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The understanding of climate change impacts and the associated climate extreme events

at regional and local scales is of critical importance for planning and development

of feasible adaptation strategies. In this paper, we present an analysis of climate

change and extreme climate events in the Lake Victoria region of Tanzania, focusing

on the Kagera and Geita regions. We use daily simulated climate variables (rainfall

and minimum and maximum temperatures) from the Coordinated Regional Climate

Downscaling Experiment Program Regional Climate Models (CORDEX_RCMs) for the

analysis. Extreme climate event, rainfall, and minimum and maximum temperatures

time series during historical (1971–2000) climate condition are compared to future

climate projection (2011–2100) under two Representative Concentration Pathway (RCP):

RCP 4.5 and RCP 8.5 emission scenarios. The existence, magnitude, and statistical

significance of potential trends in climate data time series are estimated using the

Mann–Kendall (MK) non-parametric test and Theil-SEN slope estimator methods. Results

show that during historical (1971–2000) climate, the Lake Victoria region of Tanzania

experienced a statistically significant increasing trend in temperature. The annual

minimum andmaximum temperatures in the Kagera and Geita regions have increased by

0.54–0.69◦C, and 0.51–0.69◦C, respectively. The numbers of warm days (TX90p) and

warm nights (TN90p) during the historical climate have increased, while the numbers

of cold days (TX10p) and cold nights (TN10p) have decreased significantly. However,

in future climate condition (2011–2100) under both RCP 4.5 and RCP 8.5 emission

scenarios, the Lake Victoria region is likely to experience increased temperatures and

rainfall. The frequency of cold events (cold days and cold nights) is likely to decrease,

while the frequency of warm events (warm days and warm nights) is likely to increase

significantly. The number of consecutive wet days, the intensity of very wet days, and

the number of extreme wet days are likely to increase. These results indicate that in

future climate condition, socioeconomic livelihoods of people in the Kagera and Geita

regions are likely to experience significant challenges from climate-related stresses. It is,

therefore, recommended that appropriate planning and effective adaptation policies are

in place for disaster risk prevention.
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INTRODUCTION

The Intergovernmental Panel on Climate Change (IPCC)
assessment reports indicate that it is very likely that climate
change has influenced the increase of the frequency and intensity
of extreme weather and climate events (IPCC, 2007, 2013). The
projections for the future from the climate models indicate
further increases in the frequency and intensity of extreme
weather and climate events that relate to temperature and rainfall
(Kundzewicz, 2016). These events have damaged residential,
commercial, and government/municipal buildings and caused
destruction of material assets within the building and destruction
of public infrastructures (roads and bridges) (NCEI, 2017).
Moreover, extreme weather and climate events are projected
to damage many socioeconomic sectors such as water, health,
transport, agriculture, and food security in different regions of
the globe, particularly in developing countries (Sarker et al., 2012;
IPCC, 2013; Curtis et al., 2017).

For instance, it is projected that due to climate change,
millions of people in Africa are likely to face increased water
stress (IPCC, 2013), and in some African countries, yields from
rain-fed agriculture could decline (FAO, 2017; Benjamin et al.,
2020). Agriculture production and access to food in many
African countries will be severely impacted. This could affect all
dimensions of food security and exacerbate malnutrition.

In East African countries, climate change has already affected
weather patterns and hydrological cycles. Several studies over
East Africa region indicated that temperatures have increased,
rainfall in particular, the long rains that are historically
considered important for agriculture activities in the region
have declined by later onset and earlier cessation (Wainwright
et al., 2019; Borhara et al., 2020), the frequency and intensity
of extreme weather events such as persistent drought and
floods have increased (Kijazi and Reason, 2009a,b; Chang’a
et al., 2017; Nicholson, 2017), the unpredictability of rainfall
seasons has increased, and sea rise and coastal erosion have
been noticed over many coastal regions (Tumbo et al., 2010;
Liwenga et al., 2014; Mubaya et al., 2014). These events have
affected water availability, food security, human health, and other
socioeconomic livelihoods (Opiyo et al., 2014).

Tanzania as one of the East African countries faces greater
challenges both in proneness to significant impacts of climate
change and the ability to address the impacts (URT, 2007, 2012;
Kijazi et al., 2019). The country’s economy heavily depends on
rain-fed agriculture, which is sensitive and mostly affected by
increasing erratic climate change and variability (Ehrhart and
Twena, 2006; Enfors and Gordon, 2008; Müller et al., 2011). The
main crops that are grown in Tanzania include maize, cassava,
millet, bananas, sweet potatoes, cotton, coffee, and sorghum,
which have been reported to decline in productivity due to
climate change and variability (URT, 2008; Munishi et al., 2010;
Rowhani et al., 2011; Kangalawe, 2012). A recent study by
Luhunga (2017) examined the impact of inter-seasonal variability
of maize production in the Wami-Ruvu Basin of Tanzania and
found that rainfall, maximum temperature, and solar radiation
are the most important climate variables that determine inter-
seasonal variation in maize yields.

The future climate projections of Tanzania are likely to present
several challenges to the agriculture sector. For instance, the
projected increase in temperatures in many regions as indicated
by Luhunga et al. (2018) are likely to influence wilting and drying
of plants and multiplication of pest, weeds, and diseases that
would result in increased costs of crop production and failure
in crop yields. Also, warmer temperatures are likely to cause
an eruption of new pests, parasites, and diseases that would
affect the agriculture sector severely. The trends of increased
frequency of very wet days and extreme wet days, as was found
by Chang’a et al. (2017), are likely to influence nutrient leaching,
washing away of topsoil, waterlogging, pests, disease outbreaks,
and infrastructure damage that would result into low crop yields
and disruptions of the food supply chain.

The only approach toward devising actionable adaptation
and mitigation strategies to the impacts of climate change is
through conducting robust climate analysis to characterize and
understand the historical and future climate conditions.

This requires a detailed analysis to characterize the whole
spectrums of inherent natural variability of the climate system,
including extreme climate events that are of interest for
economists and investors (Christensen and Christensen, 2003).
Moreover, climate analysis at a higher temporal and spatial
resolution is required to provide evidence that would properly
guide the formulation of adaptation and mitigation strategies.
This paper provides a detailed analysis of climate change in
the Lake Victoria region of Tanzania focusing on two regions:
Kagera and Geita regions. These regions have complex spatial
and temporal climate patterns largely modulated by the presence
of Lake Victoria. This has made the government of Tanzania
identify Kagera and Geita as priority areas for addressing the
vulnerability from the impacts of climate change in Tanzania.

DATA AND METHODOLOGY

Study Region
The study areas are the Kagera and Geita regions located
in the northwestern part of the Lake Victoria region of
Tanzania (Figure 1). These regions are experiencing significant
climate-related stresses such that the government of Tanzania
through Food and Agriculture Organization (FAO) Tanzania is
developing a funding project proposal titled “Enhancing Climate
Change Resilience in Kagera and Geita regions of Tanzania.”
The developed project proposal will be submitted to access
about USD 30 million from the Green Climate Fund as a
grant to promote Climate-Smart Agriculture (CSA) practices and
other forms of Agro-based innovations for adaptation benefits
and mitigation contributions, support sustainable ecosystem
management to ensure the flow of ecosystem goods and
services for adaptation andmitigation, promote diversification of
communities’ livelihood in the context of the changing climate,
and support Agro-meteorological infrastructure and services for
climate resilience.

The Kagera and Geita regions experience bimodal rainfall
patterns (Figure 2). This rainfall pattern is controlled by the
movement of the Intertropical Convergence Zone (ITCZ), which
moves southward in October and reaches the southern parts of
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FIGURE 1 | The topographical map of the Lake Victoria region (A) adopted from Olaka et al. (2019) and (B) in the Kagera and Geita regions in the western parts of

the Lake Victoria region of Tanzania.

FIGURE 2 | Long-term (1971–2000) observed annual cycle of rainfall in Bukoba, a district of the Kagera region.

the country in January or February and reverses northward in
March, April, and May. This movement makes the Kagera and
Geita regions receive two distinct seasonal rainfalls—the short
rainfall season that starts in October and continues through
December (OND) and the long rainfall season that starts in
March and continues through May (MAM) (Agrawala et al.,
2003; Luhunga et al., 2016).

Data
Model Data
Tanzania has very few weather stations (28-synoptic weather
stations) that are sparsely distributed over complex topographical

terrain. Many places, especially in the Kagera and Geita
regions, have no weather stations to monitor weather and
climate patterns.

The only synoptic weather station that is used to monitor
weather patterns in the Geita region is located at Mwanza region
that is about 124–125 km apart. On the other hand, the Kagera
region has one synoptic weather station that is located in Bukoba
district. This station has long-term climate data series. These
climate data series, however, have been impacted adversely with
inhomogeneity caused by the change of instruments due to their
damage or failure and change of land use cover surrounding the
weather station in Bukoba.
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TABLE 1 | The Coordinated Regional Climate Downscaling Experiment (CORDEX)–Regional Climate Models (RCMs) and their driving General Circulation Models (GCMs).

No. RCM Model center Short name of RCM GCM

1 HIRHAM5 Danmarks Meteorologiske Institut (DMI),

Danmark

HIRHAM5 1. ICHEC-EC-EARTH

2 Rossby Center Regional Atmospheric

Model (RCA4)

Sveriges Meteorologiska och

Hydrologiska Institut (SMHI), Sweden

RCA4 1. MPI-M-MPI-ESM-LR

2. ICHEC-EC-EARTHCNRM

3. CNRM-CERFACS -CNRM-CM5

3 Regional Atmospheric Climate Model,

version 2.2 (RACMO2.2T)

Koninklijk Nederlands Meteorologisch

Instituut (KNMI), Netherlands

RACMO22T 1. ICHEC-EC-EARTH

To overcome the problem of data availability, especially
over areas with a limited number of weather stations,
Luhunga et al. (2016) evaluated the possibility of using climate
simulation from the Coordinated Regional Climate Downscaling
Experiment program Regional Climate Models (CORDEX-
RCMs) to represent the climate condition of Tanzania. They
found that CORDEX-RCMs perform better to represent
observed historical climate conditions in many regions and
therefore can supplement observation in areas that have no
weather stations. In this paper, we use climate simulations
from five high-resolution RCMs listed in (Table 1) to analyze
climate change over the Kagera and Geita regions. The data are
obtained from https://esgf-data.dkrz.de/projects/esgf-dkrz/ and
are quality controlled and can be used to the terms of use (http://
wcrp-cordex.ipsl.jussieu.fr/).

The RCMs indicated in Table 1 run at a spatial resolution of
latitude 0.44◦ and longitude 0.44◦. To obtain climate variables
at specific regions or districts, a statistical downscaling approach
using the inverse distance weighted average interpolation
techniques was used to obtain climate simulation for relevant
regions or districts especially when multiple districts are found
inside one grid point of the RCMs (Hartkamp et al., 1999; Ly
et al., 2013; Luhunga et al., 2016). The outputs from the RCMs for
the reference period (1971–2000) and future climate projections
(2011–2100) under two Representative Concentration Pathway
(RCP) RCP 4.5 and RCP 8.5 emission scenarios are used for
the analysis.

Methodology
In this paper, climate change has been analyzed by detecting the
trend and significance of the trend in climate variables (rainfall
and minimum and maximum temperatures) time series. SEN
slope estimator method has been used to compute the gradient
of the trends in climate data series. For detailed description on
how the SEN slope method is used to compute the gradient of the
trend in climate variables, the reader may consult Van Beusekom
et al. (2015) and Byakatonda et al. (2018). Descriptive statistics
such as moving average, standard deviation, and coefficient of
variation (CV) are used to discern the change in climate variables.

Future (2011–2100) projections of climate variables (rainfall
and minimum and maximum temperatures) are compared
with climate variables in the reference period (1971–2000).
The comparison is based on determining the departure of
future climate during the present (2011–2040), mid (2041–2070),
and end (2071–2100) centuries from climate condition in the

reference period (1971–2000). The extreme climate indices are
computed using RClimDex software. For detailed description on
the computation of extreme climate indices using RClimDex,
the reader may consult Zhang and Yang (2004) and Zhang
et al. (2005). The RClimDex software is highly recommended
by the World Meteorological Organization (WMO) to be used
in computation of climate indices that are used to characterize
climate extremes over different regions. The RClimDex software
is used widely in computations of extreme climate indices
using outputs from climate models, for instance, Gujree et al.
(2017) have used outputs from RCM as input into RClimDex
to compute 27 climate extreme indices in the Kashmir Valley
of India, and Saddique et al. (2020) have used outputs from the
General Circulation Models (GCMs) as inputs into RClimDex
for computation of extreme climate indices in the Jhelum River
Basin of India. In this study, RClimDex software is used to
compute 17 climate indices recommended by the Expert Team on
Climate Change Detection and Indices (ETCCDI) to characterize
climate extremes over the Lake Victoria region. The computed
indices presented in this study are percentile-based indices that
relate to either temperature or rainfall. Percentile indices that
relate to temperature include the occurrence of cold nights
(TNp10), occurrence of warm nights (TNp90), occurrence cold
days (TXp10), and occurrence of warm days (TXp90). The
percentile indices that relate to rainfall are very wet days [which
represent the amount of rainfall falling above the 95th (R95p)]
and extreme wet days [which represent the amount of rainfall
falling above 99th (R99p)].

Other indices that have been calculated include the absolute
based indices that represent the minimum or maximum values
of climate variables within a season or year. These indices
include the maximum daily maximum temperature (TXx)
and the maximum daily minimum temperature (TNx), the
minimum daily maximum temperature (TXn) and the minimum
daily minimum temperature (TNn), and the maximum 1-
day precipitation amount (RX1day) and the maximum 5-
days precipitation amount (RX5day). Furthermore, we have
computed duration indices that include theWarm Spell Duration
Index (WSDI); the number of Consecutive Dry Days (CDD)
index, which is the length of the longest dry spell in a year; and
the number of Consecutive Wet Days (CWD) index, which is
defined as the longest wet spell in a year. The future changes in
extreme climate events indices are analyzed by calculating the
difference between extreme climatic events indices in present
(2011–2040), mid (2041–2070), and end (2071–2100) centuries
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under two emission scenarios (RCP 4.5 and RCP 8.5) relative to
the baseline period (1971–2000).

It should be noted that the use of the output from an
individual climate model to analyze climate change over a
particular region or location is subject to several uncertainties
that arise from either the driving GCM or RCM (Northrop
and Chandler, 2014; Qian et al., 2016; Luhunga et al., 2018).
These uncertainties are overcome through the use of outputs
from the multi-model ensemble average in the analysis. In
this study, we constructed the ensemble average using five
RCMs (RACMO22T and HIRHAM5 both driven by ICHEC-
EC-EARTH, RCA4 driven by three GCMs: MPI-M-MPI-ESM-
LR, CNRM-CERFACS-CNRM-CM5, and ICHEC-EC-EARTH)
(Table 1) and used their outputs for climate change analysis.

RESULTS AND DISCUSSION

The results on climate change and extreme climate events in the
Lake Victoria region of Tanzania are presented and analyzed here
in two subsections. The first subsection presents the analysis of
climate condition and extreme climate events in the Lake Victoria
region during the historical (1971–2000) climate condition, while
the second subsection presents an analysis of climate condition
and extreme climate events during the present (2011–2040),
mid (2041–2070), and end (2071–2100) under two RCP (RCP
4.5 and RCP 8.5) emission scenarios. The data used for the
analysis were obtained from ensemble average of five RCMs
used in the CORDEX. These models were evaluated on their
ability to reproduce the historical climate condition over different
regions in Tanzania and found reasonable model skill, suggesting
their potential use in representing the climate condition in
different regions of Tanzania (Luhunga et al., 2016). However, it is
important to mention here that although the outputs from RCMs
are used in this study or have been used in other previous studies
(Tölle et al., 2018; Almazroui, 2019), their results should be
interpreted to account for the inability of the models to represent
small-scale processes that play a role in modulating the intensity
and magnitude of extreme climate events.

Analysis of Historical (1971–2000) Climate
Condition and Extreme Climate Events in
the Lake Victoria Region
Analysis of Annual Cycle of Rainfall and Minimum

and Maximum Temperatures
All districts in the Geita and Kagera regions receive a bimodal
type of rainfall, with two peaks of rainfall, a primary maximum
is in April and a secondary maximum is in November. The short
rainy season starts fromOctober and ends in December, while the
long rainy season starts fromMarch and continues through May.
The long rainy season (MAM) in both regions (Geita and Kagera)
ranges from 151.56 to 314.52mm, while the short rainy season
(OND) ranges from 39.42 to 182.83mm. The driest months in the
Geita and Kagera regions start from June and continue through
September (Figure 3A).

In the historical (1971–2000) climate condition, the analysis
of seasonal rainfall in the Geita and Kagera regions revealed a

decreasing trend of rainfall. For instance, rainfall in the long
rainy season exhibited a non-statistically significant decreasing
trend of 2.46mm (in March) with the trend of −0.082 mm/year
to 22.08mm (in April) with the trend of −0.736 mm/year
(Table 2). However, an increasing trend of rainfall is observed
in May (Table 2). This has been observed in both regions
(Geita and Kagera). In the short rainy season, in October,
rainfall in two districts (Bukombe and Mbogwe) exhibited a
statistically significant decreasing trend of −1.163 mm/year and
−1.164 mm/year, respectively (Table 2). In December, however,
all districts in the Geita region except Chato exhibited a non-
statistically significant decreasing trend of rainfall in the range of
−0.33 mm/year to −0.520 mm/year. It is interesting to note that
statistically significant increasing trends in rainfall are observed
in most districts during June. This is an indication that rainfall
season during March, April, and May (MAM) is shifting toward
June. This indeed has been observed in Bukombe, Mbogwe,
Bukoba rural, Karagwe, Kyerwa, Missenyi, and Muleba districts,
where statistically significant increasing trends in rainfall during
June were observed. In general, seasonal rainfall in both MAM
and OND seasons showed a decreasing trend in both the Geita
andKagera regions. However, it is important to note that formost
parts in the Kagera and Geita regions, the trends in rainfall are
not significant.

All districts in the Geita region have seasonal minimum
temperature in the range of 14.38◦C to 18.45◦C and the
maximum temperature in the range of 23.25◦C to 28.48◦C
(Figures 3B,C), while all districts in the Kagera region have
seasonal minimum temperature in the range of 12.32–16.41◦C
and the maximum temperature in the range of 22.51–27.61◦C
(Figures 3B,C). The monthly minimum temperature in the Geita
region exhibited a statistically significant increasing trend from
January to April ranging from 0.01◦C (in April) to 0.59◦C (in
March). These significant increases in temperature could affect
agriculture activities in Geita, as an increase in temperature
reduces grain yield in rice, wheat, and groundnut (Kaur and
Hundal, 2010). Furthermore, Luhunga (2017) indicated that an
increase in temperature shortens the length of growing season of
maize crops (Zea mays). Statistically significant increased trends
in minimum temperature in the range of 0.02–1.03◦C/year are
observed in the Geita region from September to December.
It should be noted that both rainfall seasons (MAM and
OND) minimum and maximum temperatures have increased
significantly during the historical climate. These increasing
trends in seasonal minimum and maximum temperatures are
observed mainly in long-term rainfall season (MAM) as well as
in short-term rainfall season (OND) (see Table 3 for minimum
temperature). This increase in temperature in the main rainfall
season could have impacts in agriculture, as higher temperatures
reduce the length of the growing season of many crops (Kaur
and Hundal, 2010; Luhunga, 2017; Luhunga et al., 2016).
Moreover, the observed significant increase in temperature could
influence the multiplication and eruption of new crop diseases,
for instance, Velásquez et al. (2018) indicated that an increase
in temperature increases the incidence of plant diseases such
as rice bacterial and sheath blight, increases the incidence of
leaf spot and rhizomania that affect the production of sugar
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FIGURE 3 | The annual cycle of rainfall and minimum and maximum temperatures in the Kagera and Geita regions during the historical climate (1971–2000). (A)

Rainfall. (B) Minimum temperature. (C) Maximum temperature.

beet, and increases sugarcane infection by the Colletotrichum
falcatum. It should be noted that the statistically significant
increased gradients in minimum and maximum temperatures in
the Kagera and Geita regions are the evidence of climate change
over those regions, since the main signal of climate change is
an increasing trend in temperatures at local, regional, and global
levels (Chang’a et al., 2017; Osima et al., 2018).

Analysis of the Interannual Variation of Rainfall and

Minimum and Maximum Temperatures
Table 4 indicates the annual total of rainfall and annual mean
minimum and maximum temperatures in the Kagera and Geita
regions during the historical climate (1971–2000). This table
indicates that the annual minimum temperature in the Kagera
and Geita regions ranges from 13.8◦C (in Karagwe district) to
17◦C (in Nyang’hwale district).While themaximum temperature
ranges from 25.1◦C (in Bukoba urban) to 26.8◦C (inNyang’hwale

district). Annual rainfall total in the Geita and Kagera regions
ranges from 626.3mm (in Geita district) to 839.8mm (in
Bukombe district).

To analyze how rainfall and minimum and maximum
temperatures are involved during historical (1971–2000), the CV
within annual rainfall and minimum and maximum temperature
time series was computed (Table 4). Furthermore, time-series
graphs and trend analysis were performed (Figures 4A–C).
It is found that annual rainfall in most districts of the
Kagera and Geita regions has decreased during the historical
climate condition (1971–2000) (Figure 4A). Ten out of 13
districts exhibited a nonsignificant decreasing trend in rainfall
during the historical climate (Table 4), while three districts
(Bukoba rural, Bukoba urban, and Karagwe) have experienced a
nonsignificant increasing trend in rainfall during the historical
climate condition. In general, the non-statistically significant
decreasing trends of rainfall in the Kagera and Geita regions
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TABLE 2 | The gradient of the annual cycles of rainfall during the historical climate condition (1971–2000).

Ensemble

SEN’s slope of rainfall (mm/year)

Districts Month Bukombe Chato Geita Mbogwe Nyang’hwale Biharamulo Bukoba rural Bukoba urban Karagwe Kyerwa Missenyi Muleba Ngara

January −0.264 0.091 −0.102 −0.263 −0.154 −0.114 0.241 0.208 −0.128 −0.192 0.127 0.256 −0.192

February 0.301 −0.227 0.071 0.293 0.379 −0.188 0.130 0.147 0.205 0.303 0.174 0.135 −0.162

March −0.098 −0.239 −0.204 −0.082 0.369 −0.506 −0.384 −0.629 −0.353 −0.354 −0.437 −0.451 −0.151

April −0.723 −0.537 −0.543 −0.736 −0.505 −0.662 −0.507 −0.273 −0.696 −0.647 −0.388 −0.568 −0.509

May 0.299 0.428 0.219 0.267 0.044 0.686 0.215 −0.227 0.570 0.510 0.281 0.438 0.631

June 0.018 (+) 0.042 0.038 0.020 (+) 0.023 0.047 0.287 (*) 0.666 0.284 (*) 0.285 (*) 0.312 (*) 0.229 (*) 0.072

July −0.001 −0.006 −0.001 −0.001 −0.001 −0.007 −0.206 (+) −0.649 (*) −0.101 (*) −0.082 (*) −0.180 (*) −0.160 (*) −0.004

August −0.025 −0.126 (+) −0.079 −0.028 −0.033 −0.137 −0.168 −0.215 −0.167 −0.192 −0.188 −0.177 −0.123

September −0.126 −0.339 −0.300 −0.128 −0.282 −0.235 −0.022 −0.334 0.060 0.085 −0.039 −0.003 −0.357

October −1.163 (*) −0.307 −1.045 −1.164 (*) −1.047 −0.132 0.616 0.877 0.050 −0.109 0.406 0.688 −0.039

November 0.453 0.174 0.334 0.447 0.331 0.461 0.658 0.624 0.410 0.056 0.724 0.256 −0.112

December −0.357 0.004 −0.338 −0.346 −0.520 −0.238 0.126 0.206 0.004 0.140 0.152 0.135 −0.437

(*) trend significant at α = 0.05, and (+) trend significant at α = 0.1.

TABLE 3 | The gradient of the annual cycles of minimum temperature during the historical climate condition (1971–2000).

Ensemble

SEN’s slope of rainfall (◦C/year)

Districts Month Bukombe Chato Geita Mbogwe Nyang’hwale Biharamulo Bukoba rural Bukoba urban Karagwe Kyerwa Missenyi Muleba Ngara

January 0.02 (*) 0.02 (*) 0.50 (+) 0.02 (*) 0.02 (*) 0.02 (**) 0.02 (+) 0.01 0.03 (*) 0.03 (**) 0.02 (+) 0.02 (+) 0.02 (*)

February 0.02 (+) 0.01 0.31 0.02 (+) 0.02 (*) 0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.02 (+)

March 0.02 (**) 0.03 (***) 0.59 (**) 0.02 (**) 0.02 (**) 0.03 (***) 0.03 (**) 0.03 (**) 0.04 (***) 0.04 (***) 0.03 (***) 0.03 (***) 0.03 (***)

April 0.01 0.01 (*) 0.22 0.01 0.01 0.02 (**) 0.02 (*) 0.01 (*) 0.02 (***) 0.02 (***) 0.02 (*) 0.02 (*) 0.02 (***)

May 0.01 0.01 0.24 0.01 0.01 0.01 0.02 0.01 0.02 (+) 0.02 (*) 0.01 (+) 0.02 0.02 (+)

June 0.01 0.01 0.41 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.01 0.01 0.01

July 0.01 0.01 0.32 0.01 0.01 0.01 0.01 0.01 (*) 0.01 0.01 0.01 0.01 0.01

August 0.01 0.02 (*) 0.41 0.01 0.01 0.03 (*) 0.02 (*) 0.02 (*) 0.02 (*) 0.02 (*) 0.02 (*) 0.02 (*) 0.03 (*)

September 0.02 (*) 0.02 (**) 0.57 (+) 0.02 (*) 0.02 (*) 0.02 (**) 0.01 (*) 0.01 (*) 0.02 (**) 0.02 (**) 0.02 (*) 0.02 (*) 0.02 (**)

October 0.04 (**) 0.03 (***) 1.03 (***) 0.04 (***) 0.03 (***) 0.03 (***) 0.03 (***) 0.03 (***) 0.03 (***) 0.02 (***) 0.03 (***) 0.03 (***) 0.03 (***)

November 0.02 (***) 0.03 (***) 0.65 (**) 0.02 (***) 0.02 (**) 0.03 (***) 0.02 (***) 0.02 (**) 0.03 (***) 0.03 (***) 0.02 (***) 0.03 (***) 0.03 (**)

December 0.02 (**) 0.02 (**) 0.62 (**) 0.02 (**) 0.03 (**) 0.02 (*) 0.02 (*) 0.02 (**) 0.02 (+) 0.02 (+) 0.02 (*) 0.02 (*) 0.02 (*)

(***) trend significant at α = 0.001, (**) trend significant at α = 0.01, (*) trend significant at α = 0.05, and (+) trend significant at α = 0.1.
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are in agreement with what was reported by Luhunga et al.
(2016) that rainfall in all regions in Tanzania is decreasing with
a nonsignificant trend.

The analyses of interannual variation in minimum and
maximum temperatures indicate that minimum and maximum
temperatures have increased significantly in all districts (Table 4).
This could be due to the impacts of global climate change.
The observed increase in both minimum and maximum
temperatures could have adverse impacts on the agriculture
sector by increasing the incidences of crop diseases; for instance,
Velásquez et al. (2018) indicated that maximum temperature of
35◦C and minimum temperature of 27◦C are most favorable
for Xanthomonas oryzae bacteria to colonize rice, temperatures
between 26 and 31◦C are ideal for papaya ringspot virus (PRSV)
to infect papaya. Therefore, adaptation strategies need to be
put in place to reduce the impacts, especially to temperature-
sensitive crops.

To understand the influence of climate change on interannual
variation of climate variables (rainfall and minimum and
maximum temperatures) over the Kagera and Geita regions, we
examine the CV. The CV of <20% is classified as less variability,
20% < CV < 30% as moderate, CV > 30% as high, CV > 40% as
very high, and CV > 70% as extremely high variability. Table 4
indicates the annual rainfall total, annual mean minimum and
maximum temperatures, and their respective CV. It can be seen
from the table that climate variables (rainfall and minimum and
maximum temperatures) over the Kagera and Geita regions are
consistent during the historical climate condition (1971–2000).
The annual minimum temperatures across districts are more
consistent when compared to annual maximum temperatures.
Annual rainfall is more variable across the districts when
compared to temperatures (Table 4).

To understand the influence of climate change on the trend
of climate variables over the Kagera and Geita regions, we
examine the gradient of change of rainfall and minimum and
maximum temperatures from 1971 to 2000. Table 4 shows the
gradient of annual total rainfall, annual mean minimum and
maximum temperatures, and their trends calculated from 1971
to 2000 climatological reference period. It is found that all
districts in Kagera and Geita are dominated by increasing trends
of minimum and maximum temperatures that are statistically
significant at 99 and 99.9% confidence limit. From 1971 to 2000,
the annual maximum temperature has, however, been increased
at 99.99 significance level only at one district (Ngara) out of
13 districts. These results compare with what was reported
by Chang’a et al. (2017) that the country has experienced
a widespread statistically significant increase in temperature
extremes consistent with the global warming pattern. The annual
mean minimum temperature during historical climate (1971–
2000) has increased at a 99.9% significance level at three districts
(Ngara, Kyerwa, and Karagwe) out of the 13 districts. Increasing
trends in theminimum andmaximum temperature at statistically
significant level of 99% are found in 12 districts for annual
mean maximum temperature and 10 districts for the annual
mean minimum temperature. These results provide very strong
to strong evidence that minimum andmaximum temperatures in
the Kagera and Geita regions are increasing significantly. These
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FIGURE 4 | The interannual variation in rainfall and minimum and maximum temperature. (A) Annual rainfall. (B) Annual minimum temperature. (C) Annual

maximum temperature.

increases are associated with the impacts of climate change in
the respective regions and districts. In general, during historical
climate (1971–2000), minimum temperature has increased,
ranging from 0.54◦C in both Bukoba urban and Bukoba rural
to 0.69◦C in Bukombe. While maximum temperature has
increased in the range of 0.51◦C in Bukoba urban to 0.69◦C in
Bukombe (Table 4).

Extreme Climate Indices Related to Rainfall and

Temperature
One of the impacts of climate change is to increase the
intensity, duration, and frequency of extreme climate events.
This has contributed to the damage of properties and destruction
of the environment and infrastructure in many regions. In
agriculture, extreme climate events have contributed to crop
failure, decreased crop yields, post-harvest loss, and disruptions
of food supply chain especially from point of production (farm)
to the marketplace (consumers). Here, the extreme climate
indices in the Kagera and Geita regions during the historical
climate condition (1971–2000) are analyzed. Table 5 indicates

trends in extreme climate indices related to frequency, duration,
and intensity.

It can be seen from Table 5 that all districts experienced
a decreasing trend in cold days (TX10p). This implies that
during the historical climate, daytime temperatures are becoming
warmer and decrease the possibilities of having a day with
cool temperatures. The decreased trend in cold days in the
Geita and Kagera regions during the historical climate condition
ranged from 0.21 days/year to 0.28 days/year. Missenyi district
experienced a higher decreasing trend in cold days of 0.28
days/year at 95% significance level. The number of cold nights in
the Kagera and Geita regions during historical climate indicates
a decreasing trend. Kyerwa experienced the highest decreasing
trend in cold nights of 0.48 days/year at 99.99% significance level.
It is important to note that the number of cold days and cold
nights in the Kagera and Geita regions have decreased at a very
high significance level. This is a piece of strong evidence that
climate change is taking place over those regions, as the IPCC
(2013) concluded that due to climate change, the number of cold
days and cold nights will decline in many regions of the world.

The number of warm days (TX90p) during historical (1971–
2000) climate condition is presented in Table 5. It can be seen
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TABLE 5 | Climate extreme indices during the historical climate condition (1971–2000).

Districts TX10p TN10p TX90p TN90p R95p R99p TXx TXn TNx TNn RX1 RX5 CDD CWD WSDI

Chato −0.27 (**) −0.41 (***) 0.33 (*) 0.49 (***) 0.66 0.11 0.02 (*) 0.00 0.02 (+) 0.02 (*) 0.00 0.00 0.30 0.18 0.00

Nyang’hwale −0.26 (*) −0.40 (**) 0.34 (*) 0.39 (**) 0.04 0.00 0.03 (**) 0.01 0.02 0.02 (**) −0.02 0.05 −0.19 0.09 0.00

Biharamulo −0.26 (**) −0.45 (***) 0.30 (*) 0.52 (***) 0.72 0.63 0.02 (*) 0.00 0.02 (+) 0.01 0.01 0.02 0.71 0.12 0.0001 (*)

Karagwe −0.22 (+) −0.46 (***) 0.29 (+) 0.56 (***) 1.01 0.34 0.03 (**) 0.02 (*) 0.04 (***) 0.02 (*) 0.03 0.06 0.55 0.32 0.00

Kyerwa −0.24 (+) −0.48 (***) 0.30 (+) 0.53 (***) 0.63 0.17 0.03 (***) 0.02 (+) 0.04 (**) 0.01 (+) 0.02 −0.01 0.56 (+) 0.46 (+) 0.00

Missenyi −0.28 (*) −0.40 (**) 0.28 (+) 0.54 (***) 1.18 0.58 0.02 (*) 0.02 0.02 (**) 0.01 (*) −0.01 0.08 0.13 0.50 (*) 0.0001 (**)

Ngara −0.21 (*) −0.45 (**) 0.36 (*) 0.54 (***) 0.76 0.35 0.03 (*) 0.00 0.03 (*) 0.01 0.03 0.06 0.76 (+) 0.07 0.00

(***) trend significant at α = 0.001, (**) trend significant at α = 0.01, (*) trend significant at α = 0.05, and (+) trend significant at α = 0.1.

CDD, consecutive dry day; CWD, consecutive wet day; WSDI, warm spell duration index; RX1day, maximum 1–day precipitation amount; RX5day, maximum 5–day precipitation amount;

TXx, maximum daily maximum temperature; TNx, maximum daily minimum temperature; TXn, the minimum daily maximum temperature; TNn, minimum daily minimum temperature.

that all districts experienced a statistically increasing trend
in warm days (TX90p) in the range of 0.28–0.36 days/year.
Ngara experienced the highest increasing trend in warm
days during the historical climate condition. The numbers
of warm nights (TN90p) have increased significantly in
the Kagera and Geita regions. These results are important,
first, to discern or prove that climate change is happening
in the Kagera and Geita regions and, second, to prepare
appropriate adaptation strategies as the increase in daytime
and nighttime temperatures would affect crop growth
and can influence the development and eruption of new
crop diseases.

The numbers of very wet days (R95p) and extreme wet
days (R99p) indicate an increasing trend in all districts. These
could have impacted by influencing sporadic flooding events
in the Kagera and Geita regions. However, it is important
to note that the numbers of very wet days and extreme
wet days during the historical climate condition are non-
statistically significant.

The extreme climate indices related to intensity are presented
in Table 5. These indices include the monthly maximum value of
daily maximum temperature (TXx), themonthlyminimum value
of daily maximum temperature (TXn), monthly maximum value
of daily minimum temperature (TNx), the monthly minimum
value of daily minimum temperature (TNn), maximum 1-day
rainfall (RX1day), and maximum 5-day rainfall (RX5day).

Results from the trend analysis (Table 5) revealed that there is
an increasing trend of TXx in all districts at the Geita and Kagera
regions. Nyang’hwale, Karagwe, Kyerwa, and Ngara showed a
positive increase in TXx of 0.03◦C/year. This can be translated
to an increase of 0.9◦C at the end of the year 2000. Chato,
Biharamulo, and Missenyi showed a positive increasing trend
in TXx of 0.02◦C/year. The trend analysis for TXn for two
districts (Karagwe and Kyerwa) showed a statistically significant
increasing trend of 0.02◦C/year. Chato and Biharamulo, however,
showed no trend in TXn. Based on the presented results in
Table 5, TNx and TNn showed an increasing trend in most
districts. The highest significant trend in TNx of 0.04◦C/year
is observed in Karagwe and Kyerwa. In general, these results
indicate that the intensity of extreme temperature has increased

significantly in the Geita and Kagera regions. Therefore, the
adaptation plan must be put in place to reduce the impact of
increased intensity of extreme temperature events. On the other
hand, the maximum average 1-day (RX1day) rainfall revealed an
increasing trend at four districts, Ngara, Kyerwa, Karagwe, and
Biharamulo with 0.03, 0.02, 0.03, and 0.01 mm/year, respectively.
This implies that there was an increased intensity of maximum
1-day rainfall in those districts during the historical climate
condition. It is interesting to find the trend of maximum 5-days
rainfall (RX5day) in all districts except Kyerwa, which showed
a decreasing trend in RX5day rainfall of 0.01 mm/year. These
results are important in devising adaptation strategies to come
with increased intensity of 1-day and 5-days maximum rainfall
in the Kagera and Geita regions.

The extreme climate indices related to duration are presented
in Table 5. These indices include consecutive dry days (CDDs),
consecutive wet days (CWDs), and warm spell duration index
(WSDI). The presented results in Table 5 reveal that there was
an increasing trend in the duration of CDDs in all districts
except Nyang’hwale, which showed a non-statistically significant
decreasing trend in CDD of 0.19 days/year. The highest CDD
of 0.76 and 0.71 days was observed at Ngara and Biharamulo,
respectively. It is important to note that Ngara and Kyerwa
observed a statistically significant increasing trend in consecutive
dry days at 90% significance level. The analysis of WSDI showed
almost no changes in most districts. However, a lower statistically
significant increasing trend in WSDI is observed Biharamulo
and Missenyi.

Analysis of Future (2011–2100) Projection
of Climate Condition and Extreme Climate
Events in the Lake Victoria Region
Based on the detailed analysis of the historical climate condition
in the Kagera and Geita regions, here we present the future
projection of climate change in the Kagera and Geita regions.
These changes in climate variable are assessed by comparing
the future climate condition during the present (2011–2040),
mid (2041–2070), and end (2071–2100) centuries under two
emission scenarios (RCP 4.5 and RCP 8.5) relative to the
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historical climate condition (1971–2000). The detailed analysis of
projected climate in the Lake Victoria region is presented in the
following subsections.

Analysis of the Projected Change in Temperature

(Minimum and Maximum Temperatures)
The projections of change in minimum temperature in the
Kagera andGeita regions during the present (2011–2040) century
under RCP 4.5 and RCP 8.5 emission scenarios are presented
in Table 6. This table indicates that all districts will experience
increased minimum temperature during the present century
under both RCP 4.5 and RCP 8.5 emission scenarios. For
instance, during June–July–August–September (JJAS) season,
Chato, Biharamulo, and Ngara are likely to experience increased
minimum temperature in the range of 1.0–1.5◦C. Moreover, the
minimum temperature is likely to increase during March–April–
May (MAM) season in the range of 0.8–1.3◦C. In October–
November–December (OND) season, minimum temperature
is likely to increase in the range of 1.0–1.2◦C. Under RCP
8.5 emission scenario, it is evident from Table 6 that during
the October–November–December (OND) season, Karagwe,
Kyerwa, and Missenyi are likely to experience an increase
in the minimum temperature in the range of 1.3–1.4◦C. In
general, all districts are likely to experience an increase in
the minimum temperature predominantly in the main rainfall
season MAM and OND. These results are consistent with a
previous study by Luhunga et al. (2018), who indicated that the
minimum temperature over the Lake Victoria Basin is projected
to increase under both RCP 4.5 and RCP 8.5 emission scenarios.
Moreover, the study by Osima et al. (2018) revealed increasing
trends in temperatures in the entire Greater Horn of Africa
in the future climate under both 1.5 and 2◦C warming. The
presented increases in minimum temperature are likely to affect
the agriculture sector, as higher temperature reduces the length
of the growing season of maize crops (Luhunga et al., 2016).
Furthermore, higher temperature increases the incidence of crop
disease outbreaks (Velásquez et al., 2018). Therefore, there is an
urgent need to plan adaptation strategies on the projected change
in minimum temperature in different districts in the Kagera and
Geita regions.

The changes in minimum temperature during the mid (2041–
2070) century under RCP 4.5 and RCP 8.5 emission scenario
are presented in Table 6. Like in the present century, all districts
are likely to experience increased temperature during the mid
(2041–2070) century under both RCP 4.5 and RCP 8.5 emission
scenarios. In JJAS season, all districts are likely to experience
increased minimum temperature in the range of 1.6–2.3◦C under
RCP 4.5 emission scenario and the range of 2.7–3.2◦C under
RCP 8.5 emission scenario. In the end century (1971–2100),
see Table 6, minimum temperatures are likely to increase up to
5.1◦C in Biharamulo, Karagwe, Missenyi, and Ngarain in the JJAS
season. These results agree with previous studies (Luhunga et al.,
2018, Osima et al., 2018) that indicated that the Lake Victoria
Basin will experience increased temperature in the future climate.

The projected changes in maximum temperature during the
present century under RCP 4.5 and RCP 8.5 emission scenarios
are presented in Table 7. This table reveals that all selected

districts are likely to feature increased maximum temperature in
the range of 0.7–1.2◦C during the present century. Themaximum
temperature is likely to increase by 4.4◦C in the end century
under RCP 8.5 emission scenario (Table 7).

The projected percentage changes in rainfall during the
present century (2011–2040) under RCP 4.5 and RCP 8.5 are
presented in Table 8. This table indicates that in OND season,
rainfall is expected to increase during the present climate. In
mid (2041–2070) and end (2071–2100) centuries under both
RCP 4.5 and RCP 8.5, see Table 8, all districts are likely to
experience higher increased rainfall during OND season than
in MAM season. It is interesting to find that all districts are
likely to experience a decreased amount of rainfall in March.
This is an indication that the MAM season is expected to shrink
and become April and May (AM) season. On the other hand,
the OND season is expected to extend to February and form
an (ONDJF). This has been seen during present, mid, and end
centuries (Table 8). These results are consistent with what has
been reported in previous studies, for instance, Borhara et al.
(2020) showed that there is a maximum rainfall decline in
Tanzania during the long rainy (MAM) season and an increasing
trend of rainfall during the short rainy (OND) season. Nicholson
(2017) conducted a detailed review on climate and climate
variability of rainfall over Eastern Africa and revealed that the
long rains have been declining and the short rains have been
increasing. Ogega et al. (2020) indicated that in the future, climate
rainfall events over East Africa are projected to decline during
MAM and increase during OND. The study by Wainwright
et al. (2019) revealed that the projected decline in long rains
during MAM is due to later onset of long rains influenced by
the anomalously warmer Sea Surface Temperatures (SSTs) South
of Eastern Africa that delay the north movement of the ITCZ
and earlier cessation influenced by a decline of surface pressure
over Arabia and warmer North Arabian Sea that pull the ITCZ
northward outside the country. The presented results in this
study are important, and special attention especially by farmers
is needed when they plan their farming activities.

Analysis of Projection of Changes in Extreme Climate

Indices
The projected changes in extreme temperature indices in the
Lake Victoria region under both RCP 4.5 and RCP 8.5 emission
scenarios are presented in Table 9. All extreme temperature
indices would increase in the present century (2011–2040)
under both RCP 4.5 and RCP 8.5 emission scenarios. At the
present century, the warmer indices TXx and TNx are likely
to increase at the rate of 0.02 and 0.03◦C/year, respectively,
under RCP 4.5 scenario. Under RCP 8.5 scenario, the warmer
indices TXx and TNx are likely to increase at the rate in the
range of 0.02–0.04◦C/year and 0.03–0.05◦C/year, respectively.
These results are consistent with the findings of Peng et al.
(2019), who indicated that the warmer indices at night (TNx)
would increase at a higher rate than warmer indices at
daytime under both RCP 4.5 and RCP 8.5 scenarios. It is also
observed that the higher the RCP, the larger the increasing
rates, and this reveals the necessity of developing adaptation
strategies on the climate change to reduce the impacts of
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TABLE 6 | Projected change in minimum temperature (◦C) in the Kagera and Geita regions during the present (2011–2040), mid (2041–2070), and end (2071–2100) century for Representative Concentration Pathway
a(RCP) 4.5 scenario and bRCP 8.5 scenario.

Seasons Month Chato Nyang’hwale Biharamulo Karagwe Kyerwa Missenyi Ngara

2011–

2040

2041–

2070

2071–

2100

2011–

2040

2041–

2070

2071–

2100

2011–

2040

2041–

2070

2071–

2100

2011–

2040

2041–

2070

2071–

2100

2011–

2040

2041–

2070

2071–

2100

2011–

2040

2041–

2070

2071–

2100

2011–

2040

2041–

2070

2071–

2100

JF January 1.1a 2.0 a 2.3 a 1.0 a 1.8 a 2.2 a 1.2 a 2.1 a 2.4 a 1.3 a 2.1 a 2.5 a 1.3 a 2.2 a 2.5 a 1.2 a 2.1 a 2.5 a 1.1 a 2.0 a 2.3 a

1.2b 2.6b 4.5b 1.0b 2.4b 4.1b 1.3 b 2.7b 4.6b 1.3 b 2.8b 4.8b 1.3 b 2.8b 4.8b 1.3 b 2.8b 4.9b 1.2 b 2.7b 4.5b

February 1.0a 1.7 a 2.4 a 0.9 a 1.6 a 2.1 a 1.0 a 1.8 a 2.5 a 1.1 a 1.9 a 2.6 a 1.1 a 2.0 a 2.7 a 1.1 a 1.9 a 2.6 a 1.1 a 1.9 a 2.5 a

1.0b 2.6b 4.3b 1.0b 2.3b 3.9b 1.1 b 2.7b 4.4b 1.2 b 2.9b 4.8b 1.2 b 2.9b 4.8b 1.1 b 2.8b 4.7b 1.1 b 2.7b 4.5b

MAM March 1.1a 1.8 a 2.2 a 1.0 a 1.7 a 2.0 a 1.1 a 1.9 a 2.3 a 1.1 a 2.0 a 2.5 a 1.2 a 2.0 a 2.5 a 1.1 a 1.9 a 2.4 a 1.1 a 2.0 a 2.4 a

1.3b 2.5b 4.2b 1.2 b 2.3b 3.9b 1.3 b 2.6b 4.3b 1.4 b 2.7b 4.7b 1.4 b 2.8b 4.7b 1.3 b 2.7b 4.5b 1.3 b 2.6b 4.5b

April 1.1a 1.8 a 2.2 a 1.0 a 1.5 a 1.8 a 1.2 a 1.8 a 2.3 a 1.3 a 2.0 a 2.6 a 1.3 a 2.0 a 2.6 a 1.2 a 2.0 a 2.5 a 1.2 a 1.9 a 2.4 a

1.1b 2.5b 4.2b 0.9 b 2.2b 3.7b 1.2 b 2.5b 4.3b 1.4 b 2.8b 4.7b 1.4 b 2.8b 4.7b 1.4 b 2.8b 4.7b 1.3 b 2.6b 4.4b

May 0.8a 1.6 a 2.2 a 0.7 a 1.4 a 1.9 a 0.9 a 1.6 a 2.2 a 1.0 a 1.7 a 2.3 a 1.0 a 1.7 a 2.3 a 0.9 a 1.7 a 2.3 a 0.9 a 1.6 a 2.2 a

0.9b 2.4b 4.0b 0.7 b 2.3b 3.7b 0.9 2.4b 4.0b 1.1 b 2.6b 4.3b 1.1 b 2.6b 4.3b 1.1 b 2.6b 4.4b 1.0 b 2.5b 4.1b

JJAS June 1.0a 1.8 a 2.4 a 1.0 a 1.8 a 2.3 a 1.0 a 1.7 a 2.3 a 0.9 a 1.6 a 2.2 a 0.9 a 1.6 a 2.2 a 1.0 a 1.8 a 2.3 a 1.0 a 1.7 a 2.3 a

1.2b 2.8b 4.4b 1.1 b 2.7b 4.4b 1.1 b 2.7b 4.3b 1.1 b 2.6b 4.3b 1.1 b 2.6b 4.3b 1.2 b 2.7b 4.4b 1.1 b 2.7b 4.3b

July 1.2a 2.1 a 2.6 a 1.2 a 2.1 a 2.5 a 1.2 a 2.2 a 2.6 a 1.3 a 2.2 a 2.7 a 1.3 a 2.2 a 2.7 a 1.3 a 2.2 a 2.7 a 1.2 a 2.2 a 2.6 a

1.2b 2.9b 4.9b 1.2 b 2.8b 4.8b 1.2 b 3.0b 5.0b 1.3 b 3.0b 5.1b 1.3 b 3.0b 5.1b 1.3 b 3.0b 5.1b 1.2 b 2.9b 5.0b

August 1.5a 2.2 a 2.6 a 1.3 a 2.1 a 2.3 a 1.5 a 2.3 a 2.7 a 1.4 a 2.3 a 2.7 a 1.4 a 2.3 a 2.7 a 1.4 a 2.2 a 2.7 a 1.5 a 2.3 a 2.7 a

1.4b 3.1b 4.9b 1.3 b 2.8b 4.6b 1.4 b 3.2b 4.9b 1.3 b 3.2b 5.1b 1.3 b 3.2b 5.1b 1.3 b 3.1b 5.0b 1.3 b 3.2b 5.0b

September 1.1a 2.0 a 2.4 a 1.0 a 1.8 a 2.3 a 1.2 a 2.1 a 2.4 a 1.2 a 2.2 a 2.5 a 1.2 a 2.2 a 2.5 a 1.3 a 2.2 a 2.6 a 1.2 a 2.1 a 2.5 a

1.3b 2.7b 4.5b 1.1 b 2.5b 4.3b 1.3 b 2.8b 4.6b 1.4 b 3.0b 4.9b 1.4 b 3.0b 4.9b 1.4 b 2.9b 4.9b 1.4 b 2.9b 4.8b

OND October 1.0a 1.9 a 2.3 a 1.0 a 1.8 a 2.1 a 1.0 a 1.9 a 2.3 a 1.1 a 2.0 a 2.4 a 1.1 a 2.0 a 2.4 a 1.1 a 2.0 a 2.4 a 1.1 a 2.0 a 2.4 a

1.3b 2.6b 4.4b 1.1 b 2.5b 4.1b 1.3 b 2.6b 4.4b 1.4 b 2.7b 4.6b 1.4 b 2.7b 4.5b 1.4 b 2.8b 4.6b 1.4 b 2.7b 4.5b

November 1.0a 1.9 a 2.3 a 0.9 a 1.6 a 2.0 a 1.1 a 1.9 a 2.3 a 1.2 a 2.0 a 2.4 a 1.2 a 2.0 a 2.4 a 1.2 a 2.0 a 2.4 a 1.1 a 2.0 a 2.3 a

1.2b 2.6b 4.3b 1.0 b 2.3b 3.8b 1.3 b 2.6b 4.4b 1.4 b 2.8b 4.6b 1.4 b 2.8b 4.5b 1.4 b 2.8b 4.6b 1.3 b 2.7b 4.4b

December 1.1a 1.9 a 2.4 a 1.0 a 1.8 a 2.2 a 1.1 a 2.0 a 2.5 a 1.2 a 2.1 a 2.5 a 1.2 a 2.1 a 2.5 a 1.2 a 2.0 a 2.5 a 1.1 a 2.0 a 2.4 a

1.2b 2.7b 4.4b 1.1 b 2.4b 4.0b 1.3 b 2.8b 4.4b 1.3 b 2.9b 4.7b 1.4 b 2.9b 4.8b 1.3 b 2.9b 4.7b 1.2 b 2.8b 4.5b
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TABLE 7 | Projected change in maximum temperature (◦C) in the Kagera and Geita regions during the present (2011–2040), mid (2041–2070), and end (2071–2100) century for Representative Concentration Pathway
a(RCP) 4.5 scenario and bRCP 8.5 scenario.

Seasons Month Chato Nyang’hwale Biharamulo Karagwe Kyerwa Missenyi Ngara

2011–

2040

2041–

2070

2071–

2100

2011–

2040

2041–

2070

2071–

2100

2011–

2040

2041–

2070

2071–

2100

2011–

2040

2041–

2070

2071–

2100

2011–

2040

2041–

2070

2071–

2100

2011–

2040

2041–

2070

2071–

2100

2011–

2040

2041–

2070

2071–

2100

JF January 0.7 a 1.3 a 1.6 a 0.7 a 1.3 a 1.7 a 0.7 a 1.4 a 1.7 a 0.7 a 1.2 a 1.6 a 0.7 a 1.2 a 1.6 a 0.7 a 1.3 a 1.7 a 0.7 a 1.3 a 1.6 a

0.7 b 1.9 b 3.3 b 0.7 b 1.9 b 3.3 b 0.8 b 2.0 b 3.4 b 0.8 b 1.9 b 3.4 b 0.8 b 1.9 b 3.4 b 0.8 b 1.9 b 3.4 b 0.7 b 1.9 b 3.3 b

February 0.8 a 1.4 a 1.8 a 0.8 a 1.4 a 1.8 a 0.8 a 1.4 a 1.8 a 0.8 a 1.3 a 1.8 a 0.8 a 1.3 a 1.8 a 0.8 a 1.4 a 1.8 a 0.8 a 1.4 a 1.8 a

0.9 b 2.1 b 3.5 b 1.0 b 2.1 b 3.6 b 0.9 b 2.2 b 3.6 b 0.8 b 2.1 b 3.6 b 0.9 b 2.1 b 3.6 b 0.9 b 2.1 b 3.6 b 0.9 b 2.1 b 3.6 b

MAM March 1.1 a 1.8 a 2.1 a 1.1 a 1.7 a 2.1 a 1.1 a 1.9 a 2.2 a 1.1 a 1.9 a 2.2 a 1.2 a 1.9 a 2.2 a 1.1 a 1.8 a 2.1 a 1.1 a 1.9 a 2.1 a

1.2 b 2.4 b 4.1 b 1.2 b 2.3 b 4.0 b 1.3 b 2.4 b 4.2 b 1.2 b 2.4 b 4.3 b 1.2 b 2.5 b 4.4 b 1.1 b 2.4 b 4.2 b 1.2 b 2.4 b 4.2 b

April 0.9 a 1.6 a 1.9 a 0.8 a 1.4 a 1.7 a 0.9 a 1.6 a 2.0 a 0.9 a 1.8 a 2.2 a 1.0 a 1.8 a 2.2 a 1.0 a 1.8 a 2.2 a 0.9 a 1.6 a 2.0 a

0.8 b 2.3 b 3.7 b 0.7 b 2.2 b 3.5 b 0.9 b 2.3 b 3.8 b 1.0 b 2.5 b 4.0 b 1.0 b 2.5 b 4.0 b 1.1 b 2.5 b 4.0 b 0.9 b 2.3 b 3.7 b

May 0.7 a 1.6 a 2.0 a 0.7 a 1.5 a 1.9 a 0.8 a 1.6 a 2.0 a 0.8 a 1.5 a 2.0 a 0.8 a 1.6 a 2.0 a 0.8 a 1.6 a 2.0 a 0.8 a 1.6 a 2.0 a

1.0 b 2.4 b 3.8 b 0.9 b 2.3 b 3.7 b 1.0 b 2.4 b 3.9 b 1.0 b 2.3 b 3.9 b 1.0 b 2.3 b 3.9 b 1.0 b 2.4 b 3.9 b 1.0 b 2.3 b 3.9 b

JJAS June 1.0 a 1.9 a 2.4 a 1.0 a 1.8 a 2.3 a 1.0 a 1.9 a 2.4 a 1.0 a 1.8 a 2.3 a 1.0 a 1.8 a 2.3 a 1.0 a 1.8 a 2.3 a 1.0 a 1.9 a 2.3 a

1.2 b 2.6 b 4.2 b 1.1 b 2.6 b 4.2 b 1.1 b 2.6 b 4.3 b 1.1 b 2.5 b 4.2 b 1.1 b 2.5 b 4.2 b 1.1 b 2.6 b 4.2 b 1.1 b 2.6 b 4.3 b

July 1.1 a 1.9 a 2.4 a 1.0 a 1.9 a 2.3 a 1.0 a 1.9 a 2.4 a 1.1 a 1.8 a 2.3 a 1.1 a 1.8 a 2.3 a 1.1 a 1.9 a 2.4 a 1.0 a 1.9 a 2.3 a

1.2 b 2.7 b 4.4 b 1.2 b 2.6 b 4.3 b 1.2 b 2.7 b 4.4 b 1.1 b 2.6 b 4.4 b 1.1 b 2.6 b 4.4 b 1.2 b 2.7 b 4.4 b 1.1b 2.6 b 4.4 b

August 1.1 a 2.0 a 2.3 a 1.1 a 1.9 a 2.3 a 1.0 a 2.0 a 2.3 a 0.9 a 1.9 a 2.3 a 0.9 a 1.8 a 2.2 a 1.0 a 1.9 a 2.3 a 1.0 a 2.0 a 2.3 a

1.2 b 2.6 b 4.4 b 1.2 b 2.5 b 4.3 b 1.2 b 2.6 b 4.4 b 1.1 b 2.5 b 4.4 b 1.1 b 2.5 b 4.4 b 1.1 b 2.6 b 4.4 b 1.2 b 2.6 b 4.4 b

September 0.9 a 1.6 a 2.2 a 0.9 a 1.7 a 2.2 a 0.8 a 1.6 a 2.2 a 0.7 a 1.6 a 2.2 a 0.7 a 1.6 a 2.1 a 0.8 a 1.7 a 2.2 a 0.8 a 1.7 a 2.2 a

1.0 b 2.4 b 4.2 b 1.0 b 2.4 b 4.1 b 1.1 b 2.4 b 4.2 b 1.1 b 2.4 b 4.3 b 1.1 b 2.4 b 4.2 b 1.1 b 2.5 b 4.3 b 1.1 b 2.5 b 4.3 b

OND October 0.8 a 1.6 a 2.0 a 0.8 a 1.6 a 2.0 a 0.8 a 1.6 a 2.0 a 0.9 a 1.5 a 2.0 a 0.8 a 1.5 a 2.0 a 0.9 a 1.6 a 2.0 a 0.8 a 1.5 a 2.0 a

1.0 b 2.3 b 3.9 b 1.0 b 2.3 b 3.8 b 1.0 b 2.4 b 3.9 b 1.0 b 2.4 b 3.9 b 1.0 b 2.3 b 3.9 b 1.1 b 2.4 b 3.9 b 1.0 b 2.3 b 3.9 b

November 0.6 a 1.2 a 1.6 a 0.6 a 1.2 a 1.6 a 0.6 a 1.2 a 1.6 a 0.6 a 1.3 a 1.7 a 0.6 a 1.3 a 1.7 a 0.7 a 1.3 a 1.7 a 0.5 a 1.2 a 1.6 a

0.7 b 1.9 b 3.1 b 0.7 b 1.9 b 3.1 b 0.8 b 2.0 b 3.2 b 0.8 b 1.9 b 3.2 b 0.8 b 1.9 b 3.2 b 0.8 b 2.0 b 3.2 b 0.7 b 1.9 b 3.1 b

December 0.7 a 1.3 a 1.7 a 0.7 a 1.4 a 1.7 a 0.7 a 1.4 a 1.8 a 0.6 a 1.3 a 1.7 a 0.7 a 1.3 a 1.7 a 0.7 a 1.3 a 1.7 a 0.6 a 1.3 a 1.7 a

0.7 b 1.9 b 3.1 b 0.8 b 1.9 b 3.1 b 0.8 b 2.0 b 3.2 b 0.7 b 2.0 b 3.2 b 0.7 b 2.0 b 3.2 b 0.7 b 2.0 b 3.2 b 0.7 b 1.9 b 3.1 b
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TABLE 8 | Projected percentage changes in rainfall (%) in the Kagera and Geita regions during the present (2011–2040), mid (2041–2070), and end (2071–2100) century for Representative Concentration Pathway
a(RCP) 4.5 scenario and bRCP 8.5 scenario.

Seasons Month Chato Nyang’hwale Biharamulo Karagwe Kyerwa Missenyi Ngara

2011–

2040

2041–

2070

2071–

2100

2011–

2040

2041–

2070

2071–

2100

2011–

2040

2041–

2070

2071–

2100

2011–

2040

2041–

2070

2071–

2100

2011–

2040

2041–

2070

2071–

2100

2011–

2040

2041–

2070

2071–

2100

2011–

2040

2041–

2070

2071–

2100

JF January 16a 29a 37a 9a 20a 21a 16a 23a 23a 22.7a 42a 39a 22.7a 42a 39a 13a 32a 28a 16a 27a 35a

20b 38b 46b 9b 21b 26b 16b 26b 26b 23.8b 38b 48b 21.3b 36b 46b 20b 33b 37b 18b 27b 38b

February 8a 17a 17a 6a 15a 13a 3a 9a 9.3a 4.1a 17a 13a 2.6a 17a 11.7a 5a 15a 14a 1.9a 9.8a 11.0a

9b 19b 24b 2b 9b 14b 5b 12b 12b 7.5b 17b 15b 7.2b 16b 13b 7b 17b 17b 7.3b 13b 11b

MAM March −3a −3a −2a −3a 4a 2a −0.4a −2a −2a −2.0a −3a −0.2a −2.3a −2a 0.7a −3.6a −7a −4.8a −1a 0.5a 3.8a

−3b −4b −3b −1b 2b 0.2b −1b −3b −3b 1.1b −2b −6b 1.9b −1b −6b −1.5b −6b −11b −1b 0.6b −0.1b

April 7a 6a 4a 6a 9a 13a 5a 4a 3.7a 2.8a 2a 2.8a 4.5a 3.4a 4a −1.2a −4a −3.6a 4a 5.8a 7.1a

11b 2b 6b 13b 7b 17b 9b 1b 1.2b 5.7b 1b 5b 7.2b 3.3b 7b 0.9b −6b −4b 11b 3.0b 10.3b

May 10a 9a 7a 11a 10a 7a 9a 7.4a 7.4a 2.6a 6a 8a 4.2a 8.8a 10a −4.7a −3a −1.6a 10a 7.8a 12.7a

3b 3b 23b 7b 2b 21b 7b 7.b 7.2b 0.8b 5b 13b 2.1b 8.0b 15b −6.3b −6b −2b 9b 8.5b 15b

JJAS June −19a 6a −20a −2a 15a −19a −5a −9a −8.5a −18.7a 7a 5a −17a 11a 7.7a −28.1a −13a −9.6a −20a −14a −37a

−10b 6b 50b −3b 4b 52b −15b −7b −7.0b 20.5b 19b 43b 23b 23b 47b 0.3b −7b 6.71b −10b −9b 13b

July −78a −32a −42a −61a 37a −2a −71a −32a −32.2a −41.3a −2a −8a −33a 11a 2.6a −48.8a −29a −40a −62a −38a −30a

−63b −19b −19b −19b 10b 33b −42b 11b 10.6b −44.1b 0.2b −7b −37b 12b 10b −53.3b −38b −42b −50b 12b −39b

August 11a −3a 16a −6a 5a 19a 34a −1a −0.5a 28.8a 9a 13a 29.1a 10a 15a 19a −3a −2.1a 39a −4a 46.8a

4b 22b 27b 2b 32b 39b 8.9b 14b 14.4b 5.6b 6b 11b 6.3b 10b 13b 1b −10b −6b −1b 5b 12b

September 10a 13a −1a 9a 14a 1a 15a 16a 15.9a 18.6a 17a 11a 18.3a 18a 13a 16.5a 9a 0.6a 15.6a 13a 5a

4b 4b 4b 6b 4b 11b 7.8b 9b 8.5b 8.9b 9b 5b 9.1b 10b 8b 3.6b 0.2b −7b 5.6b 6b 1b

OND October 5a 8a 7a 9a 7a 7a 6.3a 10a 10.3a 6.3a 10a 10a 7.5a 10a 11a 3.3a 6a 5.7a 7.8a 10a 7.1a

6b 5b 8b 6b 5b 11b 9.0b 6b 6.3b 7.6b 9b 15b 8.2b 10b 16b 3.4b 3b 5.97b 9.5b 7b 15b

November 13a 17a 18a 8a 13a 14a 13a 15a 15.3a 9.4a 12a 15a 10.1a 12a 15a 7.2a 7a 12.7a 13.7a 14.9a 17a

11b 15b 29b 6b 11b 25b 8.8b 13b 13.0b 9.7b 15b 30b 10.7b 16b 29b 5.9b 9b 22b 9.8b 14.2b 31b

December 9a 13a 14a 7a 9a 9a 5.9a 6.6a 6.6a 13.0a 14a 17a 12.7a 16a 18.6a 10.2a 9a 12.4a 8.1a 9.2a 15a

14b 22b 37b 10b 15b 24b 12b 15b 15.7b 12.6b 19b 37b 13.5b 19b 39b 10.7b 13b 24b 13.1b 17b 35b
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extreme temperature indices as the response rates of warmer
temperatures indices for adaption scenario (RCP 4.5) are lower
than those of business-as-usual scenario (RCP 8.5). The cold
indices TXn and TNn during the present century under RCP
4.5 scenario are likely to increase in the range of 0.01–
0.03◦C/year and 0.01–0.02◦C/year, respectively, while under RCP
8.5 scenario, the cold indices would increase in the range
of 0.003–0.023◦C/year for TXn and from 0.027–0.039◦C/year
for TNn.

The warmest day (TXx) during the mid-century (2041–2070)
would increase in the range of 0.01–0.04◦C/year and 0.05–
0.069◦C/year under RCP 4.5 and RCP 8.5 scenarios, respectively,
while the warmest night (TNx) is likely to increase in the range
of 0.01–0.03◦C/year and 0.05–0.071◦C/year under RCP 4.5 and
RCP 8.5 scenarios, respectively (Table 9). On the other hand,
the coldest day (TXn) during the mid-century would increase
in the range of 0.01–0.03◦C/year and 0.04–0.057◦C/year under
RCP 4.5 and RCP 8.5 scenarios, respectively. While the coldest
night (TNn) is likely to increase in the range of 0.01–0.02◦C/year
and 0.027–0.039◦C/year under RCP 4.5 and RCP 8.5 scenarios,
respectively (Table 9).

In the end century (2071–2100), the warmest day (TXx) would
increase at 0.01◦C/year under RCP 4.5 scenario and in the range
of 0.038–0.061◦C/year under RCP 8.5 scenario. While the coldest
day (TXn) is likely to increase in the range of 0–0.02◦C/year
and 0.031–0.046◦C/year under RCP 4.5 and RCP 8.5 scenarios,
respectively (Table 9).

The analysis of rainfall extreme indices reveals that during
the present century (2011–2040) under RCP 4.5 scenario,
four districts (Chato, Biharamulo, Karagwe, and Ngara) would
experience a statistically significant increasing trend in the
maximum 1-day precipitation of 0.1, 0.1, 0.01, and 0.08 mm/year,
respectively (Table 10). On the other hand, during the present
century, Misenyi is likely to experience a statistically decreasing
trend in maximum 1-day precipitation by−0.056 mm/year. At
the end century (2071–2100) under RCP 8.5 scenario, Karagwe
and Kyerwa would experience a statistically significant increasing
trend in maximum 1-day precipitation of 0.126 and 0.120
mm/year, respectively.

During the present century (2011–2040) under RCP 4.5
scenario, the maximum 5-day precipitation shows a non-
statistically increasing trend across all districts. However, in
the mid-century (2041–2070), Kyerwa and Missenyi would
experience a statistically significant increase in maximum 5-days
precipitation of 0.11 mm/year for RCP 4.5 scenario and 0.202
mm/year for RCP 8.5 scenario, respectively (Table 10). In the end
century (2071–2100), Nyang’hwale, Karagwe, and Missenyi are
likely to experience a statistically significant increasing trend in
maximum 5-days precipitation of 0.28, 0.18, and 0.26 mm/year,
respectively, for RCP 4.5 scenario (Table 10).

CONCLUSION AND RECOMMENDATION

In this study, the analysis of climate change and extreme climatic
events in the Kagera and Geita regions has been carried out using
the outputs from the CORDEX-RCMs. Daily simulated climate
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TABLE 10 | Projected extreme climate indices related to intensity in the Kagera and Geita regions during the present (2011–2040), mid (2041–2070) and end.

(2071–2100) centuries under Representative Concentration Pathway a(RCP) 4.5 scenario and bRCP 8.5 scenario.

Districts RX1day RX5day

2011–2040 2041–2070 2071–2100 2011–2040 2041–2070 2071–2100

Chato 0.10a (*) 0.03a 0.06a 0.13a 0.01a 0.15a

−0.025b −0.025b −0.077b −0.136b 0.019b −0.106b

Nyang’hwale −0.01a 0.00a 0.05a 0.00a 0.22a 0.28a (*)

−0.012b 0.002b 0.046b 0.004b −0.097b 0.032b

Biharamulo 0.10a (*) −0.02a 0.03a 0.09a −0.06a 0.06a

0.009b −0.012b −0.077b −0.076b 0.014b −0.068b

Karagwe 0.08a (*) 0.04a 0.04a −0.04a 0.08a 0.18a (*)

−0.032b 0.030b 0.126b (*) 0.046b 0.142b 0.092b

Kyerwa 0.05a 0.07a 0.04a −0.06a 0.11a (+) 0.12a

−0.017b 0.037b 0.120b (*) 0.040b 0.108b 0.047b

Missenyi −0.01a 0.00a −0.02a −0.12a −0.02a 0.26a (*)

−0.056b (**) 0.059b 0.085b −0.072b 0.202b (+) −0.103b

Ngara 0.08a (*) −0.0a 0.00a 0.01a 0.10a 0.04a

−0.002b 0.028b 0.036b −0.024 −0.010b 0.047b

(**) trend significant at α = 0.01, (*) trend significant at α = 0.05, and (+) trend significant at α = 0.1.

RX1day, maximum 1-day precipitation amount; RX5day, maximum 5-days precipitation amount.

variables (rainfall and minimum and maximum temperatures)
from the CORDEX-RCMs were used as input into the RClimDex
software for computation of extreme climate events during
historical (1971–2000) climate condition and future climate
projection (2011–2100) under two RCP (RCP 4.5 and RCP 8.5)
emission scenarios. The existence, magnitude, and statistical
significance of potential trends in climate data time series were
estimated using theMann–Kendall (MK) nonparametric test and
Theil-SEN slope estimator methods.

Results from the analysis revealed that there has been a
significant increase in temperature in all districts in the Kagera
and Geita regions. This has been observed in historical (1971–
2000) and projected climate condition during the present (2011–
2040), mid (2041–2070), and end (2071–2100) centuries under
both RCP 4.5 and RCP 8.5 emission scenarios. Moreover, rainfall
has decreased in the historical climate, while in future climate,
it is predicted to increase especially during October, November,
December season. In the long rainy season (MAM, rainfall is
projected to decline especially in March (the beginning of the
long rainfall season). These results support the previous studies
(Nicholson, 2017; Wainwright et al., 2019; Borhara et al., 2020;
Ogega et al., 2020) that indicated a decline in long rainy season
(MAM) and an increase in short rainy (OND) season. It is
especially important to note here that the analysis revealed a
significant increase in extreme climate events. The number of
warm nights and warm days is projected to increase significantly,
cold days and cold nights are projected to decline significantly,
and the number of extreme wet days is projected to increase
significantly is some districts. In general, the intensity, duration,
and frequency of extreme climate events in Kagera and Geita
are likely to increase significantly. These results agree with what
was reported by Ogega et al. (2020) that extreme climate indices

related to rainfall are projected to increase in the East African
region. This will present a serious challenge to many sectors;
in particular, the agriculture sector will be at the highest risk
(Velásquez et al., 2018). Therefore, there is an urgent need to plan
and develop adaptation options on climate-related threats. There
is an urgent need to develop adaptation strategies to withstand
the projected significant increase in minimum temperatures. As
it is well-known that higher minimum temperatures affect the
respiration process of many crops. This process tends to increase
with the increase in minimum temperature. On the other hand,
photosynthesis is affected by moisture availability and carbon
dioxide concentration. The length of the growing season is
severely affected by the increase in temperatures (Luhunga et al.,
2016). The projected increase in extreme wet days in the Kagera
and Geita regions is likely to present a significant challenge to the
agriculture sector (Velásquez et al., 2018). Therefore, actionable
adaptation options must be put in place to reduce the impacts of
climate change to the agriculture sector.
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