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Abstract

This study analysed long-term (1948-2016) changes in gridded (0.25° x 0.25°) Princeton
Global Forcing (PGF) precipitation and potential evapotranspiration (PET) data over
Lokok and Lokere catchments. PGF-based and station datasets were compared. Trend
and variability were analysed using a nonparametric technique based on the cumulative
sum of the difference between exceedance and non-exceedance counts of data. Seasonal
(March-April-May (MAM), June-July-August (JJA), September-October-November
(SON), December-January-February (DJF)) and annual precipitation exhibited negative
trends (p < 0.05). Positive anomalies in precipitation occurred in the 1950s as well as in
the early 2000s till 2016. Negative anomalies existed between 1960 and 2000. Both
seasonal and annual PET mainly exhibited increasing trend with alternating positive and
negative anomalies for the entire period, except in the southern region. The H, was
rejected (p <0.05) for SON PET in the North and South of the study area. The H, was
rejected (p < 0.05) for DJF PET in the North. However, H was not rejected (p > 0.05) for
MAM, JJA and annual PET. Positive and negative correlations were observed between
PGF and station precipitation varying from one location to another. The PGF-based PET
were lower than the observed PET at Kotido by about 40%. Besides, a close agreement
was noticeable between PGF-based and MODIS PET from May to November. This
showed the need to improve on the quality of PGF data in reproducing the observed
climatic data in areas with low meteorological stations density. Nevertheless, the findings
from this study are relevant for planning of predictive adaptation to the effects of climate
variability on the water resources management applications. Impacts of human factors
and climate change on the hydrology of the study area should be quantified in future
research studies.
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1 Introduction

Because of the importance of precipitation and evapotranspiration for agriculture (both crop
and livestock) especially in arid and semi-arid climatic zones, assessing the influence of
climate variability on these climate variables is vital for predictive adaptation. In this line,
several studies have been conducted on trends and variability in climatic variables across the
world. Examples of such studies were on the changes in historical precipitation in the Black
Sea region of Turkey (Cengiz et al., 2020), trend and variability in rainfall and evapotranspi-
ration over Mpologoma catchment in Uganda, East Africa (Mubialiwo et al., 2020), decadal
and/or multi-decadal variability in gridded precipitation and potential evapotranspiration (PET)
obtained from Cent-Trends and Princeton Global Forcing (PGF), respectively, across the Lake
Kyoga Basin (LKB) (Onyutha et al.,, 2020) and the influence of several meteorological
parameters on evapotranspiration in the humid zone of Pakistan (Adnan et al., 2020).
Furthermore, Mahmood et al. (2019) examined the climate variability and trend in the most
parts of the lake Chad basin, Africa. In Botswana, Byakatonda et al. (2018) analysed the
rainfall and temperature time series to detect climatic trends and variability over semi-arid
areas. Sun et al. (2019) studied the seasonal and spatial variation of evapotranspiration in the
selected Amazon sub-basins. Paca et al. (2019) assessed the spatial distribution of evapotrans-
piration across the Amazon River Basin. Owoyesigire et al. (2016) studied trends of variability
and extremes in rainfall and temperature in the cattle corridor of Uganda.

In the study area of Lokok and Lokere catchments in Uganda, majority of the populations are
pastoralists and agro-pastoralists, mainly relying on rainfall for their activities. However, the
variability of weather patterns, such as extreme rainfall, result in disastrous floods, followed by
prolonged dry spells and extreme hydrological and agricultural drought (Egeru et al., 2014; Haile
et al., 2019; Ministry of Water and Environment, 2017), affecting the economic activities in the
area. Impacts of weather extremes in the study area are exacerbated by several human activities
such as land use change, uncontrolled bush burning, over-grazing, deforestation and artisanal
mining activities. These rainfall-induced disasters result in destruction of property such as roads,
bridges, gardens and loss of livestock and human lives. Some of the recent dramatic rainfall-
induced disasters in the study area include (1) the devastating floods that washed away the
Kangole Bridge disconnecting the Teso region from the Karamoja region in June 2018
(Reliefweb, 2018) and (2) the below-average rainfall of March—June, 2019, which resulted in
lack of seasonal vegetables and a great decline in agricultural labour demand, causing high
deterioration in household returns and food (Reliefweb, 2020a). In October 2020, flooding
incidents were caused by the rise of water levels in various areas including Lake Kyoga and
Bisina, thereby affecting several districts including Kumi and Katakwi within the study area.
These flooding incidents affected 78,719 people (12,332 household) displacing 10,815 people
(Reliefweb, 2020b). The report by Oxfam (2016) categorised the Karamoja and Teso regions as
one of the most prone areas to drought and floods. The report by United Nations (2008) further
categorises Karamoja region as one of most drought regions in Uganda. In the years 2005, 2006
and 2014, severe drought events affected 600,000, 750,000 and 4 million people, respectively
(Oxfam, 2016). Similarly, extraordinary floods occurred in 1997, 2007 and 2010 affected
153,500, 718,045 and 350,000 people, respectively. The floods of 1997 resulted in a death toll
of 100 people (Oxfam, 2016). The above evidences the susceptibility of the region to floods and
drought. Therefore, knowledge of variability in climatic variables such as precipitation is crucial
for predictive planning and management of rainfall-induced disasters, together with agricultural
and pastoral practices in the study area.
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Several studies on variability in precipitation and the allied variables such as temperature
and potential evapotranspiration (PET) have been conducted. However, most of the studies
were done at coarse or countrywide scale; see for instance, Nsubuga et al. (2014a and b),
Mwaura and Okoboi (2014), Onyutha (2016a), Ssentongo et al. (2018), Jury (2018) and
Kisembe et al. (2019). Some studies were done at regional and sub-regional scales, e.g.
Kansiime et al. (2013) assessed trend and variability in rainfall in the entire eastern Uganda,
Egeru et al. (2014) and Egeru et al. (2019) analysed the rainfall and temperature, but their
works were confined in the Karamoja sub-region, and Stampone et al. (2011) examined the
local spatio-temporal variability in precipitation around Kibale National Park, in the western
Uganda. Other studies were conducted at larger water basins, e.g. Nyeko-Ogiramoi et al.
(2013), Onyutha and Willems (2015), Alemu et al. (2015), Onyutha (2016b) and Onyutha
et al. (2020). Whereas Onyutha et al. (2020) studied changes in precipitation and PET over
Kyoga basin where the study area is located, the variability of rainfall within the main drainage
sub-basins of Uganda, Lake Kyoga basin included, fluctuates from one location to another
(Nsubuga et al., 2014a and b). Therefore, an in-depth exploration of the changes in precipi-
tation and PET for refined results at localised catchment scales (like Lokok and Lokere) is
deemed very crucial.

The study by Onyutha and Willems (2017a) established that the fluctuations in the large-
scale ocean—atmosphere conditions describe variability in precipitation more appropriately at a
regional than small-sized area. Therefore, to provide an insight on the temporal changes in dry
and wet conditions, which is a vital aspect to enable the local pastoralists advance their
capability to predict the local precipitation and PET, only the trend and spatio-temporal
variability analyses were done. The connection of precipitation and PET with the large-scale
ocean—atmosphere conditions at the localised scale of Lokok and Lokere catchments was not
part of this study.

Due to lack of observed meteorological data over the study area, variability in precipitation
and PET can be analysed using several global climatic products. Some of these products
include:

*  Global Precipitation Climatology Centre (GPCC) (Meyer-Christoffer et al., 2018)

¢ Climate Research Unit (CRU) Time series version 4.0 (Harris et al., 2020)

*  TAMSAT African Rainfall Climatology (Maidment et al., 2014)

* extended TAMSAT (Tarnavsky et al., 2014)

* Global Precipitation Climatology Project (GPCP) (Adler et al., 2018)

* Princeton Global Forcing (PGF) (Sheffield et al., 2006)

* Climate Hazards group Infrared Precipitation with Stations (CHIRPS) (Funk et al., 2015)

* Precipitation Estimation from Remotely Sensed Information using Artificial Neural Net-
works Climate Data Record (PERSIANN-CDR) (Ashouri et al., 2015)

* Tropical Rainfall Measuring Mission (TRMM), Multi-satellite Precipitation Analysis
(TMPA) (Huffman et al., 2007)

*  Global Precipitation Measurement mission (GPM) (Merzdorf, 2019)

* African Rainfall Climatology (ARC) (Novella and Thiaw, 2013)

However, most of these products are either of short-term records. The PGF dataset series are of
the long-term record length (from 1948 to 2016) and have fine spatial resolution (0.25° x

0.25°). The PGF observational-based dataset was developed using a blend of National Centers
for Environmental Prediction—National Center for Atmospheric Research (NCEP-NCAR)
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reanalysis dataset (Kalnay et al., 1996) and other several global, observational datasets
including the Climate Research Unit (CRU) TS2.0, Tropical Rainfall Measuring Mission
(TRMM), Global Precipitation Climatology Project (GPCP) and National Aeronautics and
Space Administration (NASA) Langley Surface Radiation Budget (Sheffield et al., 2006). The
robustness of the PGF data for trend and variability analyses was demonstrated in several
studies (Li et al., 2019; Mubialiwo et al., 2020; Onyutha et al., 2020; Onyutha and Willems,
2017b) in various regions of the world. The high spatial resolution (0.25° x 0.25°) of the PGF
datasets series makes them suitable for analyses of trend and variability in precipitation and
PET across small-sized catchments like the study area. Therefore, this study aimed at analysing
the changes in precipitation and PET based on PGF dataset series across the two catchments of
Lokok and Lokere in the northeastern Uganda.

2 Study area, data and methods
2.1 The study area

The study area encompasses two catchments (Lokok and Lokere) bordering each other (Fig. 1). The
catchments are in the Karamoja and Teso regions, in the northeastern Uganda. Lokok has a
catchment area of about 5531 km2, whereas Lokere is nearly 8178 km? totalling to a drainage area
of about 13,709 km?, entirely restricted within the borders of Uganda (see Fig. 1). The two
catchments stretch from the Karamoja region covering six districts of Moroto, Kotido, Napak,
Abim, Nakapiripirit and Kaabong, to the Teso region covering two districts (Amuria and Katakwi)
(Ministry of Water and Environment, 2016). Lokok and Lokere are part of the 11 Kyoga Water
Management Zone (KWMZ) catchments (Ministry of Water and Environment, 2017), with
drainage areas stretching between latitudes 1° 40’ N and 3° 40’ N and longitudes 33° 30" E and
34° 60" E. To the west, Lokok shares border with Aswa catchment which is part of the Upper Nile
Water Management zone. To the East and South, Lokere borders Awoja and Akweng catchments,
respectively. Awoja and Akweng catchments are also part of the KWMZ. In the study area, short
and more intense rainfall occurs from April to July. The second and less intense rainfall occurs
between September and December/January (Ministry of Water and Environment, 2017). The
average annual rainfall ranges between 500 and 1250 mm.

The area is mainly occupied by Iteso, Kumam, Karamajong and Lango as the major cultural
tribes. The study area is among the poorest in Uganda (Ministry of Finance and Economic
Planning, 2014), partly due to hostile weather conditions (Ministry of Water and Environment,
2017), which result in high levels of food and nutrition insecurity and low development. The
area land comprises cropland, savannah grasslands, woodlands, thickets and shrublands. The
diverse landscape favours pastoral and agro-pastoral, the main economic activities of the
region’s inhabitants. The community also practices sedentary crop production. However, these
economic activities suffer from interannual climate variability (Ministry of Water and
Environment, 2017), which is the major constraints resulting in recurrent water shortages,
hence, crop failure. The variability of weather patterns such as intense rainfall results in
disastrous floods, followed by prolonged dry spells and intense drought (Egeru et al., 2014).
Generally, the catchment annual evapotranspiration ranges between 300 and 1400 mm and is
associated to vegetation, open water bodies, rainfall and temperature (Kigobe and Griensven,
2010; Ministry of Water and Environment, 2017). It is noticeable that the elevation ranges
from about 1000 to 3050 m above sea level. The highest point is the peak of Mount Moroto.

@ Springer



Bulletin of Atmospheric Science and Technology (2021) 2:2 Page 50f23 2

Z
ol =
(x4
£
Z
(=1 -
D
Z
(=2 -
(x4
EN
Z
[=1o -
N
33°40'E  34°0'E  34°20'E  34°40°E
N

ok Soroti temperature station DEM (m)

High : 3044
@ Rainfall gauging stations -
— River Low : 1041 -
[ ] Lokere catchment 0 20 40 80
[ Lokok catchment e

Fig. 1 The Lokok and Lokere catchments. The background map is the digital elevation model (DEM) acquired
via http://srtm.csi.cgiar.org/ (accessed: 15 August 2020)

The presence of topographic features like Mount Moroto results into orographic influence on
precipitation inducing processes (Ministry of Water and Environment, 2017). In addition, soils
are in general fertile, but sensitive to soil erosion. In the low-lying flat areas, the existence of
soils with a very low penetration capacity results in waterlogging.

2.2 Data

2.2.1 Precipitation and PET

Daily precipitation and minimum (7p,;,,) and maximum (7y,,x) temperature data of the
observational-reanalysis hybrid PGF (Sheffield et al., 2006) were obtained in a gridded
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(0.25° % 0.25°) form from http://hydrology.princeton.edu/data/pgf/v3/0.25deg/ (accessed: 28
August 2020). The acquired PGF data for the entire 69 years starting from 1948 and ending
2016 possessed no missing values. This data was hitherto used in several studies such as
Mubialiwo et al. (2020) and Onyutha et al. (2020). Prior to its use, the PGF-based data was
validated (using rainfall data from seven measuring stations (Table 1)) in a similar way as
performed in recent studies by Mubialiwo et al. (2020), Onyutha et al. (2020) and Onyutha
(2016a) (see sub-sections 2.5 and 3.3 for details). Daily observed rainfall data were obtained
from the Uganda National Meteorological Authority (UNMA). From Table 1, it is noticeable
that most stations have data records ending in the 1980s, except the Arapai Agric. College
station with data up to 1999. Lack of data in the years after 1999 is attributed to the civil war
that happened in the 1980s, resulting in destruction of weather stations across Uganda,
according to the Japan International Cooperation Agency (JICA) (2011). Therefore, since
validation required the same period of PGF and observed data, the period from 1948 to 1999 is
considered here.

Missing values for the rainfall data stations were filled-in (using the inverse distance
weighted (IDW) interpolation technique (Shepard, 1968)) as applied in the previous study
by Mubialiwo et al. (2020).

Similarly, the daily observed temperature data at Kotido station A (Fig. 1) was used to
validate the nearby PGF-based 7,,;, and T}, that were later used to approximate PET. Data
observed from Kotido weather station was obtained from the Uganda National Meteorological
Authority (UNMA). The observed temperature data covered a period from 1948 to 1982
(35 years). Like the rainfall data, missing values in the Kotido station temperature series were
filled-in (using the inverse distance weighted (IDW) interpolation technique (Shepard, 1968).
From Fig. 2 a and b, an annual bimodal pattern in observed temperature at Kotido is evident.
The corresponding PGF-based temperature data exhibited a unimodal pattern (Fig. 2a, b). The
average observed Ty, and T,,;, were correspondingly 30.4 °C and 19.0 °C, whereas the PGF-
based average Ty, and Ty, were 26.7 °C and 26.3 °C, respectively. A very small difference
between PGF-based average Ti,, and Ty, (0.4 °C) is noticeable compared to that in the
observed temperature data (11.4 °C). The monthly PET values computed using the PGF-based
Tmax and T, data was largely underestimated compared to the ones obtained using the
observed temperature data (Fig. 2¢). The underestimation of PET is attributed to the negligible
difference between the PGF-based Ty, and Ty,;,. The PGF-based PET were lower than the
observed PET by about 40%. However, the observed and PGF-based PET possess similar
pattern (Fig. 2c). This is comparable to the results found by Onyutha et al. (2020) when
comparing PGF-based T},,,x and T}, against observed temperature at Soroti and Jinja stations.

Table 1 Rainfall station, their coordinates, data record period and missing records

S/N Station name Coordinate Data record Missing record (%)

Latitude Longitude From To

1 Kotido PWD 3.02 34.17 1948 1980 12.2
2 Kotido 3.02 34.10 1948 1985 11.4
3 Morulem 2.62 33.77 1951 1989 8.6
4 Kuju VIC 2.05 33.62 1957 1977 1.2
5 Kangole 2.47 34.45 1948 1990 14.4
6 Kangole Catholic Mission 2.50 3443 1956 1988 9.8
7 Arapai Agric. College 1.78 33.63 1965 1999 6.7
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Fig. 2 Comparison of mean monthly (a) Tiax, (b) Tinin, (¢) PET at Kotido weather station and (d) MODIS PET
and the PGF-based data. In Fig. 2c the PGF-PET was computed at station point, while in Fig. 2d it is an aerial
average over the study area

The underestimation of PET signalled the need for refining the quality of PGF data in
reproducing temperature data (especially minimum temperature) over the study area.

Only one station for observed temperature (Kotido) was used to validate the PGF-based
temperature data due to lack of other temperature observing stations within the study area.
Several reanalyses or satellite temperature and precipitation products exist. Examples of such
datasets include the Climate Research Unit CRU TS (Harris et al., 2020, 2014) and the
Moderate resolution Imaging Spectrometer (MODIS) (Running et al., 2017), which can be
used to validate the PGF dataset. In this study, MODIS PET series from 2000 to 2014 adopted
from the report by Ministry of Water and Environment (2017) were also used to validate the
PGF-based PET. Here, catchment-wide average PGF-based PET were used. A close agree-
ment is noticeable between MODIS and PGF-based PET from May to November. However,
there is mismatch between MODIS and PGF-based PET from December to April (Fig. 2d).
This mismatch could be attributed to several shortcomings including bias and random errors
resulting from numerous factors such as sampling rate, inadequate spreading of sensors and
uncertainties in the retrieval algorithms (Ehret et al., 2012). For instance, MODIS data has
several limitations including inaccuracy of input algorithm (like Leaf Area Index and EVI)
(Miranda et al., 2017). Besides, the CRU TS PET data are in the form of countrywide average
series (Harris et al., 2020, 2014), hence considered coarse with respect to the catchment size of
the current study area.

This study was based on estimated PET from PGF-based Ti,,x and Ty, because of the
absence of observed long-term evaporation data over the study area. Several methods for
estimating PET have been developed and categorised as mass transfer-based, e.g. Rohwer
(1931); temperature-based, e.g. Hargreaves (Hargreaves and Samani, 1985, 1982), Hamon
(1963), Thormnthwaite (1948), Blaney—Criddle (1950) and Linacre (1977); radiation-based such
as Makkink (1957), Priestly-Taylor (Priestley and Taylor, 1972) and Abtew (1996); and
combined energy-mass balanced including the Penman—Monteith (PM) (Allen et al., 1998).
Despite its wide application of Penman—Monteith method (Allen et al., 1998; Aouissi et al.,
2016) as a standard PET estimation method because of its physical and aecrodynamic meaning,
the method requires highly detailed weather data, making it inappropriate for regions with
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scarce data (Lang et al., 2017). Therefore, for regions with scarce weather data challenges, the
study area included simple methods such as Hargreaves (Hargreaves and Samani, 1985, 1982)
which are recommended for estimation of PET (Lingling et al., 2013). Based on the semi-arid
climate of the study area (Egeru et al., 2019, 2014), cither the Hargreaves (Hargreaves and
Samani, 1985, 1982) or Blaney—Criddle (Blaney and Criddle, 1950) methods which are
developed for arid or semi-arid climates (Lang et al., 2017) are best suited to estimate the
PET. Hargreaves and Allen (2003) established that the Hargreaves method requires only
minimum and maximum temperature data, is simple to apply, and is less affected in situations
when data is obtained from arid or semi-arid, unirrigated sites than the Penman—Monteith
method.

Aouissi et al. (2016) evaluated the performance of Penman—Monteith (PM) (Allen et al.,
1998), Hargreaves (Hargreaves and Samani, 1985, 1982) and Priestly-Taylor (1972) methods
in estimating PET. The Hargreaves method generated streamflow estimates close to the
observations when applied to the Joumine basin in northern Tunisia (Aouissi et al., 2016).
The study by Li et al. (2018) compared the performance of Hargreaves with the standard
Penman—Monteith method in simulating streamflow in the Ganjiang River Basin in southern
China. The study revealed commendable performance of the Hargreaves method (Li et al.,
2018). Lang et al. (2017) compared with three radiation-based methods including the
Makkink, Abtew and Priestley—Taylor and five temperature-based methods of Hargreaves,
Thornthwaite, Hamon, Linacre and Blaney—Criddle with the Penman—Monteith. Whereas the
radiation-based methods performed better than the temperature-based methods, the Hargreaves
method performed best among the temperature-based methods when applied to several basins
in southern China (Lang et al., 2017). Gao et al. (2017) applied seven PET estimating methods,
and Hargreaves included the arid region of Aksu, China, semi-arid region of Tongchuan,
China, and humid region of Starkville, MS, USA. The Hargreaves methods performed best in
the arid and semi-arid regions (Gao et al., 2017). Najmaddin et al. (2017) applied four methods
including Hargreaves, using the Penman-Monteith as the benchmark to estimate PET over
Kurdistan Region in northeastern Iraq. The Hargreaves method yielded accurate and unbiased
PET estimates for semi-arid regions (Najmaddin et al., 2017). Li et al. (2018) further
established that the Hargreaves method is more applicable over arid and semi-arid regions.
In Uganda, the Hargreaves method was applied for analysis of variability in evapotranspiration
across Lake Kyoga (Onyutha et al., 2020), assessment of decadal or multi-decadal variation in
evapotranspiration in Mpologoma catchment (Mubialiwo et al., 2020).

The Hargreaves method was recently applied by Onyutha et al. (2020) in the study to
evaluate PET changes over Lake Kyoga Basin where the study area is situated. Another study
by Mubialiwo et al. (2020) applied the Hargreaves method to estimate PET over the
Mpologoma catchment which is located in the same zone (KWMZ) with the study area.
Henceforth, based on its simplicity, the minimum data requirement (7,,,,cand T,,;, and latitude)
by the Hargreaves method, coupled with its recent application in the KWMZ (Mubialiwo
et al., 2020; Onyutha et al., 2020), where the study area is located, the Hargreaves method was
adopted in this study. PET was estimated using the following equation:

PET = 0.0023 x Ra X \/(Tmax—Tmin) X (Tmean + 17.8) (1)

where PET has units of mm/day and R, stands for extra-terrestrial solar radiation of the crop
surface measured in Wm™2. The latitude at each grid and the calendar day of the year are used
to estimate the R,. Tpnean 1S the mean temperature measured in °C.
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The daily precipitation and computed PET were transformed into seasonal and
annual totals. Four seasons were considered including March—-May (MAM), June—
August (JJA), September—November (SON) and December—February (DJF). Corre-
spondingly, at each rainfall station, annual and seasonal (MAM, JJA, SON, DIJF)
time series were extracted.

2.3 Trend analyses

Trend magnitude or slope (m) in seasonal and annual precipitation and PET was computed at
each grid using (Sen, 1968; Theil, 1950):

m = median (x;_;c,-) ,foralli < j (2)
where n is the sample size while x; and x; are respectively the j# and i value from the sample
size of either precipitation or PET rates such that 1 <i<(z—1) and 1 <j<n.

Subsequent to the computation of trend magnitude, the non-zero slope significance of
the linear change in the precipitation and evapotranspiration was evaluated. To test the
significance of trend slopes, a number of methods exist such as the Mann—Kendall (MK)
(Kendall, 1975; Mann, 1945) and Spearman rank correlation (Lehmann, 1975; Sneyers,
1990; Spearman, 1904) tests. Another method to test significance of trend slope is by
using the cumulative sum of the difference (CSD) between exceedance and non-
exceedance counts of data points (Onyutha, 2016a, 2016b, 2016c). The CSD method
utilises both the statistical and graphical approaches of trend analyses, yet the other
methods (like MK) are purely statistical. Furthermore, the CSD method can be applied to
analyse both trends and variability (Onyutha, 2018). The method has been applied by Xu
et al. (2020), Mubialiwo et al. (2020), Onyutha et al. (2020), Cengiz et al. (2020), Chen
et al. (2019), Vido et al. (2019), Pirnia et al. (2018) and Tang and Zhang (2018). Thus,
the CSD was adopted for this study.

To apply CSD method to the given time series of sample size #, first a new time series D; is
obtained as the difference between the exceedance and non-exceedance counts of data points
as follows (Onyutha, 2016c¢):

D(i) = Yo (i)-Y,(i) fori=1,2,....n (3)

where Y,(i) is the number of times each data point is exceeded and Y;(i) the number of times
each data point surpasses others. D was computed to nonparametrically rescale the given time
series of size n. The D(i) values are accumulated to attain the cumulative sum which enables
the separation of sub-trends over unknown periods of rise and decline in each dataset.

The trend statistics T¢gp is obtained as follows (Onyutha, 2016c¢):

Tesp=—— D(i 4
CsD () z Z: (i) (4)
Tesp> 0 and Tgp < 0 indicate an upward and downward trend, respectively.
Trend statistics T¢sp is computed to assess the existence of either monotonic trends or

seasonal components in hydrometeorological series, which guides its further use, for instance
in hydrodynamic modelling.
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The trend statistics T-spcan then be standardised to have a normal distribution with mean of
zero and variance of (n-1)7! as in the following equation (Onyutha, 2016b, 2016d):

-
Zesp = TCSD( (n=1)" x )\> (5)

where Z¢gp is the standardised trend statistics of 7¢sp having mean (variance) of zero (one),
and A is the parameter to remove the effect of autocorrection from the variance trend statistics
Tcsp (Onyutha, 2017). The CSD test was applied to the precipitation and PET data at each
grid. Based on the considered level of significance « in this study, the null hypothesis H,, (no
trend) was rejected when the computed absolute value of Zgp was greater than the absolute
value of the standard normal variate Z»(|Z¢sp| > |Z.2); otherwise, the H, was not rejected.

2.4 Variability analyses

Variability in seasonal and annual precipitation and PET was calculated by applying Eq. (5)
that computed the sub-trend statistics Z¢sp as clearly described by Onyutha (2018). In this
way, X is assumed to contain a subset x starting from the & to thew value of X. To achieve
this, subsets were extracted using a window of length ¢ from the start covering-up to the end of
the data series. In brief, for the chosen ¢, y=0.5% (g + 1) and y=0.5 x ¢ for the scenarios
when ¢ is respectively considered odd and even. ¢ is the considered relevant time scale. For
instance, ¢ =10 would represent assessment of decadal oscillations effect:

Z‘éSD(t) = f(xcX|xp<x=<x,) fort=1,2,...,n (6)

where Zcsp, is the ## value of Z¢gp, while the parameters & and w can be obtained from:

ift<y, k=1 w=qg+1t-1
ift>y andt<(n—y), k=t—y+1, w=t+y (7)
ift > (n—y) andt<n, k=t—y+1, w=n

To evaluate the natural randomness of the /,, the values of Z¢gp,) in Eq. (6) are plotted against
the matching #" data year and the (100-«)) % confidence interval (CI) limits created using the
values of + Z,, at .. The line Z¢gp = 0 is regarded as the reference implying totally no trend in
the data series. Variability in the precipitation and evapotranspiration data is signalled by the
existence of positive or negative sub-trends in different sub-periods. Depending on the selected
significance level « in this study (5%), the H, was rejected when the scatter plots outside the
(100-x) % CI limits or when the |Zcsp|>Z,; otherwise, the H, was not rejected. CI is
computed to test the significance of trend.

2.5 Correlation analyses between observed precipitation and PGF-based precipitation

The relationship between seasonal and annual observed rainfall from the seven selected stations
and their corresponding nearby PGF precipitation was determined and results presented both
statistically and graphically. The relationship was assessed by testing the H, (no correlation
between PGF-based precipitation and observed rainfall) at a significance level o of 5%. As
observed from Table 1, majority of the stations have data records ending in the 1980s, apart from
Arapai Agric. College station whose data goes up to 1999. Therefore, since validation required the
same period of PGF and observed data, the period from 1948 to 1999 is considered here.
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3 Results and discussion
3.1 Trend and sub-trends in precipitation and PET

Figure 3 shows linear trend magnitude in precipitation and PET at MAM and annual time
scales. The linear trend in JJA, SON and DJF seasons is included in Supplementary Material
Fig. M1. The entire study area was characterised by a decreasing trend in both MAM (Fig. 3a)
and annual (Fig. 3b) precipitation. These results are in treaty with the finding by Onyutha et al.
(2020) for MAM season over a period of 1961 to 2008. The largest decrease in precipitation of
about —1.45 mm/year and — 1.26 mm/year for MAM (Fig. 3a) and annual (Fig. 3b) time scales,
respectively, was found in the northern part of the study area. Similarly, during the JJA, SON
and DJF seasons, the entire study area was characterised by a decreasing trend in precipitation
(Supplementary Material Fig. M1(a-c)). MAM precipitation had the highest trend slopes
compared to the other time series. Both seasonal and annual PET were mainly characterised
by an increasing trend, except in the southern part (Fig. 3¢, d, and Supplementary Material Fig.
M1 (d-f)). The study by Onyutha et al. (2020) reported similar results for MAM, SON and
annual PET over a period of 1961 to 2008. Kisembe et al. (2019) and Kansiime et al. (2013)
also reported rainfall decrease in the northeastern part of Uganda and Lake Kyoga basin,
respectively. The study by Ongoma and Chen (2017) established that rainfall over the study
area exhibited a significant decrease particularly from the 1980s to 2000s.

Figure 4 shows the standardised trend statistics Z for MAM and annual time series
corresponding to the trend slope values in Fig. 3. In the Supplementary Material Fig. M2,
results of standardised trend statistics Z for the JJA, SON and DJF season are provided. Over
the entire area, H, (no trend) was rejected (p < 0.05) for MAM (Fig. 4a) and annual (Fig. 4b)
precipitation. Similarly, JJA, SON and DJF precipitation over the entire study area had H, (no
trend) rejected (p < 0.05) (Supplementary Material Fig. M2(a-c)).

The MAM PET had the H, (no trend) not rejected (p > 0.05) over the entire study area with
corresponding standardised trend statistics Z values range of —0.66<Z<1.41 (Fig. 4c).
Similarly, except some parts in the northern region where the standardised trend statistics Z
values was slightly above the standard normal variate Z,,, of 1.96 at « of 0.05, the annual PET
had the H, (no trend) not rejected (p >0.05) (Fig. 4d). Generally, JJA PET had the H, (no
trend) not rejected (p > 0.05) over the entire study area (Supplementary Material Fig. M2(d)).
However, largely, SON PET had the H, (trend) rejected (p < 0.05) except in the central parts of
the study area (Supplementary Material Fig. M2(e)). On the other hand, DJF PET had the H,
(trend) rejected (p < 0.05) in the northern and H,, (trend) not rejected (p > 0.05) in the southern
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Fig. 3 Trend slope (mm/year) for (a, ¢) MAM and (b, d) annual in (a, b) precipitation and (¢, d) PET

@ Springer



2 Page 12 of 23 Bulletin of Atmospheric Science and Technology (2021) 2:2

33°20'E  34°10'E =~ 35°0'E 33°?0'E \ 34°’IIO'E , 35"'0'E 33°%O'E , 34°10E , 35°|0'E SS?O'E , 34°10E \ 35°|0'E

z z z
&l o - 2,0 @ B
ST ANN 1 s, | MAM & [ ANN
z z z
Y & ‘__ : & »
T T T T T T T T T T
o -3.62 oy 390 141 o 210
- -3.99 - -4.10 - 0.36 - 024
L 432 L 430 L 0,66 L 457

Fig. 4 Standardised trend statistics Z for (a, b) precipitation and (¢, d) PET at (a, ¢) MAM and (b, d) annual time scales

region (Supplementary Material Fig. M2 (f)). It is noticeable that for both seasonal and annual
time scales, the spatial results of trend across the entire study area whether in precipitation or
PET were clear. The values of standardised trend statistics Z are summarised in Table M1 of
the Supplementary Material.

A decrease in precipitation together with an increase in PET (especially in the central to
northern region of the study area) could imply occurrence of a prolonged dry spell and
hydrological and agricultural drought. Consequently, the already poorest region (Ministry of
Finance and Economic Planning, 2014) stands a risk of being more stressed due to high levels
of food and nutrition insecurity. Hence, predictive planning of the water resources manage-
ment applications would necessitate consideration of nonstationary due to the presence of
trends and changes in the precipitation, and PET (Salas and Obeysekera, 2014). Additionally,
with pastoralism, agro-pastoralism and sedentary crop production as the major economic
activities in the area, the community may need to develop resilient mechanisms such as storing
water during the rainy seasons for use when the prolonged dry spell and drought strides.
Drought resistant grass could as well be adopted by the pastoralists.

3.2 Spatio-temporal variability analyses on precipitation and PET

Figures 5 and 6 show the spatio-temporal variations in the annual (Fig. 5) and MAM (Fig. 6)
precipitation. The spatio-temporal variations in JJA, SON and DJF seasons can be found in Figs.
M3 to M5 of the Supplementary Material. The entire study area was characterised by different but
insignificant fluctuations in time (H; not rejected) (Fig. 5 (a)), of largely comparable pattern (Fig.
5 (b—g)) considering the annual time scale. Previously, the study by Onyutha (2016a) that was
conducted over the entire Uganda at annual scale reported comparable results. Annual precipita-
tion was above the long-term mean in the 1950s as well as from the early 2000 till the end of the
study period (2016). However, from early 1960 till the late 1990s, annual precipitation was below
the long-term mean. Generally, the pattern from the early 2000 to 2016 had weak amplitude
compared to the one in 1950s. Largely, precipitation was below the reference datum (Fig. 5 (b—
g)). The study by Egeru et al. (2014) reported predominance of dryness intensity from 1979 to
1995 within the Karamoja region where the study area is largely located. The same study reported
occurrence of wetness intensity from 2003. Previous studies (Dias et al., 2015; Mo et al., 2015;
Parr et al., 2016) established a relationship between changes PET with various factors, land cover
changes included. Similarly, it has been documented (Dorji et al., 2016; Mmbando and Kleyer,
2018; Napoli et al., 2019) that trend and variability in precipitation may vary from one altitude to
another. Furthermore, Parr et al. (2016) stressed out that changes in precipitation may result in
variations in PET.
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Fig. 5 (a) The spatial changes in the significance of precipitation variability and (b—g) the temporal variability in
annual precipitation from different parts of the study area. “CL” corresponds to the dotted horizontal lines
denoting the 95% confidence interval limits

The MAM precipitation over the entire study area exhibited significant OH (H, rejected) of
generally strong amplitude at 5% level. The far southeast and some parts in the West (outside
the study area) experienced both insignificant OH and OL (H, not rejected). Like the annual
temporal variation, MAM precipitation was above the long-term mean in the 1950s as well as
from the early 2000 till 2016. Still, from early 1960 till the late 1990s, MAM precipitation was
below the long-term mean. It is most likely that the prolonged dry spells and extreme
hydrological and agricultural drought in the study area could be linked to reduced
precipitation as indicated by more OL than OH. This is in line with the findings from
Ongoma et al. (2016) that established low values of simple daily intensity index, an indication
of prolonged dry spell and/or drought.

Significant OL (H, rejected) were exhibited in the northern parts (mainly outside the study
area), while the rest of the area experienced both insignificant OH and OL in JJA precipitation
(Supplementary Material Fig. M3(a)). JJA precipitation was characterised mostly by a decline
from the early 1960s till end of the study period (2016) at different stations in the study area.
However, in the 1950s, precipitation was above the long-term mean (Supplementary Material
Fig. M3(b-g)). SON precipitation over the entire study area exhibited both insignificant OH
and OL of largely weak amplitude (Supplementary Material Fig. M4(a)). The temporal
variation of SON precipitation displayed more pronounced decrease (Supplementary Material
Fig. M4(b-g)). DJF precipitation had a similar spatio-temporal variation to that exhibited by
the SON season (Supplementary Material Fig. M5(a-g)). It is noticeable from the time plots of
selected grid points that precipitation over the study area had very similar temporal variation in
the period 1948-2016.
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Fig. 6 (a) The spatial changes in the significance of precipitation variability and (b—g) the temporal variability in
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The differences in spatio-temporal variations in annual PET across the area are shown in
Fig. 7, respectively. Figs. M6 to M9 of the Supplementary Material show the spatio-temporal
variations in MAM, JJA, SON and DJF seasons. Considering the annual PET, Fig. 7 (a) shows
that the entire study area experienced both insignificant OH and OL (H) not rejected) at the 5%
level. The western and southern regions were characterised by similar temporal pattern of
weak amplitude (Fig. 7 (b—c)). Annual PET was largely oscillating along the reference, except
from the early 2000 till the end of the study period when it was more above the long-term
mean (Fig. 7 (b—c)). Equally, the northern, central and western regions had annual PET
oscillating along the long-term mean from 1948 till the early 1980s as well as from around
2006 to 2016. However, from around 1985 to till the early 2000s, the annual PET was above
the long-term mean (Fig. 7 (d—g)).

The MAM PET was characterised by both insignificant OH and OL (H, not rejected) at
a=0.05 over the entire area (Supplementary Material Fig. M6(a)), fluctuating above and
below the reference for the entire study period ((Supplementary Material Fig. M6(b-g)). The
southern and western regions exhibited more of an increase from the early 2000 till the end of
the study period (2016) ((Supplementary Material Fig. M6(b-g))). The northern and central
parts of the study area had significant OH (H, rejected). The rest of the area experienced both
insignificant OH and OL in JJA PET (Supplementary Material Fig. M7(a)). JJA PET was
characterised by both increase and decrease for the entire study period, but more of the
increase occurred in the 1950s (Supplementary Material Fig. M7(b-g)). During the SON
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PET from different parts of the study area. “CL” corresponds to the dotted horizontal lines denoting the 95%
confidence interval limits

season, only the area in the northeastern part of the study area experienced significant OH in
PET. The rest of the study area had both insignificant OH and OL during the SON season
(Supplementary Material Fig. M8(a)). The temporal variation of SON PET was characterised
by both increase and decrease (Supplementary Material Fig. M8(b-g)) at different stations in
the study area. The southern and western regions experienced more of an increase from the
early 2000s till end of study period (2016), while the northern, central and eastern regions
portrayed more decrease in PET during the same period. The entire study area experienced
both insignificant OH and OL during the DJF season (Supplementary Material Fig. M9(a)).
Largely, PET oscillated along the reference (except from about 1984 till end of study period)
when a strong variability was exhibited especially in the northern, central and eastern regions
(Supplementary Material Fig. M9(d-g)).

3.3 Correlation analysis between observed rainfall and PGF-based precipitation

Following the criteria in sub-section 2.5, the H, (no correlation between observed rainfall and
PGF-based precipitation) was rejected if the absolute correlation coefficient between observed
rainfall and PGF-based precipitation is greater than the critical value of correlation at a
significance level o of 5%. In this study, correlation between station values and PGF grid
point values were computed considering the grid point closest to each station. Herein,
correlation is presented statistically (Table 2) and graphically (Fig. 8 and Supplementary
Material Figs. M10 to M13). Detailed information about the stations can be found in Table 1.
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Table 2 Correlation between annual and seasonal PGF-based precipitation and observed rainfall

Station Correlation coefficient Corr. Crit
Annual MAM JJA SON DJF
1 -0.29 —0.38* —0.59* -0.61* 0.37* 0.34
2 -0.23 -0.15 —-0.59* —0.54* 0.39% 0.32
3 —0.49* —0.54* —-0.32 0.03 0.68* 0.32
4 0.41 0.17 —-0.52% 0.25 0.48* 0.43
5 —0.57* -0.23 -0.67* 0.37%* 0.46* 0.30
6 0.33 0.25 —0.38* 0.52% 0.02 0.34
7 0.02 0.17 -0.70* 0.11 0.31 0.33

Corr. Crit stands for critical absolute value of correlation at the 5% significance level

*Denotes significant correlation with the Hy (no correlation) rejected at a of 5%

The adopted two-tailed test yielded critical values of the correction ranging between 0.30
and 0.43 included (Table 2). From Table 2, it is noticeable that each station had H, which was
rejected on at least one-time scale. For annual precipitation, H, was rejected at two stations 3
and 5, but H, was not rejected at stations 1, 2, 4, 6 and 7. For the MAM precipitation, H, was
rejected at stations 1 and 3, but H, was not rejected at stations 2 and 4-7. For both annual and
MAM precipitation, stations 1, 2, 3 and 5 exhibited negative correlation, while stations 4, 6
and 7 exhibited positive correlation though insignificant. All stations (except 3 that displayed
insignificant negative correlation) had significant negative correlation during the JJA seasons.
Stations 1 and 2 had significant negative correlation, while stations 5 and 6 exhibited
significant positive correlation during the SON season. Still in the SON season, the other
stations 3, 4 and 7 had insignificant positive correlation. Unlike the other time scales, in the
DJF season, all stations had positive correlation, with stations 1-5 exhibiting significant
correlation. From the results, it can be deduced that PGF data can generally reproduce the
DJF and SON precipitation over the study area than the other time scales. In addition, PGF can
relatively reproduce precipitation at stations 4, 6 and 7 during MAM and annual time scales.
The negative correlation exhibited in the JJA season underscores PGF in reproducing precip-
itation during the season. The negative correlation whether significant or insignificant
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Fig. 8 Comparison of trend statistics Z in annual observed rainfall and PGF-based precipitation on each station
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designates that when there is an increase (decrease) in the observed rainfall, the PGF-based
precipitation displays a decrease (increase).

The results in Fig. 8 reveal overestimation and underestimation of the fluctuating highs and lows
from the annual observed rainfall by the PGF-based rainfall of generally negative correlation. The
comparison of trend statistics Z in PGF-based precipitation and observed rainfall at each station
during MAM, JJA, SON and DJF seasons can be found in Supplementary Material Figs. M10 to
M13. Similar to the observation made in Table 2, graphically, results showed close agreement
between PGF-based and observed trend statistics Z during the DJF season (Supplementary
Material Fig. M13). Similarly, for the JJA season, a disagreement is observable (Supplementary
Material Fig. M11). It is noticeable that the imitation of variability in the observed rainfall by the
PGF-based precipitation fluctuates from one station to another. This could be associated to the
influence of local features such as mountains and lake such as Lake Kyoga (Camberlin, 2009),
which might not be well captured by the PGF. Figure 8 and Supplementary Material Figs. M10 to
M13 reveal a noticeable cyclic behaviour of the underestimation and overestimation. This behav-
iour could be a result of the climate variability influence on precipitation in the catchment, a clear
signal of possible severe wetter and drier events (Onyutha, 2016d). Subsequently these OH and
OLs neutralise each other (Onyutha, 2016d). A hydrometeorological time series with strong cyclic
behaviour may necessitate complex methods such as spectral analysis (Grzesica and Wigeek, 2016;
Mahmood et al., 2019). Despite the low correlation exhibited at some stations, the use of PGF-
based products after some sieving of the disparities in the data using appropriate temporal scale can
give a perception on the possible long-term trend and variability, a vital element for predictive
planning of adaptation (Onyutha, 2016a).

4 Conclusion

Studies on the analyses of changes in precipitation and PET at the catchment level of Lokok and
Lokere were lacking by the time of writing this paper. This paper analysed the changes in the long-
term (1948-2016) annual and seasonal precipitation and PET over Lokok and Lokere catchments in
a gridded (0.25° x 0.25°) form of the PGF data. The analyses of trend and variability were based on
the nonparametric CSD technique. The entire study area was characterised by a decreasing trend
(» <0.05) in the seasonal (MAM, JJA, SON, DJF) and annual precipitation. Generally, precipitation
exhibited positive anomalies in the 1950s as well as from the early 2000 till the end of the study
period (2016), except for the JJA season. However, between 1960 and the late 1990s, precipitation
was largely below the long-term mean. Generally, the pattern from the early 2000 to 2016 showed a
weak decrease compared to the one in 1950s. Largely, precipitation was below the reference datum.
Both MAM and JJA PET were characterised by a positive trend (p > 0.05), except in the southern
part, with negative trend (p > 0.05). DJF and annual PET had a positive trend (p <0.05) in the
northern region. However, the southern area had a negative trend (p > 0.05). The trend in SON PET
was respectively positive and negative (p < 0.05) in the North and South, while the central region
had a positive trend ((p > 0.05). Both seasonal and annual PET had alternating positive and negative
anomalies for the entire study period. An increase in PET (especially in the central to northern
region of the study area) in MAM and JJA seasons although largely insignificant, together with a
decrease in precipitation, could imply occurrence of prolonged dry spells and hydrological and
agricultural drought which result in crop failure hence food insecurity. Consequently, the commu-
nity is extremely distressed because they depend on pastoral and agro-pastoralism. If such
conditions linger into the future, the community in Lokok and Lokere may need to develop resilient
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mechanisms such as storing water during the rainy seasons for use in dry periods. Furthermore,
drought-resistant grass could as well be adopted by the pastoralists.

The PGF-based precipitation was compared with the observed rainfall from seven stations in
terms of correlation, trend and variability. Positive correlation was observed at some stations, while
others exhibited negative correlation. Generally, PGF reproduced the DJF and SON precipitation
over the study area better than the other seasonal intervals. Negative correlation was exhibited in the
JJA which underscores PGF in reproducing precipitation during the season. The negative correla-
tion whether significant or insignificant designates that when there was an increase (decrease) in the
observed rainfall, the PGF-based precipitation displayed a decrease (increase). The PGF data
overestimated and underestimated the fluctuating highs and lows from the observed rainfall, varying
from one location to another. This variability could be linked to the presence of regional features
such as water bodies (e.g., Lake Kyoga) and mountains (e.g., Mount Moroto) (Camberlin, 2009).
For instance, the study by Thiery et al. (2015) revealed that the East African regional climate is
highly influenced by Lake Victoria resulting from induction of circular airflow with over-lake
convective inhibition during daytime and an inverted pattern at night. A cyclic behaviour of the
underestimation and overestimation was noticeable in precipitation, and it could be attributed to
climate variability influence on precipitation. The PGF may be having limitation in accurately
capturing the magnitudes of events over epochs characterised by wet and/or dry conditions, and this
is based on the scale chosen for analyses Similarly, the monthly mean values of 7,;, and 7;,,, of the
PGF-based and those observed at the Kotido weather station were compared. The PGF-based data
yielded a unimodal pattern, while a bimodal pattern was exhibited by the observed data. The PGF-
based data undervalued the difference between the 7)., and 7, resulting in underestimation of the
PGF-based PET values. Furthermore, comparison of PGF-based and MODIS PET was made. A
close agreement was noticeable between MODIS and PGF-based PET from May to November.
However, there is mismatch between the two datasets from December to April.

Despite the low correlation, application of PGF-based time series for trend and variability
analyses after some sieving of the disparities in the data using appropriate temporal scale can
still give a perception about the changes in the climate variables (Onyutha, 2016a). Nonethe-
less, there is need to make enrichment on the quality of PGF data in reproducing the observed
climatic data especially over the sub-Saharan Africa which has challenges of low density of
meteorological stations.

A few limitations to this study are worth mentioning. The study adopted the uncalibrated
empirical Hargreaves method to approximate PET. It is likely that the use of uncalibrated
empirical Hargreaves method could generate biased results, hence affecting the analyses of
trend and variability. To eliminate the impact resulting from using a certain method, it is
suggested that future research studies consider the use of more than one method, to estimate
PET. Only the CSD method was used in analysing trend and variability of both precipitation
and PET over the study area. For trend analyses, other methods such as Mann—Kendall
(Kendall, 1975; Mann, 1945) and Spearman’s Rho (Lehmann, 1975; Sneyers, 1990;
Spearman, 1904) tests exist. For at-site analyses of variability, other methods like the quantile
perturbation method (Ntegeka and Willems, 2008) and autocorrelation spectral analysis (ASA)
(Blackman and Tukey, 1959) can be employed. To balance out the effect due the choice of a
certain method, it is recommended that future research studies on the trend and variability in
precipitation and PET over the study area consider more than one approach. While an in-depth
exploration of the changes in precipitation and PET for refined results at localised catchment
scales (like Lokok and Lokere) is deemed very crucial, this may face challenges of chaotic
behaviour of the weather/climate system at local scales, hence deterring derivation of general
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conclusions. The findings of this study are vital for planning of predictive adaptation to the
effects of climate variability on the water resources management applications. With proper
predictive planning, the pastoral and agro-pastoralist community in Lokok and Lokere can
reduce on the impact of prolonged dry spell and hydrological and agricultural drought.

Supplementary material The online version of this article (https://doi.org/10.1007/s42865-021-00031-y)
contains supplementary material, which is available to authorized users.
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