
Citation: Safari, B.; Sebaziga, J.N.

Trends and Variability in

Temperature and Related Extreme

Indices in Rwanda during the Past

Four Decades. Atmosphere 2023, 14,

1449. https://doi.org/10.3390/

atmos14091449

Academic Editors: Netrananda Sahu

and Sridhara Nayak

Received: 29 June 2023

Revised: 17 August 2023

Accepted: 24 August 2023

Published: 17 September 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

atmosphere

Article

Trends and Variability in Temperature and Related Extreme
Indices in Rwanda during the Past Four Decades
Bonfils Safari 1,* and Joseph Ndakize Sebaziga 1,2,*

1 School of Science, College of Science and Technology, University of Rwanda, Kigali P.O. Box 3900, Rwanda
2 Rwanda Meteorology Agency, Division of Weather, Climate Services and Applications,

Kigali P.O. Box 898, Rwanda
* Correspondence: bonfilssafari@gmail.com (B.S.); ndakize88@gmail.com (J.N.S.)

Abstract: Analysis of the trends and variability of climate variables and extreme climate events is
important for climate change detection in space and time. In this study, the trends and variabilities
of minimum, maximum, and mean temperatures, as well as five extreme temperature indices, are
analyzed over Rwanda for the period of 1983 to 2022. The Modified Mann–Kendall test and the
Theil–Sen estimator are used for the analysis of, respectively, the trend and the slope. The standard
deviation is used for the analysis of the temporal variability. It is found, on average, over the country,
a statistically significant (α = 0.05) positive trend of 0.17 ◦C/decade and 0.20 ◦C/decade in minimum
temperature, respectively, for the long dry season and short rain season. Statistically significant
(α = 0.05) positive trends are observed for spatially averaged cold days (0.84 days/decade), warm
nights (0.62 days/decade), and warm days (1.28 days/decade). In general, maximum temperature
represents higher variability compared to the minimum temperature. In all seasons except the long
dry season, statistically significant (α = 0.05) high standard deviations (1.4–1.6 ◦C) are observed
over the eastern and north-western highlands for the maximum temperature. Cold nights show
more variability, with a standard deviation ranging between 5 and 7 days, than the cold days, warm
nights, and warm days, having, respectively, standard deviations ranging between 2 and 3, 4 and
5 days, and 3 and 4, and, especially in the area covering the central, south-western, south-central,
and northwestern parts of Rwanda. Temperature increase and its variability have an impact on
agriculture, health, water resources, infrastructure, and energy. The results obtained from this study
are important since they can serve as the baseline for future projections. These can help policy
decision making take objective measures for mitigation and adaptation to climate change impacts.

Keywords: temperatures; extreme indices; trend and variability; Mann–Kendall; Rwanda

1. Introduction

During the last decades, we have observed an increase in the intensity, frequency, and
extent of natural disasters and environmental degradation in various places on the Earth.
Those effects have been associated with climate change and variability [1–6]. According
to the recent Sixth Assessment Report (AR6) of the Intergovernmental Panel on Climate
Change (IPCC) [7], a global warming of 1.09 ◦C has been observed between the Industrial
Revolution period up to the present, resulting in climate change and variability. This
warming is largely attributed to anthropogenic activities. It is projected that this warming
will continue to increase until it reaches an average of 1.5 ◦C in the 2030s, regardless of
how much greenhouse gas emissions rise or fall in the coming decade. Specifically, in
East Africa, major cities have witnessed an increase in temperatures that almost double
the global warming experienced since pre-industrial times [8–10]. Observations in this
region indicate a rapid warming of about 1.9 ◦C as the maximum temperature and 1.2 ◦C
as the minimum temperature during the period 1979 to 2010 [11] and a mean tempera-
ture increase of 2 ◦C from 1963 to 2012 [12]. During the last years, East Africa has been
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subject to more recurrent, intense, and prolonged droughts [11,13–17], causing frequent
migrations of populations triggered by water scarcity, the drying of crops, famine, and food
insecurity [17–21]. Climate change is likely to affect health in East Africa, resulting in a
number of direct and indirect impacts, Malaria being among the greatest threats to human
health [22]. Particularly in Rwanda, a study by Safari [23] indicated that during the period
of 1958 to 2010, the annual mean temperature in Kigali City increased by 0.0455 ◦C/year.
This was suggested to be associated with a possible urbanization and growing population.
Another study by Safari [24] showed that in 2004, water levels decreased considerably, re-
sulting in a reduction in power generation. Rwanda’s low-lying eastern region has recently
seen a rise in mean temperature, statistically significant unpredictability in the duration
and frequency of droughts causing environmental and infrastructure damage, and a loss of
crop output and livestock [25,26]. The northwestern high-elevated area has experienced an
increased potential for Malaria disease [27–29]. The strong variability in temperature has
affected crop production, impacting the economy of the country [30,31].

Most studies using observational temperature have focused on changes in mean
values. Recent studies have shown that extreme temperatures have major impacts on
important socio-economic sectors such as agriculture, power generation and consumption,
and human health [32–34]. In accordance with the definition of climate extreme by the
authors of [35], air temperature is “extreme” when it reaches or is higher (lower) than an
assumed threshold value corresponding to a tolerance limit [36]. Assessing changes in
extremes requires objectively defining and quantifying the various types of extremes in
weather parameters. The World Meteorological Organization (WMO) Commission for Cli-
matology Expert Team on Climate Change Detection, Monitoring and Indices (ETCCDMI)
has played an important role in developing a number of relevant indices and enabling their
global analyses via regional participation [37–39]. Statistical studies of extreme temperature
indices are important for the analysis of their frequency of occurrence, spatial distribution,
and duration [37].

Studies in regions other than Africa based on observational data have analyzed the
frequencies of warm and cold events and have indicated that warm extremes are increasing
and cold extremes are decreasing [38,39]. Analyzing station data over East Africa during
the period of 1967–2009, Ngaina and Mutai [40] found that the maximum temperature
extremes increased while minimum temperature extremes decreased with a statistically
significant rise in the number of warm days and warm nights and a decrease in the number
of cold days and cold nights. The space–time pattern of the observed changes was found
to be not well organized. Similar results were obtained by Omondi et al. [41] studying
the changes in temperature extremes over the Greater Horn of Africa region during the
period of 1961–2010. A study by Ngarukiyimana et al. [42] on Rwanda during the period
of 1961–2014 has indicated that the minimum temperature increased at a faster rate than
the maximum temperature, resulting in the decrease in the diurnal temperature range in
the northern region of the country. In their study, Cheng et al. [43] and Lei et al. [44] have
shown that the decrease in the diurnal temperature range has caused impacts on the health
of the population.

Understanding climate change impacts is needed to inform policy and decision makers
for the formulation of policies on mitigation and adaptation. The integration of these
policies into strategies and implementation plans of key economic sectors of the country
is important to ensure stability and sustainable development [45]. So far, Rwanda has
implemented a multitude of policy initiatives. Nevertheless, several challenges and needs
still remain in regard to comprehending the underlying mechanism of climate change
and variability, as well as their repercussions on crucial sectors of the economy, including
agriculture, health, water resources, infrastructure, and energy [46–54]. Further needs
include minimizing uncertainties in seasonal forecasting, improving methodologies and
tools for climate change monitoring and detection [55–57], and vulnerability and adaptation
assessment [58]. To this end, objective information derived from meteorological data is
required.
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Therefore, this present study intends to analyze trends and variabilities of minimum,
maximum, and mean temperatures as well as extreme temperature indices using high-
resolution daily gridded data (5 km) over Rwanda for the period of 1983 to 2022. This work
is organized into the following sections. Section one outlines the characteristics of the study
area, data, and methodology; section two presents the results and discussion, while the
conclusion and recommendations are indicated in the third section.

2. Materials and Methods
2.1. Study Area

Rwanda is part of the East Africa region with total area of 26,338 km2, where land
area is about 24,950 km2 (94.7%), and inland lakes cover about 1390 km2 (5.3%) (Figure 1a).
Agricultural land covers 14,020 km2 (59%) of total country land. The hydrological network
comprise numerous lakes, rivers, and associated wetlands. The topography of Rwanda
is complex, ranging from high to lowland areas, with a mixture of mountains, hills, and
valleys. Rwanda has five climate types [59]: The first is the savanna type located in the East-
Rwandan dry and hot lowland zone lying from the border with neighboring Tanzania in
the east and stretching gradually from east to west and spreading beyond the surrounding
area of the capital, Kigali City. The second is the temperate type located in the central
highlands zone with elevation that increases from east to west. In that area, rainfall also
increases markedly following the elevation. The third is the humid mountain climate type
covering southern Rwanda area, especially around the Nyungwe National Park located on
the Congo-Nile Divide. The fourth is the dry mountain climate type found in the Virunga
National Park, located in the volcanic mountains of northern region. The fifth is Kivu-
sea climate type along the coastal ridge of Lake Kivu, where land–lake–wind circulation
interacts with high evaporation rates prevailing on Lake Kivu to create amounts of rainfall
on the western bridge of the Congo-Nile watershed, thus making it a distinct regional
climate system.

Atmosphere 2023, 14, x FOR PEER REVIEW 3 of 32 
 

 

tools for climate change monitoring and detection [55–57], and vulnerability and adapta-
tion assessment [58]. To this end, objective information derived from meteorological data 
is required. 

Therefore, this present study intends to analyze trends and variabilities of minimum, 
maximum, and mean temperatures as well as extreme temperature indices using high-
resolution daily gridded data (5 km) over Rwanda for the period of 1983 to 2022. This 
work is organized into the following sections. Section one outlines the characteristics of 
the study area, data, and methodology; section two presents the results and discussion, 
while the conclusion and recommendations are indicated in the third section. 

2. Materials and Methods 
2.1. Study Area 

Rwanda is part of the East Africa region with total area of 26,338 km2, where land 
area is about 24,950 km2 (94.7%), and inland lakes cover about 1390 km2 (5.3%) (Figure 1a). 
Agricultural land covers 14,020 km2 (59%) of total country land. The hydrological network 
comprise numerous lakes, rivers, and associated wetlands. The topography of Rwanda is 
complex, ranging from high to lowland areas, with a mixture of mountains, hills, and val-
leys. Rwanda has five climate types [59]: The first is the savanna type located in the East-
Rwandan dry and hot lowland zone lying from the border with neighboring Tanzania in 
the east and stretching gradually from east to west and spreading beyond the surrounding 
area of the capital, Kigali City. The second is the temperate type located in the central 
highlands zone with elevation that increases from east to west. In that area, rainfall also 
increases markedly following the elevation. The third is the humid mountain climate type 
covering southern Rwanda area, especially around the Nyungwe National Park located 
on the Congo-Nile Divide. The fourth is the dry mountain climate type found in the Vi-
runga National Park, located in the volcanic mountains of northern region. The fifth is 
Kivu-sea climate type along the coastal ridge of Lake Kivu, where land–lake–wind circu-
lation interacts with high evaporation rates prevailing on Lake Kivu to create amounts of 
rainfall on the western bridge of the Congo-Nile watershed, thus making it a distinct re-
gional climate system. 

 
Figure 1. The elevation map of Rwanda (a) and the grid covering the study area (b).

The country experiences four seasons: the short dry season (January–February, JF),
the long rain season (March–April–May, MAM), the long dry season (June–July–August,
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JJA), and the short rain season (September–October–November–December, SOND). In
general, maximum and minimum temperatures decrease gradually with topography from
the eastern to the western parts of the country in all seasons. The average temperature for
Rwanda is around 20 ◦C and varies with the topography. The warmest annual average
temperatures are found in the eastern plateau (20–21 ◦C) and south-eastern valley of Rusizi
(23–24 ◦C) in the south-west, and cooler temperatures are found in higher elevations of the
central plateau (17.5–19 ◦C) and high-lands (<17 ◦C) in the north and north-west.

According to Fifth National Population and Housing Census held in 2022 [60], the
country’s population is 13,246,394, which corresponds to an annual growth rate of 2.3%
between 2012 and 2022. Men represent 48.5% of the population, while women represent
51.5%. The population accessing improved drinking water is 79%, while 12% have access
to safely managed water drinking services. In total, 72.1% of Rwandans live in rural areas,
while 27.9% live in urban areas. In 2022, GDP at current market prices was estimated at
RWF 13,716 billion. Services sector contributed 47% of GDP, agriculture sector contributed
25% of the GDP, and industry sector contributed 21% of GDP, while 7% was attributed to
adjustment for taxes and fewer subsidies on products.

Despite the recent experience that the East African region has known and knows
today, the impacts of climate change have not spared Rwanda [14–16]. The country has
committed to undertake adaptation and mitigation measures to the greatest extent possible
for vulnerable communities. However, to achieve this, it is necessary to have objective
information from scientifically analyzed meteorological observations. With the develop-
ment that Rwanda has experienced during last decades after 1994 Genocide Against the
Tutsi, meteorological services have significantly increased their capacity and the number of
active meteorological stations covering the whole country. This enabled us to undertake an
initiative, via collaboration with experts, of displaying observed meteorological data on a
grid of 5 km resolution [61,62]. The resulting gridded data set consisted of a combination
of quality controlled station data with satellite data for rainfall and reanalysis data for
temperature to fill the gaps. Such development has motivated researchers to undertake
some studies on climate change in Rwanda.

2.2. Data and Methods
2.2.1. Data

Gridded data sets of the maximum and minimum temperatures covering the period
from 1983 to 2022 at a spatial resolution of 0.05 degrees (~5 km) were provided by the
Rwanda Meteorology Agency (Meteo Rwanda). They can be accessed online at https:
//www.meteorwanda.gov.rw, accessed on 1 August 2023. They were reconstructed in
Meteo Rwanda following the methodology described by Dinku et al. [61] and Siebert
et al. [62]. A quality control (homogeneity test, missing data, and outliers) was first carried
out on temperature data from 66 Rwandan weather stations. To address temporal and
spatial gaps in the data time series, a combination with bias-adjusted Japanese 55-year
reanalysis project (JRA55) was then performed.

2.2.2. Methods
Extreme Temperature Indices

Five extreme temperature indices (Table 1) were computed based on the methodology
provided by Expert Team on Climate Change Detection and Indices (ETCCDI) [63–65].
Percentile-based threshold indices were computed for each calendar day using data for
consecutive 5-day moving windows centered on that calendar day [65] from the 1991–2020
base period. The computation of extreme temperature indices and their corresponding
thresholds was carried out using RClimDex v1.0 base package [66].

https://www.meteorwanda.gov.rw
https://www.meteorwanda.gov.rw
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Table 1. List of extreme temperature indices used in this study.

Index Description Definition Unit Reference

DTR Diurnal temperature range Annual mean difference between daily
maximum and minimum temperature

◦C Folland et al. [67]

Tn10p Cold nights

Number of days in a year with
minimum temperature below a
threshold corresponding to 10th

percentile of daily minimum
temperature distribution in the

1991–2020 baseline period.

days/year
Karl et al. [63]

Zhang et.al [64]
Tank et al. [65]

Tx10p Cold days

Number of days in a year with
maximum temperature below a
threshold corresponding to 10th

percentile of daily maximum
temperature distribution in the

1991–2020 baseline period.

days/year
Karl et al. [63]

Zhang et.al [64]
Tank et al. [65]

Tn90p Warm nights

Number of days in a year with
minimum temperature above a
threshold corresponding to 90th

percentile of daily minimum
temperature distribution in the

1991–2020 baseline period.

days/year
Karl et al. [63]

Zhang et.al [64]
Tank et al. [65]

Tx90p Warm days

Number of days in a year with
maximum temperature above a
threshold corresponding to 90th

percentile of daily maximum
temperature distribution in the

1991–2020 baseline period.

days/year
Karl et al. [63]

Zhang et.al [64]
Tank et al. [65]

The Mann–Kendall (MK) Trend Test and Theil–Sen’s Slope Estimator (TSS)

The non-parametric Mann–Kendall test and the Theil–Sen’s slope estimator approach
are widely used as trend tests as well as for estimation of magnitudes of trends in hy-
drology and climate time series [23,68,69]. They have been recommended by the World
Meteorological Organization (WMO) owing to their compatibility with non-normalized
data as well as missing values [68].

n The Mann–Kendall test

Let (x1, y1), (x2, y2), . . . , (xn, yn) be a set of joint observations from two random
variables X and Y respectively, such that all the values of the couple (xi, yi) are unique.
Kendall’s rank correlation measures the strength of monotonic association between the
vectors X and Y.

The Mann–Kendall test statistic is calculated from the sum of the signs (+ or −) of the
slopes. The statistic S called Kendall score is expressed as

S =
n−1

∑
k=1

n

∑
j=k+1

sign
(

xj − xk) (1)

where n is the length of the sample, xk and xj are from k = 1, 2, . . . , n − 1 and
j = k + 1, 2, . . . , n, and the sign

(
xj − xk

)
is an indicator function that takes on the

values 1, 0, or −1, as indicated below:

sign
(
xj − xk

)
=


+1 i f

(
xj − xk

)
> 0

0 i f
(
xj − xk

)
= 0

−1 i f
(

xj − xk
)
< 0

(2)
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If n ≥ 10, the statistic S is approximately normally distributed with the mean (S) = 0,
and the variance of S can be obtained as follows:

var(S) =
n(n− 1)(2n + 5)−∑

p
j=1 tj

(
tj − 1

)(
2tj + 5

)
18

(3)

where p is the number of ties in the series, and tj is the number of data points in the jth tied
group.

For trend test, the variable Y can be time. The presence of statistically significant trend
is evaluated using the Z value. This statistic is used to test the null hypothesis such that no
trend exists. The standardized test statistic Z is given via

Z =


S−1√
var(S)

, i f S > 0

0, i f S = 0
S+1√
var(S)

, i f S < 0
(4)

The trend is said to be increasing (decreasing) if Z is positive (negative). To test
for either increasing or decreasing monotonic trends with confidence level α, the null
hypothesis H0 is rejected if |Z| > Z(1−α/2), where Z(1−α/2) is the corresponding value of
p = α/2, following the standard normal cumulative distribution tables, and represents the
standard normal deviates, and p is the significant level for the test.

n Autocorrelation

The presence of positive or negative autocorrelation in the time series may increase the
possibility of detecting trends while there is no trend and vice versa [70–73]. The existence
of positive autocorrelation in the series can lead the Mann–Kendall test to a conclusion of
the presence of trend in the series, while it may not be always true. On the other hand, the
existence of negative autocorrelation in the series can lead to the opposite.

The coefficient of autocorrelation ρk of a discrete time series for lag-k is obtained
following the formula adopted by Datta and Das [74] as follows:

ρk =
∑n−k

i=1 (xi − x)(xi+k − xi+k)⌊
∑n−k

i=1 (xi − x)2 ×∑n−k
i=1 (xi+k − xi+k)

2
⌋ 1

2
(5)

n The Modified Mann–Kendall (MMK) test

A modified Mann–Kendall test was proposed by Ahmed et al. [75] to take into con-
sideration the influence of autocorrelation in data, which is often ignored. A correction is
brought to the variance of S [70,76–78], which is replaced by

var∗(S) = var(S)
n
n∗k

(6)

where n
n∗k

represents a correction due to the autocorrelation in the data and is given via

n
n∗k

= 1 +
2

n(n− 1)(n− 2)

n−1

∑
i=1

(n− i)(n− i− 1)(n− i− 2)ρk (7)

where n is the actual number of observations, n∗k represents the effective number of obser-
vations to account for the autocorrelation in the data, and ρk is the autocorrelation function
of the ranks of the observations. As the non-significant values of ρk can badly affect the
precision of the variance of S, and thus, only significant ρk values are opted to estimate
n
nk

[79]. In this method, the autocorrelation s ρk between ranks of the observations have
been calculated from the respective time series after subtracting from the time series an
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estimate of Sen’s slope (described below) from the data. The Mann–Kendall test was then
applied with the corrected variance var∗(S).

n Theil–Sen slope estimator

In a case where a linear trend exists in a time series, the slope or magnitude of that
trend can be detected using a simple non-parametric procedure first developed by Theil [80]
and later modified by Sen [81]. Sen’s slope has the advantage over the slope of regression,
in the sense that gross data series errors and outliers do not affect it much. The slope is
determined to be the mean of all pair-wise slopes for any pair of points in the dataset. The
following equation is used to estimate each individual slope:

Qij =
xj − xi

j− i
, j > i, for i = 1, 2, . . . , N (8)

If in the time series, there are n values of Qij, estimates of the slope will be
N = n(n− 2)/2. The slope of the Sen Estimator is the mean slope of such N values
of pair-wise slopes. The Sen’s slope is obtained using

Q = Median
( xj − xi

j− i

)
, j > i, for i = 1, 2, . . . , N (9)

Q =

{
Qd N+1

2 e
i f n is odd

1
2

(
Q N

2
+ Qb N+2

2 c

)
i f n is even

(10)

Positive value of Q indicates an upward or increasing trend and a negative value of Q
gives a downward or decreasing trend in the time series.

In this present study, trends were computed at each grid point for time series of
maximum temperature, minimum temperature, and extreme temperature indices using
the Modified Mann–Kendall non-parametric rank statistic test [82] and the Theil–Sen (TS)
estimator approach [83] for, respectively, trend analysis and slope estimation. Trends
were computed at the scale of a year and then converted at a scale of decade for analysis.
Significant trends were considered at confidence level α = 0.05. The standard deviation was
computed at each grid for time series of respective indexes to represent their variabilities.
They were computed and then analyzed at annual scale for the period of study. In climate
studies, spatial interpolation is important for local analysis by Geographic Information
Systems (GIS). Two different methods are commonly used: the Kriging method and Inverse
Distance Weighted (IDW) method [84,85]. Kriging method is a geostatistical interpolation
method that takes into consideration the distance and the degree of variation between
known data points when estimating values at neighboring unknown locations. IDW uses a
linear weighted combination of known data points, taking into account the distance, i.e.,
giving more weight to a closer data point and less weight to distant one. The advantage
of Kriging interpolation method to IWD is that it is statistically optimal interpolator for
dense and well spatially distributed data [86]. However, IWD interpolation method may
be preferred over Kriging for sparse data. In this present study, maps were generated
using Kriging interpolation method for spatial interpolation with the ArcGIS10 software.
Spatially aggregated mean maximum temperature, minimum temperature, and extreme
temperature indices were computed by taking simple arithmetic averages of respective
indexes for all grids, and their trends were further analyzed.

3. Results
3.1. Spatial Distributions of Long-Term Mean of Tx, Tn, and T

Figure 2 presents the spatial distribution of the long-term mean of Tx, Tn, and T over
Rwanda during the period of 1983–2022. In general, Tx, Tn, and T decrease gradually with
topography from the eastern to the western parts of the country in all seasons. Tx and T
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have maximum values during the JJA and JF seasons and minimum values during MAM
and SOND. Tn has the lowest value during JJA and the highest value during MAM.

Atmosphere 2023, 14, x FOR PEER REVIEW 8 of 32 
 

 

 
Figure 2. Spatial distribution of long-term mean of Tx, Tn, and T over Rwanda during the period of 
1983–2022 expressed in °C. Tx for JF (a1), Tx for MAM (a2), Tx for JJA (a3), Tx for SOND (a4), Tx for 
mean annual (a5),Tn for JF (b1), Tn for MAM (b2), Tn for JJA (b3), Tn for SOND (b4), Tn for mean 
annual (b5), T for JF (c1), T for MAM (c2), T for JJA (c3), T for SOND (c4), T for mean annual (c5), 
(Computed from the data used in this study, obtained from Rwanda Meteorology Agency). 

3.2. Trends of Temperatures 
Figure 3 presents the spatial distribution of trends Tx, Tn, and T over Rwanda during 

the period of 1983–2022 expressed in °C/decade for seasons and the annual average. In 
general, temperatures decrease gradually with topography from the eastern to the west-
ern parts of the country in all seasons. The analysis of the spatial distribution of the trends 
of temperatures indicates that for Tx, the southeastern (Kirehe District) and the south-
western (Nyamasheke and Rusizi Districts) present the highest but moderate statistically 

Figure 2. Spatial distribution of long-term mean of Tx, Tn, and T over Rwanda during the period of
1983–2022 expressed in ◦C. Tx for JF (a1), Tx for MAM (a2), Tx for JJA (a3), Tx for SOND (a4), Tx for
mean annual (a5),Tn for JF (b1), Tn for MAM (b2), Tn for JJA (b3), Tn for SOND (b4), Tn for mean
annual (b5), T for JF (c1), T for MAM (c2), T for JJA (c3), T for SOND (c4), T for mean annual (c5),
(Computed from the data used in this study, obtained from Rwanda Meteorology Agency).

3.2. Trends of Temperatures

Figure 3 presents the spatial distribution of trends Tx, Tn, and T over Rwanda during
the period of 1983–2022 expressed in ◦C/decade for seasons and the annual average.
In general, temperatures decrease gradually with topography from the eastern to the
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western parts of the country in all seasons. The analysis of the spatial distribution of
the trends of temperatures indicates that for Tx, the southeastern (Kirehe District) and
the southwestern (Nyamasheke and Rusizi Districts) present the highest but moderate
statistically significant positive trend (0.24–0.40 ◦C/decade) during JJA and SOND. During
MAM, the southeastern part of the country (Kirehe District) indicates statistically significant
high positive trends (0.40–0.56 ◦C/decade). For Tn, statistically high significant positive
trends (0.48–0.64 ◦C/decade) are observed during SOND across the country. No statistically
significant trend is observed for the annual mean of Tn. As for T, statistically significant
high positive trends (0.24–0.40 ◦C/decade) are observed over the southeastern part of
the country (Kirehe District) during MAM and over the southwestern (Nyamasheke and
Rusizi Districts) and southern of the eastern region (Bugesera and Ngoma Districts) during
SOND. Statistically significant increasing trends are observed for spatially averaged Tn
during JJA (0.17 ◦C/decade) and SOND (0.20 ◦C/decade) as well for T during SOND
(0.16 ◦C/decade).

Table 2 presents the trends of spatially averaged Tx, Tn, and T for JF, MAM, JJA,
SOND, and mean annual during the period of 1983–2022. Statistically significant increasing
trends are observed for spatially averaged Tn during JJA (0.17 ◦C/decade) and SOND
(0.20 ◦C/decade) as well for T during SOND (0.16 ◦C/decade).

Table 2. Trends of spatially averaged Tx, Tn, and T during JF, MAM, JJA, SOND, and mean annual
over Rwanda during the period of 1983–2022 expressed in ◦C/decade.

Tn

Season Z Tau Sen’s Slope p-Value Significance

JF 0.456 0.051 0.000 0.648 No

MAM 0.949 0.105 0.007 0.342 No

JJA 2.444 0.269 0.017 0.015 Yes

SOND 2.538 0.279 0.020 0.011 Yes

ANNUAL 2.063 0.227 0.013 0.039 Yes

Tx

Season Z tau Sen’s Slope p-value Significance

JF −1.133 −0.126 −0.010 0.257 No

MAM 1.358 0.150 0.013 0.174 No

JJA −1.535 −0.169 −0.010 0.125 No

SOND 1.367 1.367 0.010 0.172 No

ANNUAL 0.188 0.022 0.000 0.851 No

T

Season Z tau Sen’s Slope p−value Significance

JF −0.281 −0.032 0.000 0.779 No

MAM 1.217 0.135 0.008 0.224 No

JJA 1.280 0.141 0.005 0.201 No

SOND 2.839 0.312 0.016 0.005 Yes

ANNUAL 1.708 0.187 0.007 0.088 No



Atmosphere 2023, 14, 1449 10 of 32

Atmosphere 2023, 14, x FOR PEER REVIEW 9 of 32 
 

 

significant positive trend (0.24–0.40 °C/decade) during JJA and SOND. During MAM, the 
southeastern part of the country (Kirehe District) indicates statistically significant high 
positive trends (0.40–0.56 °C/decade). For Tn, statistically high significant positive trends 
(0.48–0.64 °C/decade) are observed during SOND across the country. No statistically sig-
nificant trend is observed for the annual mean of Tn. As for T, statistically significant high 
positive trends (0.24–0.40 °C/decade) are observed over the southeastern part of the coun-
try (Kirehe District) during MAM and over the southwestern (Nyamasheke and Rusizi 
Districts) and southern of the eastern region (Bugesera and Ngoma Districts) during 
SOND. Statistically significant increasing trends are observed for spatially averaged Tn 
during JJA (0.17 °C/decade) and SOND (0.20 °C/decade) as well for T during SOND (0.16 
°C/decade). 

 

Figure 3. Spatial distribution of trends for Tx, Tn, and T over Rwanda during the period of 1983–2022
expressed in ◦C/decade. Tx for JF (a1), Tn for JF (a2), T for JF (a3), Tx for MAM (b1), Tn for MAM
(b2), T for MAM (b3), Tx for JJA (c1), Tn for JJA (c2), T for JJA (c3), Tx for SOND (d1), Tn for SOND
(d2), T for SOND (d3), mean annual Tx (e1), mean annual Tn (e2), and mean annual T (e3). Trend
slope in ◦C/decade (obtained by multiplying by 10 the computed trend slope in ◦C/year using the
MMK method). Areas with statistically significant positive trends are indicated with + sign, and
areas with statistically significant negative trends are indicated with − sign.
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Figure 4. Decadal differences of Tx for JF, MAM, JJA, SOND, and the annual mean with reference to
the period of 1983–1992. Tx for JF (1993–2002) (a1), Tx for JF (2003–2012) (a2), Tx for JF (2013–2022)
(a3), Tx for MAM (1993-2002) (b1), Tx for MAM (2003–2012) (b2), Tx for MAM (2013–2022) (b3),
Tx for JJA (1993–2002) (c1), Tx for JJA (2003–2012) (c2), Tx for JJA (2013–2022) (c3), Tx for SOND
(1993–2002) (d1), Tx for SOND (2003–2012) (d2), Tx for SOND (2013–2022) (d3), annual Tx (1993–2002)
(e1), annual Tx (2003–2012) (e2), and for annual Tx (2013–2022) (e3).

Figure 5 indicates the decadal differences of Tn for JF, MAM, JJA, SOND, and annual
mean with reference to the period of 1983–1992. During the second decade (1993–2002),
the JF season shows a general reduction in Tn countrywide. The northeastern part
shows a lower decrease (−0.5–0.0 ◦C) compared to the remaining parts of the country
(−1.0–−0.5 ◦C). Increases in Tn (0.0–1.0 ◦C) are seen in many areas during MAM, JJA,
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and the year. During SOND, increases in Tn (1.0–1.5 ◦C) are observed in most parts of
the country. The same range of increase is observed over the eastern part during the JJA
season. During the third decade (2003–2012), relatively low increases in Tn (0.0–0.5 ◦C) are
observed countrywide during JF season. During MAM, increases in Tn (0.5–1.0 ◦C) are
observed in many parts of the country, while low increases ([0.0, 0.5] ◦C) are observed in
the southeastern part. During JJA, increases in Tn (0.5–1.0 ◦C) are observed in many parts
of the country, while low increases (0.0–0.5 ◦C) are observed in the western areas. During
the SOND season, most parts of the country experienced increases in Tn (1.0–1.5 ◦C), while
an increase of 0.5–1.0 ◦C was observed over the southwestern region. Annually, increases in
Tn (0.5–1.0 ◦C) are found in all parts of the country. During the fourth decade (2013–2022),
increases in Tn (0.5–1.0 ◦C) were observed over the central eastern and central western
parts, while increases in Tn ([0.1, 1.5] ◦C) were observed over the remaining parts of the
country. During MAM, increases in Tn (0.5–1.0 ◦C) are observed over the central eastern
part, while there were increases in Tn (1.5–2.0 ◦C) in the remaining parts of the country.
During JJA, it is observed that increases in Tn (2.5–3.0 ◦C) in the central plateau extend
to the western highland, while increases in Tn (2.0–2.5 ◦C) are observed in the remaining
parts of the country. During SOND, increases in Tn (3.0–3.5 ◦C) are observed countrywide.
On an annual basis, increases in Tn (0.5–1.0 ◦C) are observed over the central eastern and
central western parts, while increases in Tn (1.0–1.5 ◦C) are observed in the remaining parts
of the country.

Atmosphere 2023, 14, x FOR PEER REVIEW 13 of 32 
 

 

 
Figure 5. Decadal differences of Tn for JF, MAM, JJA, SOND, and the annual mean with reference 
to the period of 1983-1992. Tn for JF (1993-2002) (a1), Tn for JF (2003-2012) (a2), Tn for JF (2013-2022) 
(a3), Tn for MAM (1993-2002) (b1), Tn for MAM (2003-2012) (b2), Tn for MAM (2013-2022) (b3), Tn 
for JJA (1993-2002) (c1), Tn for JJA (2003-2012) (c2), Tn for JJA (2013-2022) (c3), Tn for SOND (1993-
2002) (d1), Tn for SOND (2003-2012) (d2), Tn for SOND (2013-2022) (d3), annual Tn (1993-2002) (e1), 
annual Tn (2003-2012) (e2), and annual Tn (2013-2022) (e3). 

Figure 6 indicates the decadal differences in T for JF, MAM, JJA, SOND, and annual 
mean with reference to the period of 1983–1992. 

Figure 5. Cont.



Atmosphere 2023, 14, 1449 13 of 32

Atmosphere 2023, 14, x FOR PEER REVIEW 13 of 32 
 

 

 
Figure 5. Decadal differences of Tn for JF, MAM, JJA, SOND, and the annual mean with reference 
to the period of 1983-1992. Tn for JF (1993-2002) (a1), Tn for JF (2003-2012) (a2), Tn for JF (2013-2022) 
(a3), Tn for MAM (1993-2002) (b1), Tn for MAM (2003-2012) (b2), Tn for MAM (2013-2022) (b3), Tn 
for JJA (1993-2002) (c1), Tn for JJA (2003-2012) (c2), Tn for JJA (2013-2022) (c3), Tn for SOND (1993-
2002) (d1), Tn for SOND (2003-2012) (d2), Tn for SOND (2013-2022) (d3), annual Tn (1993-2002) (e1), 
annual Tn (2003-2012) (e2), and annual Tn (2013-2022) (e3). 

Figure 6 indicates the decadal differences in T for JF, MAM, JJA, SOND, and annual 
mean with reference to the period of 1983–1992. 

Figure 5. Decadal differences of Tn for JF, MAM, JJA, SOND, and the annual mean with reference to
the period of 1983–1992. Tn for JF (1993–2002) (a1), Tn for JF (2003–2012) (a2), Tn for JF (2013–2022)
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Figure 6 indicates the decadal differences in T for JF, MAM, JJA, SOND, and annual
mean with reference to the period of 1983–1992.
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Figure 6. Decadal differences of T for JF, MAM, JJA, SOND, and the annual mean with reference
to the period of 1983–1992. T for JF (1993–2002) (a1), T for JF (2003–2012) (a2), T for JF (2013–2022)
(a3), T for MAM (1993–2002) (b1), T for MAM (2003–2012) (b2), T for MAM (2013–2022) (b3), T for
JJA (1993–2002) (c1), T for JJA (2003–2012) (c2), T for JJA (2013–2022) (c3), T for SOND (1993–2002)
(d1), T for SOND (2003–2012) (d2), T for SOND (2013–2022) (d3), annual T (1993–2002) (e1), annual T
(2003–2012) (e2), and annual T (2013–2022) (e3).

Figure 6 indicates the decadal differences in T for JF, MAM, JJA, SOND, and annual
mean with reference to the period of 1983–1992.

3.3. Spatial Distributions of Long-Term Mean of DTR, Tn10p, Tx10p, and Tn90p

Figure 7 indicates the spatial distribution of the long-term mean of DTR, Tn10p, Tx10p,
Tn90p, and Tx90p over Rwanda for the period of 1983–2022. For DTR (Figure 7a), four
distinguished parts are observed: the northwestern region (10.5–11 ◦C), the part extending
from the south to the southeastern region (11.5–12.0 ◦C), the south-central parts of the
country (12.0–12.5 ◦C), and the remaining parts of the country (11.0–11.5 ◦C). For Tn10p
(Figure 7b), three distinguished parts are observed: the extreme western region ([7,8]
days/year), the part extending from the south to central parts (9–10 days/year), and the
remaining parts of the country (8–9 days/year). For Tx10p (Figure 7c), two distinguished
parts are observed: the south, central, and extreme eastern parts (10–11 days/year) and the
remaining parts of the country (9–10 days/year). For Tn90p (Figure 7d), two distinguished
parts are observed: the central eastern and southeastern (9–10 days/year) and the remaining
parts of the country (7–8 days/year). For Tx90p (Figure 7e), two distinguished parts are
observed: the southern and northeastern (10–11 days/year) and the remaining parts of the
country (9–10 days/year).
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Figure 7. Spatial distribution of long-term mean of DTR (a) expressed in ◦C, Tn10p (b); Tx10p (c);
Tn90p (d); and Tx90p (e) expressed in days over Rwanda for the period 1983–2022. Legend is common
for Tn10p, Tn90p, Tx10p, and Tx90p.

3.4. Trends of Extreme Indices

Figure 8 indicates the spatial distribution of trends of DTR, Tn10p, Tx10p, Tn90p, and
Tx90p. Overall, a statistically significant decrease in DTR is observed in most parts of
the country except the eastern region and small parts of the western region. The central
part (Kigali City and Gicumbi Districts) extended to the northeastern part of the country
(Nyagatare District) and exhibits the highest decrease (−0.2–0.0 ◦C/decade) of DTR. Tn10p
presents statistically significant negative trends over the whole country except in a narrow
band along the Congo-Nile Divide. The central part of the country (Kigali City, Rulindo,
and Gicumbi Districts) has the highest decrease (−2–0 days/decade) of Tn10p. Tn90p
presents statistically significant positive trends in most parts of the country. The central
part (Kigali City, Kamonyi, Ruhango, Bugesera, and Gicumbi District) extended to the
northeastern part (Nyagatare and Gatsibo District), the southern part (Huye, Nyaruguru
and Nyamagabe Districts), and the northwestern part of the country (Rubavu, Nyabihu,
Musanze and Burera Districts), which presented a high increase (2–3 days/decade) in
Tn90p. Tx10p exhibits positive trends over the whole country. Statistically significant
high positive trends (1–3 days/decade) are observed on one side in the south-central
eastern (Gisagara, Nyanza, and Bugesera Districts) and central eastern parts (Rwamagana
District) and on the other side in some portions of the southeastern parts of the country
(Kirehe, Kayonza, and Ngoma Districts). Tx90p exhibits over the whole country positive
trends. Statistically significant high positive trends (2–3 days/decade) are observed in
the western highland (Muhanga, Ngororero, Rutsiro, Rubavu, Nyabihu Musanze, and
Gakenke Districts) and central parts of the eastern region (Rwamagana, Ngoma, Kayonza
and Kirehe Districts).
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Tn10p −0.851 0.095 −0.049 0.395 No 

Figure 8. Spatial distribution of trends of DTR (a) expressed in ◦C/decade, Tn10p (b); Tx10p (c);
Tn90p (d); and Tx90p (e) expressed in days/decade over Rwanda during the period of 1983–2022.
“Trend slope in ◦C/decade (obtained by multiplying by 10 the computed trend slope in ◦C/year by
the MMK method) for DRT” and “Trend slope in Days/decade (obtained by multiplying by 10 the
computed trend slope in Days/year by the MMK method) for Tn10p, Tn90p, Tx10p, and Tx90p”.
Areas with statistically significant positive trends are indicated with + sign, and areas with statistically
significant negative trends are indicated with − sign. Legend is common for Tn10p, Tn90p, Tx10p,
and Tx90p.

Table 3 presents the spatially averaged trends of DTR, Tn10p, Tx10p, Tn90p, and Tx90p.
Spatially averaged DTR shows a statistically significant decreasing trend (−0.14 ◦C/decade),
while spatially averaged Tn90p, Tx10p and Tx9p show statistically significant increase
trends (0.62, 0.84, and 1.28 days/decade).

Table 3. Trends of spatially averaged DTR(a) (◦C/year) and Tn10p(b); Tx10p(c); Tn90p(d); and Tx90p(e)

(days/year) over Rwanda during the period of 1983–2022.

Season Z Tau Sen’s Slope p-Value Significance

DTR −2.307 0.255 −0.014 0.021 Yes

Tn10p −0.851 0.095 −0.049 0.395 No

Tn90p 1.317 0.146 0.062 0.029 Yes

Tx10p 2.342 0.259 0.084 0.019 Yes

Tx90p 2.552 0.282 0.128 0.011 Yes

Figure 9 indicates the DTR for various decades of this present study. Overall, the first
three decades (Figure 9a–c) show high values compared to the fourth decade (Figure 9d).
The western region, the southeastern region, and small parts of the northern region show
low values of DTR (8–10 ◦C) for all decades. The south-central eastern and northeastern
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parts indicate high values of DTR (13–16 ◦C). The remaining parts of the country present
moderate values of DTR (10–13 ◦C).
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Figure 10 presents Tn10p for various decades of this present study. During the first 
decade (Figure 10a), high values (12–14 days/year) are observed in the central region. The 
southwestern, northwestern highlands, central plateau, and eastern region indicate rela-
tively high values (10–12 days/year). Moderate values (8–10 days/year) are observed over 
the central and western highlands, while the remaining parts of the country experienced 
low values (4–6 days/year). During the second and third decades (Figure 10b,c), respec-
tively, the central, southern, and northwestern parts experienced relatively low values (6–
8 days/year), while the remaining parts of the country observed low values (4–6 
days/year). During the fourth decade (Figure 10d), central parts and a few areas of the 

Figure 9. Decadal spatial distribution of DTR expressed in ◦C over Rwanda for the period of
1983–2022. The first decade (1983–1992) (a), the second decade (1993–2002) (b), the third decade
(2003–2012) (c), and the fourth decade (2013–2022) (d).

Figure 10 presents Tn10p for various decades of this present study. During the first
decade (Figure 10a), high values (12–14 days/year) are observed in the central region.
The southwestern, northwestern highlands, central plateau, and eastern region indicate
relatively high values (10–12 days/year). Moderate values (8–10 days/year) are observed
over the central and western highlands, while the remaining parts of the country experi-
enced low values (4–6 days/year). During the second and third decades (Figure 10b,c),
respectively, the central, southern, and northwestern parts experienced relatively low
values (6–8 days/year), while the remaining parts of the country observed low values
(4–6 days/year). During the fourth decade (Figure 10d), central parts and a few areas of
the southwestern region exhibited low values (4–6 days/year). The southwestern, north-
western, and central parts experienced relatively low values (6–8 days/year), while the
remaining parts of the country observed relatively high values (10–12 days/year).
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Figure 10. Decadal spatial distribution of Tn10p expressed in day/year over Rwanda for the period
of 1983–2022. The first decade (1983–1992) (a), the second decade (1993–2002) (b), the third decade
(2003–2012) (c), and the fourth decade (2013–2022) (d).

Figure 11 presents Tx10p for various decades of this present study. During the first
decade (Figure 11a), low values (6–8 days/year) are observed in the southeastern and few
parts of the northern highland. The remaining parts of the country experience relatively low
values (8–10 days/year). During the second and third decades (Figure 11b,c), respectively,
the central eastern and northern regions experienced moderate values (10–12 days/year).
The remaining parts of the country observed relatively moderate values (12–14 days/year).
During the fourth decade (Figure 11d), high values (14–16 days/year) are observed over
the southeastern and southwestern parts. The remaining parts of the country experienced
moderate values (10–12 days/year).
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(2003–2012) (c), and the fourth decade (2013–2022) (d).

Figure 12 indicates Tn90p for various decades of this present study. During the first
decade (Figure 12a), low values (2–4 days/year) are observed over southwestern and
northeastern parts. Relatively low values (4–6 days/year) are observed over the central
plateau and northern western highland. The remaining parts of the country experience
relatively moderate values (6–8 days/year). During the second decade (Figure 12b), rel-
atively high values (10–12 days/year) are observed over the central eastern and central
western parts. Many parts of the country experienced moderate values (8–10 days/year),
while low values (2–4 days/year) are observed over the southwestern parts of the country.
During the third decade (Figure 12c), moderate values (8–10 days/year) are shown over the
central eastern and central western parts. Many parts of the country experienced relatively
moderate values (6–8 days/year), while low values (2–4 days/year) are observed over
the southwestern part of the country. During the fourth decade (Figure 12d), high values
(12–14 days/year) are observed over the northern, central, and northeastern regions. The
remaining parts of the country observed relatively high values (10–12 days/year).
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Figure 12. Decadal spatial distribution of Tn90p expressed in day/year over Rwanda for the period
of 1983–2022. The first decade (1983–1992) (a), the second decade (1993–2002) (b), the third decade
(2003–2012) (c), and the fourth decade (2013–2022) (d).

Figure 13 indicates Tx90p for various decades of this present study. The first decade
(Figure 13a) exhibited homogeneous spatial distributions (8–10 days/year) countrywide.
During the second decade (Figure 13b), the southwestern region indicates relatively low
values (8–10 days/year), while the remaining parts of the country show low values
(6–8 days/year). For the third decade (Figure 13c), relatively low values (8–10 days/year)
are observed over the southeastern and extreme southwestern. The remaining parts of the
country exhibit moderate values (10–12 days/year). During the fourth decade (Figure 13d),
high values (14–18 days/year) are observed over the central eastern, southeastern, and
highly elevated areas of the western and northern region, while the remaining parts of the
country experienced moderate values (10–12 days/year).
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Figure 13. Decadal spatial distribution of Tx90p expressed in day/year over Rwanda for the period
of 1983–2022. The first decade (1983–1992) (a), the second decade (1993–2002) (b), the third decade
(2003–2012) (c), and the fourth decade (2013–2022) (d).

Figure 14 indicates the decadal differences of DTR, Tn10p, Tx10p, Tn90p, and Tx90p. The
decadal difference in DTR and Tn10p indicate decreasing patterns for all decades, while Tn90p
and Tx10p show increasing patterns for all decades. During the second decade (1993–2002), it
was found that for DTR (Figure 14a1), the extreme eastern parts of the country showed the
highest decrease (−1.0–−0.8 ◦C/decade). The eastern region extending to the central part of
the country presents a moderate decrease of−0.6–−0.4 ◦C/decade. The areas surrounding
the Congo-Nile Divide indicate a very low decrease (−0.2–0 ◦C/decade), while the remaining
parts of the country low decrease (−0.4–−0.2 ◦C/decade). For Tn10p (Figure 14b1), the eastern
part of the country has the highest decrease (−4–−3 days/decade). The western, southern,
and northern parts of the country show a low decrease (−2–0 days/decade), while the re-
maining parts of the country present a moderate decrease (−3–−2 days/decade). For Tn90p
(Figure 14c1), the eastern parts of the country have the highest increase (4–5 days/decade).
The central plateau shows a moderate increase (2–4 days/decade), while the remaining
parts of the country present a low increase (0–2 days/decade). For Tx10p (Figure 14d1),
the southwestern and extreme northwestern present very low increases (0–2 days/decade).
The central part extending to the western of the eastern region indicates a moderate
increase (3–4 days/decade), while in the remaining parts of the country, low increases
(2–3 days/decade) are observed. As for Tx90p (Figure 14e1), a relatively low decrease
(−2–0 days/decade) is observed in the northern, central plateau, and the eastern parts of
the country, while a relatively low increase (0–2 days/decade) is observed in the remaining
parts of the country. During the third decade (2003–2012), it is found for DTR (Figure 14a2)
that a low decrease (−0.4–0.2 ◦C/decade) is observed over the eastern parts of the country,
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while the remaining parts of the country have very low decrease (−0.2–0 ◦C/decade). For
Tn10p (Figure 14b2), the western, southern, and northern parts of the country have a low
decrease (−2–0 days/decade). A high decrease (−4–−3 days/decade) is observed over
northwestern and extreme eastern, while the remaining parts of the country indicate a
moderate decrease (−3–−2 days/decade). For Tn90p (Figure 14c2), the southwestern,
northwestern northeastern, and south-central parts of the country present low increases
(0–2 days/decade), while the remaining parts of the country show a moderate increase
(2–3 days/decade). For Tx10p (Figure 14d2), a few areas of the eastern region present a
low increase (2–3 days/decade), while the remaining parts of the country show a very low
increase (0–2 days/decade). As for Tx90p (Figure 14e2), the southwestern, south-central,
and eastern parts of the country present low increases (0–2 days/decade), while the re-
maining parts of the country experienced moderate values (2–4 days/decade). During
the fourth (2013–2022) decade, (Figure 14a3), a high decrease (−1.0–−0.8 ◦C/decade) is
observed over the southeastern, south-central extending to small areas of central and north-
ern parts of the country, while the remaining parts of the country exhibit moderate decrease
(−0.6–−0.4 ◦C/decade). For Tn10p (Figure 14b3), the whole country shows a low decrease
(−2–0 days/decade). For Tn90p (Figure 14c3), the central plateau has a moderate value
increase (3–4 days/decade), while the remaining parts of the country experienced a moder-
ate increase (2–3 days/decade). For Tx10p (Figure 14d3), high increases (4–5 days/decade)
are observed over the extreme southeastern parts of the country. The central parts of the
southern and western regions, the northern highland, and the western parts of the eastern
region indicate low increases (2–3 days/decade), while the remaining parts of the country
observed moderate values (3–4 days/decade). As for Tx90p (Figure 14e3), the southeastern
region extending to the central part and the northern highland present a high increase
(4–6 days/decade), while the remaining parts of the country indicated a moderate increase
(2–4 days/decade).

3.5. Variability in Temperatures and Extreme Indices

Figure 15 presents the spatial distributions of temporal variability of Tx, Tn, and T for
JF, MAM, JJA, and SOND and the annual mean over Rwanda. In general, Tx represents
the highest variability compared to Tn. Tx shows statistically significant high variability
(1.4–1.6 ◦C) over the eastern and northwestern highlands in all seasons, except JJA. The two
regions are important for the economy of the country as they constitute areas of intense
agricultural activity. Tn country presents statistically significant high variability (1.2–1.4 ◦C)
in the southwestern part of the country during all seasons, while it presents statistically
significant high variability (1.0–1.2 ◦C) in the northeastern part of the country during JF and
JJA seasons. The annual means of Tx and Tn indicate no statistically significant high value
of variability is observed over the whole country. T shows that no statistically significant
variability is observed for all seasons and the annual mean.

Figure 16 presents the spatial variability of DTR, Tn10p, Tx10p, Tn90p, and Tx90p.
DTR shows statistically significant high variability (1.25–1.75 ◦C) in the southwestern
parts compared to the south-central eastern part and a few areas of the northern highland
(0.75–1.25 ◦C), while the remaining parts of the country indicate the lowest variability
(0.25–0.75 ◦C). Tn10p shows higher variability ([5–7] days) than Tx10p (2–3 days), Tn90p
(4–5 days), and Tx90p (3–4 days), especially in the area covering the central, south-western,
south-central, and northwestern parts of Rwanda.
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Figure 14. Spatial distribution of decadal differences of DTR, Tn10p, Tx10p, Tn90p and Tx90p.
DTR for the second decade (1993–2002) (a1), DTR for the third decade (2003–2012) (a2), DTR for
the fourth decade (2013–2022) (a3). Tn10p for the second decade (1993–2002) (b1), Tn10p for the
third decade (2003–2012) (b2), Tn10p for the fourth decade (2013–2022) (b3). Tn90p for the second
decade (1993–2002) (c1), Tn90p for the third decade (2003–2012) (c2), and Tn90p for the fourth decade
(2013–2022) (c3). Tx10p for the second decade (1993–2002) (d1), Tx10p for the third decade (2003–2012)
(d2), and Tx10p for the fourth decade (2013–2022) (d3). Tx90p for the second decade (1993–2002)
(e1), Tx90p for the third decade (2003–2012) (e2), and Tx90p for the fourth decade (2013–2022) (e3).
Legend is common for each extreme temperature index for all decades.
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Figure 15. Spatial variability of Tx, Tn, and T over Rwanda during the period of 1983–2022 expressed
in terms of standard deviation in ◦C. Tx for JF (a1), Tn for JF (a2), T for JF (a3), Tx for MAM (b1), Tn
for MAM (b2), T for MAM (b3), Tx for JJA (c1), Tn for JJA (c2), T for JJA (c3), Tx for SOND (d1), Tn
for SOND (d2), T for SOND (d3), mean annual Tx (e1), mean annual Tn (e2), and mean annual T (e3).
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changes in cloud cover, rainfall, humidity, and winds. Temperatures follow the annual 
seasonal cycle. The difference in temperature between day and night is the maximum dur-
ing JF and JJA and the minimum during MAM and SOND. The seasons of MAM and 
SOND correspond to the periods of crop growth. During those periods, statistically sig-
nificant high positive trends of T were observed over some areas of great agricultural ac-
tivity. Such an increase in T can affect crop production in the affected area by altering 
plant respiration rates and responses to biotic stressors [78]. 

Some studies have associated the higher rate of Tn compared to that of Tx with soil 
conditions, radiative cooling, and surface layer stability during the night [75,82]. The 
warming of surface temperature was linked to human-induced Greenhouse Gases [83,87]. 
In East Africa, the variability of temperature is in general associated with natural internal 

Figure 16. Spatial variability expressed in terms of standard deviation for DTR (a) in ◦C/year,
Tn10p (b); Tx10p (c); Tn90p (d); and Tx90p (e) in days/year over Rwanda during the period of
1983–2022. Legend is common for Tn10p, Tn90p, Tx10p, and Tx90p.

4. Discussion

Overall, temperatures decrease gradually with topography from the eastern to the
western parts of the country in all seasons. Variations in temperature are primarily due
to changes in cloud cover, rainfall, humidity, and winds. Temperatures follow the annual
seasonal cycle. The difference in temperature between day and night is the maximum
during JF and JJA and the minimum during MAM and SOND. The seasons of MAM
and SOND correspond to the periods of crop growth. During those periods, statistically
significant high positive trends of T were observed over some areas of great agricultural
activity. Such an increase in T can affect crop production in the affected area by altering
plant respiration rates and responses to biotic stressors [78].

Some studies have associated the higher rate of Tn compared to that of Tx with soil
conditions, radiative cooling, and surface layer stability during the night [75,82]. The
warming of surface temperature was linked to human-induced Greenhouse Gases [83,87].
In East Africa, the variability of temperature is in general associated with natural internal
variability such as the El Nino Southern Oscillation as well as the Inter-decadal Pacific
Oscillation [88–90]. In particular, the increased surface air temperature has led to the
recently observed extreme dry events in the years of 2016 and 2017 over Rwanda. Rising
temperatures may lead to increased evapotranspiration levels [91,92], impacting the water
resources by decreasing water discharge, resulting in reduced hydropower generation [93].
In addition, it may intensify the drought conditions, leading to severe impacts on agricul-
tural activities [26]. The observed strong variability of temperature over the eastern and
northwestern highlands of Rwanda has negatively impacted the economy of the country as
they constitute areas of intense agricultural activity [31].

Extreme temperature indices were found to be not coherent. The results obtained from
country averages are in line with previous studies conducted over the East Africa region with
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the exception of Tx10p, which increases in Rwanda instead of decreasing [8,40,41,93–97].
The decrease in DTR has been observed in many parts of the world and was shown to
be mainly related to the increase in Tn [98,99]. The changes in extreme temperature in-
dices have been associated with the variation in convective rainfall events, cloud cover,
increase in minimum temperature, or decrease in maximum temperature [100–102]. Sev-
eral studies have revealed that the increase in DTR may affect human health by causing
cardiovascular diseases and chronicle respiratory, resulting in low and high respiratory
infections [43,103–109]. Zhou et al. [110] and Meinshausen et al. [111] have related changes
in cold nights, cold days, warm nights, and warm days to climate change brought by
human activities, including urbanization and industrialization, producing greenhouse
gases [112–115]. The increase in warm nights, cold days, and warm days affects crop
growth [95,116,117] and can influence the development and outbreak of new crop dis-
eases [104]. Jang and Chun [103] have indicated that the rise in warm nights and warm
days could induce significant impacts on sectors such as the energy necessitating high water
for cooling, water supply by increasing freshwater need, and transportation by distortion
of roads. The increase in temperature and drying conditions have resulted in increased
drought in many places of the Earth [7,118–124]. During the last years, East Africa has expe-
rienced more recurrent, intense, and longer-lasting drought events [11,13–17,119], causing
damage to infrastructure, water scarcity, drying of crops, famine, and food insecurity, lead-
ing to the frequent migrations of populations [17–21]. Recent observations have indicated
that the eastern and southeastern parts of Rwanda have been experiencing rainfall deficits,
resulting in severe droughts alternated by prolonged moderated drought. This made those
areas vulnerable to water inaccessibility and food insecurity [17,26,30].

This study analyzed the trends and variability in the maximum, minimum, and mean
temperatures and their associated extreme indices, as they have an impact on important
key sectors of the economy such as agriculture, health, water resources, infrastructure, and
energy. Another method of investigation recently developed can be used for comparison,
such as the Innovative Trend Analysis methodology [125,126]. The results obtained will
be useful in future studies to make a quantitative analysis of the effects of these trends
and variables on these sectors. The obtained information will be useful in helping policy
makers and decision makers integrate appropriate factors, taking into account mitigation
and adaptation to climate change in planning for all sectorial levels.

5. Conclusions

In the present study, an analysis of the trends and variabilities of the maximum,
minimum, and mean temperatures and their associated extreme indices was performed
using the Modified Mann–Kendall test and the Theil–Sen estimator and the standard
deviation, respectively. Statistically significant (α = 0.05) positive trends were observed
for spatially averaged minimum temperature in JJA and SOND and for spatially averaged
mean temperature in SOND. The maximum temperature presented higher variability than
the minimum temperature and mean temperature countrywide. Diurnal temperature range
and cold nights indicated a statistically significant (α = 0.05) decrease over the country,
while warm days, cold days, and warm nights showed a statistically significant (α = 0.05).
The diurnal temperature range showed a statistically significant (α = 0.05) high variability
in the southwestern parts compared to the remaining parts of the country. Cold nights
show higher variability than cold days, warm nights, and warm days, especially in the
area covering the central, south-western, south-central parts, and the northwestern part of
Rwanda.

These obtained results will be useful in future studies to make a quantitative analysis
of the effects of these trends and variabilities on those sectors. They will serve to inform the
community and policy decision making to take objective measures to prevent the impact of
temperature increase and its variability on important economic sectors.

Some future directions of research can be mentioned: (i) investigate changes using
other methods, i.e., Innovative Trend Analysis methodology recently developed [125,126]
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for comparison and (ii) recognize that drought is another effect of climate change in Rwanda.
Some studies have recently been conducted on the East African region to determine the
variability and trends in factors related to drought [127–129]. Further studies are still
needed to investigate those factors to understand the effect of climate warming.
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