSR in reproducing precipitation
trends was registered in Victoria WMZ (stations 1 and
6). Overall, the performance of the CFSR in reproducing
trend was deemed satisfactory. Results of validation
indicate that the trends in CFSR data can give insights
into the actual historical precipitation trends across the
various WMZs.

TABLE 4 Trend magnitude and direction in observed and CFSR precipitation

S. No.

Station (up) Time scale

CFSR grid (below) JF MAM JJAS OND Annual

Trend magnitude, m (mm�year�1)

1 Masaka Forest – Masaka 2.46 2.76 3.29 3.83 13.90

CFSR data at station 1 1.56 5.46 4.59 7.19 19.20

2 Serere Agric. Station – Soroti 0.09 3.72 1.36 2.25 5.46

CFSR data at station 2 0.44 8.6 15.63 8.33 33.13

3 Masindi Met. Station �1.02 1.00 5.98 �0.65 5.44

CFSR data at station 3 1.69 16.93 24.9 17.86 60.97

4 Soroti Met. Station – Soroti 0.27 �3.60 1.70 2.61 1.64

CFSR data at station 4 0.11 6.24 9.03 4.23 21.44

5 Ibanda – Mbarara 2.17 8.21 9.75 7.70 30.63

CFSR data at station 5 0.25 5.24 6.20 6.57 22.58

6 Nkozi Experimental Farm – Mpigi 2.23 3.80 5.19 4.28 15.72

CFSR data at station 6 1.63 6.18 5.83 8.17 23.87

7 Wadelai WDD – Gulu 0.87 1.17 2.78 3.00 6.70

CFSR data at station 7 0.06 3.62 8.77 4.49 16.95

8 Gulu Met. Station – Gulu �0.26 �2.24 �1.14 �0.38 �4.72

CFSR data at station 8 0.99 11.69 26.69 20.63 62.45

Trend direction, Z

1 Masaka Forest – Masaka 2.67* 1.29 3.08* 2.09* 2.55*

CFSR data at station 1 3.14* 2.64* 4.09* 3.20* 3.51*

2 Serere Agric. Station – Soroti 0.40 1.35 0.82 1.39 1.82

CFSR data at station 2 2.15* 2.51* 3.63* 3.95* 3.99*

3 Masindi Met. Station �1.58 0.53 1.92 �0.05 2.02*

CFSR data at station 3 2.10* 3.25* 3.65* 3.98* 4.11*

4 Soroti Met. Station – Soroti 0.34 �1.71 0.84 0.93 0.24

CFSR data at station 4 1.57 2.47* 3.25* 3.72* 3.90*

5 Ibanda – Mbarara 2.11* 2.94* 3.56* 2.32* 3.30*

CFSR data at station 5 0.41 1.88 3.96* 2.54* 2.60*

6 Nkozi Experimental Farm – Mpigi 2.40* 2.34* 3.85* 2.30* 3.21*

CFSR data at station 6 2.35* 3.61* 4.23* 3.31* 3.90*

7 Wadelai WDD – Gulu 1.17 0.63 1.75 1.72 2.38*

CFSR data at station 7 2.84* 3.43* 3.59* 3.64* 4.21*

8 Gulu Met. Station – Gulu �0.63 �1.17 �0.14 �0.01 �1.18

CFSR data at station 8 2.02* 2.69* 3.40* 4.38* 4.09*

Note: Asterisk denotes that H0 (no trend) was rejected at α = 0.05.
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4 | CONCLUSION

This study analysed precipitation, PET, and PMP trends
across the four WMZs in Uganda. The study used the
gridded (0.25� � 0.25�) CFSR monthly data series over the
period 1979–2013. The H0 (no correlation between CFSR
and observed precipitation) was rejected (p < 0.05) for
about 60% cases of validation based on various time scales.
Thus, the performance of CFSR in reproducing observed
precipitation total was deemed satisfactory.

Large PET totals were over Kyoga and Upper Nile as
well as the northern part of Albert WMZ. Areas with large
positive PMP were confined to Lake Victoria and mountains
such as Rwenzori and Elgon. Arid and semi-arid areas of
north and northeastern Uganda (or the Karamoja region)
exhibited the largest negative PMP values. The H0 (no trend)
was rejected (p < 0.05) for positive trends in annual precipi-
tation across the various WMZs except in the extreme east-
ern parts of the Upper Nile, Kyoga, and Victoria WMZs. The
H0 (no trend) was rejected (p < 0.05) for negative trends in
annual PET over West Nile region of the Upper Nile, as well
as western parts of Victoria and the Albert WMZs. For posi-
tive PMP trend, the H0 (no trend) was rejected (p < 0.05)
across the various WMZs except around Mount Elgon. This
study's findings are relevant for planning for water resources
management over the different WMZs in the country. In
other words, water cycle management system comprising
planning, developing, implementing and managing the opti-
mum use of water resources is required across the various
WMZs of Uganda. This is to ensure future safety and secu-
rity of the local population from impacts of water scarcity or
surplus on livelihoods.
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