www.directivepublications.org

ﬁ DIRECTIVE

Journal of Climate Research PUBLICATIONS

ISSN 3068-3866

Research Article

Variability and Trends of Rainfall and Associated
Extreme Indices in the Lake Kivu Climatological
Zone, Rwanda.

Theoneste Mbonigaba', Kambanda Pierre Celestin', Ndakize Joseph Sebaziga'?34, Christophe Mupenzi', Olive
Byukusenge', Sylvestre Habimana?, Jean de Dieu Niyomugabo?®, Godfrey Musafiri®, Aminadab Tuyisenge€,
Twahirwa Anthony’, Bernard Niyigena’, John Nshimyumukiza'!, Sylvere Kubwimana', Evariste Uzabakiriho’,
Euphrosine Muyizere', Angele Uwimana', Thadée Twagirimana'g, William Mugabo?.

! Faculty of Environmental Studies, University of Lay Adventists of Kigali, Rwanda.

2 University of Rwanda, Rwanda.

3 Rwanda Environment Management Authority, Kigali, Rwanda.

4 Climate and Clean Air Coalition, hosted by the United Nations Environment Program, Paris, France.
* Rwanda Water Board, Kigali, Rwanda.

¢ Rwanda Climate Change Development Network, Kigali, Rwanda.

7 Rwanda Meteorology Agency, Kigali, Rwanda.

& Ministry of Environment, Kigali, Rwanda.

9 Rwanda Polytechnic, Karongi College.

/ Abstract \

Assessing the spatio-temporal variability and trends of climate variables and associated extreme events is fundamental for effective climate
change mitigation and adaptation strategies. This study investigated the variability and trends in rainfall and nine extreme rainfall indices within
the Lake Kivu climatological zone of Rwanda, utilizing data from the Rwanda Meteorology Agency for the period 1983-2021. Variability was
quantified using the Coefficient of Variation, while trends and their magnitudes were determined by the Modified Mann-Kendall test and the Theil-
Sen estimator, respectively. Results reveal a complex north-south gradient in both seasonal and annual rainfall distribution, largely influenced
by topography. Seasonal rainfall ranged from 82 mm to 802 mm, while annual rainfall fluctuated between 1200 mm and 2200 mm. Regarding
variability, the January-February (JF) season exhibited low variation (20-40%) in the southwestern edge but high variation (100-120%) in north-
central areas. For March-May (MAM), higher variation (80-120%) was noted in a large eastern spot between the north and central regions, while
low variability (20-40%) persisted in the southwestern edge. During June-August (JJA), most areas experienced low to moderate variability (20-
80%), with a small central-north area showing higher variability (100-120%). The September-December (SOND) season was characterized by
widespread moderately high variability (80-100%), with the north-central area again displaying the highest variation (100-120%). Extreme rainfall
indices also demonstrated high variability, ranging from 9.43% to 182%. Overall, both total rainfall and its associated extreme indices displayed
complex increasing trends, attributed to topographical variations. These findings provide critical evidence to guide further research, inform policy,
and support decision-making in developing effective climate change mitigation and adaptation strategies within the Lake Kivu climatological
zone.
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INTRODUCTION

Globally, the climate has changed and continues to change
[1,70-73].Climate change is a global issue resulting from
different human activities, leading to changes in hydro
climatic variables such as rainfall, riverine flow, and extreme
hydro- climatic events [2,74-76].Climate change is linked
with greenhouse gases, which have been responsible for an
increase of 1.1 °C on Earth's surface from the pre-industrial
era. Recently, due to this phenomenon, IPCC is predicting
the extreme hydro-meteorological occurrences across
numerous zones comprising North America, Europe, and
Asia, characterized by water-related disasters [3].

In the last decades, it had been observed an increase in
intensity, frequency and extent of natural disasters and
environmental degradations in different places worldwide
associated with climate change and variability [4], a typical
example is found in the sixth report of International Panel on
Climate Change (IPCC) which stated that a global worming of
1.09 o C has been observed from the Industrial Revolution
period up to the present leading to climate change and
variability[5].

This phenomenon is mainly attributed to anthropogenic
activities, and it will continue with the projection to reach an
average of 1.5 o C by 2040 without taking into consideration
the rate of greenhouse gas emissions rise or fall in the
incoming decade[6]. Climate change and variability are
associated with climate extremes, and climate change will
modify the frequency, intensity, and character of extreme
events in the future[7]. According to the Expert Team on
Climate Change Detection and Indices (ETCCDI), there are 27
climate extreme indices, including 16 indices in temperature
and 11 indices in precipitation (rainfall). These indices can be
divided into four categories i.e:1. Absolute indices: hottest day
per year (TXx) and coldest night per year (TNn),...; 2. Annual
daily (RX1day) per year or five days maximum (RX5day) per
year,...;3. Threshold indices:10th percentile(10p) and 90th
percentile (90p),..., 4. Duration indices a) based on threshold,
there are length of warm spell (WSDI) and length of wet
spell (CSDI),...;5. Based on percentile, there are the length
of dry spell (CDD) and length of wet spell (CWD) [8]. A study
conductedinBangladeshrevealed anincreasingtrendin heavy
precipitation and a decreasing trend in consecutive dry days
[9]. From the study conducted in Brazil about precipitations,
there was a significant increase in consecutive dry days and
consecutive wet days, thus intensifying the seasonality with
rainfall events exceeding the threshold of 95% and 99% in the
distribution [10]. The IPCC special report emphasizes that a
0.5°Crise in global temperature causes statistically significant
increases in extremes worldwide, including more frequent
heatwaves, intensified heavy rainfall, worsening droughts in
some regions, and changes in tropical cyclone activity[11].

Rainfall and temperature extremes in Africa show complex
regional patterns with significant variability [12]. Mid-21st-
century projections indicate a 40-100% increase in extreme
wet days in parts of West Africa, the Sahel, and East Africa,
with increased rainfall intensity in Kenya and Tanzania but
declines in the Congo basin [13]. Temperature extremes
are expected to become hotter and more frequent across
sub-Saharan and tropical Africa, extending heatwaves into
previously less affected areas [14-16]. Rainfall changes
are seasonally and regionally variable, critically impacting
rain-fed agriculture. For example, Nigeria's Kaduna River
basin shows a warming trend in temperature extremes
and moderate variability with a slight decrease in rainfall
[17-20].
vulnerabilities  in
requiring urgent just transition pathways for sustainable
and climate-resilient agricultural systems in Africa [21].

extremes Overall, these changes exacerbate

agriculture-dependent  livelihoods,

The greatest part of the East African Region displayed a
significant decrease in rainfall due to the variation in the
trend of rain. This is a great threat in this region because
most of its population depends on the Agriculture sector,
i.e., more than 80%. This situation has been indicated by the
tendency toward annual precipitation decrease associated
with an increase in climatic extremes and low frequency [22].
In Ethiopia the analysis of 40 years of total rainfall revealed
that the coefficient of variation ranges between 20 and
90% [23], another study about rainfall extreme indices has
indicated that the mean annual maximum one-day (RX1day)
was ranged from 46.51 mm at Haik to 69.02 at Dassie while
mean annual five days (RX5day) rainfall amount fluctuated
from 99.43 mmm at Haik to 138.48 at Dassie. In general, it
has been found that no clear and significant trend in mean
annual one-day (RX1day) rainfall, whereas for mean annual
maximum five-day rainfall, except Amba Mariam and
Mekaneselam other stations displayed an increasing trend
[24]. In Kenya from 1981 to 2021, it had been observed
a substantial variability of rainfall patterns was observed
at both national and local levels in long and short rainy
seasons. The seasonal and intra-seasonal variability became
significant after 2013, equivalent to diminished coherence
between El Nifio Southern Oscillation and rainfall [25]. In
Uganda, traditionally it has been revealed a bimodal annual
rainfall pattern i.e.,, March-May and September, November,
representing heavier to lighter rainfall events respectively.
The recent investigation has shown the upward trend from
2010 onwards in rainfall patterns annually and seasonally[26].
Burundi, like other Eastern African countries, has experienced
rainfall events that caused severe consequences on climate-
sensitive sectors due to different climatic drivers, namely El
Nifio South Oscillation (ENSO), Indian Ocean Dipole (IOD), and
Madden Julian Oscillation (MJO) [27].

At national level, Rwanda due to its hilly topography stretching
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from east to west [28] coupled with the global climatic factors such as El Nino-Southern Oscillation (ENSO), La Nina, Indian
Dipole Oscillation (IDO), and Madden Julian Oscillation (MAJO) had experienced and continue to experience floods, landslides
and drought episodes [29]. The rainfall varies considerably in such a way that the projections revealed that the increase in
annual rainfall may attain 20% by 2050 since 1970 [30]. Rainfall is among the fundamental concepts to understand climate
change or climate variability [24]; the variability of rainfall affects agricultural practices in different ways [22]. The recent study
conducted in Rwanda, which examined 12 rainfall extreme indices, observed an increasing trend in all studied extreme rainfall
indices [31]. The specific objectives of this study were (1) to determine the variability and trends in rainfall, (2) to assess the
rainfall extreme indices (3) to determine the variability and trends of rainfall extreme indices in the Lake Kivu Climatological
zone. To understand the variability and trend of climate variables is important to inform policy and decision making on climate
change mitigation and adaptation measures [32]. The availability and quality of rainfall data further complicate analysis, while
high temporal resolution data offer detailed insights, they often lack sufficient spatial and long-term coverage, whereas long-
term datasets may not capture short-term extremes effectively.

MATERIALS AND METHODS

Study area

The area of study of this research is the Lake Kivu climatological zone. This climate zone is localized along Kivu Lake. It is
characterized by wind-circulation interacting with high evaporation rates prevailing in Lake Kivu [33]. slightly decreasing
temperatures (+0.5K), and a decrease in rainfall around 50mm [34].

Figure 1. Location of study area: Administrative Boundary, Elevation (m) of Lake Kivu climatological zone.
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Data

The daily rainfall dataset used in the present study was
obtained from the Rwanda Meteorology Agency (Meteo
Rwanda) covering the period from 1983 to 2021. They can
be accessed online at https://www.meteorwanda.gov.rw,
accessed on February 26, 2024. This dataset is part of the
Enhancing National Climate Services (ENACTS) initiative,
which combines quality-controlled station observations with
satellite to generate spatially and temporally complete climate
data. The rainfall data is gridded at a high spatial resolution
of 0.0375 degrees (approximately 4 km) and covers all grid
points in the Lake Kivu climatological zone. The dataset was
reconstructed by organizing and quality-controlling station
data and merging it with satellite-derived data to fill gaps and
ensure completeness, resulting in decadal (10-day) time series
for rainfall across Rwanda based on the methodology defined
by Dinku et al. [59] and Siebert et al. [60] This dataset has
been previously used in Rwanda for climate studies[61,62].

Methods
Rainfall variability was assessed using the coefficient of
variation, calculated from the standard deviation (o) Of
rainfall values, which quantifies the dispersion from the
mean and provides valuable insights into temporal rainfall
fluctuations [35-36].

(a1’

n

0:

cv:2 % 100
X

with x indicating the value of rainfall observations, ==
representing the mean value of rainfall
and n equation representingting the number of points in

observations

observation and CV, indicating the coefficient of variation.
For trend analysis, the non-parametric Mann-Kendall test has
beenrecommended by the World Meteorological Organization
(WMO) to be used as a trend in hydrology and climate time
series due to its compatibility with non-normalized data,
as well as missing data values. Suppose (x,,y,), (X,.y,), (X..y,)
It is a set of joint observations of two random variables,
respectively, of x and y, and all the values from the couple.
(x,y;) They are unique values. The Mann-Kendall test statistic
is computed through the sum of positive and negative signs
of the slopes[33,62-63]. The statistic S, called the Kendall
score, is expressed as follows:
n—1 _n
S=Zk:12j:k+lsign(xj—xk) (1M
Where n is the length of the sample,x, and X are from k=1, 2,
n-1 and j=1, 2, n, and the sign (xj-xk) It is an indicator function
that takes on the value 1, -1, or 0 as stated below.
+1if(z;—a) >0
sign(xj—zk) =40 if(zj—xk) =0 )

—1if(z;—ze) <0

If n 210, the statistic S is approximately normally distributed
with the mean S =0, and the variance S can be expressed as

follows:
n(n=1)@n+5) = Zi_1 (1) (2t +5)
var (S) = 13 3)

With p being the number of ties in the series, and ¢ Is the
number of data points in the j® Roup. Concerning the trend
test, the variable Y can be time. The presence of a statistically
significant trend is determined by 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 through

S

=L _ies0
v var(S)

Z=10 itS=0

(4)

+
—i—LTﬂS<0
v var(S)

The trend is concluded as increasing (positive) or decreasing
(negative) in value of Z. To determine for either positive
(increasing)or negative (decreasing) monotonic trends with a
confidence level. a, null hypothesis (H,) is rejected once |Z|
> Ly with Zis
normal cumulative tables and represents the standard
normal deviates, and p is the significance level for the test.
The existence of positive and negative correlations in the

being a value of p= 3 based on the standard

time series may increase the probability of trend detection,
whereas there is no trend, vice versa. The presence of positive
autocorrelation in the series may lead Mann Mann-Kendall
test to conclude the existence of a trend in the series, whereas
it is not always true. Contrary, the presence of negative
autocorrelation in the series may lead to the opposite side.
The coefficient of autocorrelation p,A Discrete time series for
lag-k is obtained based on the formula made by Datta and
Das [33,64-68] as follows:

n—k
Zi:l (2 — Z) (@ivk — Tivr)
5)
n—k o (
Zi:l (Tirk— 571+1c)2]

pk =
n—k 5
(=0 27

The Modified Mann-Kendall test has been proposed by
Ahamed et al [37] to take into account the influence of
autocorrelation in the data, often ignored; this led to the
correlation being brought to the variance of S, replaced by:

var* (S) = var(S)% ©®)
&

n

with s stands for a correction due to autocorrelation in the

data, which is given as follows [22] :

2 n—1
Ziqtn—dm—i~D—i"2)or (7)

RS

*

. stands

with n being the real number of observations, n
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for the effective number of observations by considering
autocorrelation in the data, while p, resents the auto
correlation function for the ranks of observations. The non-
non-significant values of p, can effect negatively on the
variance of S, so only significant values of p, are opted to
estimate n/p, [33,38-40]

Theil-Sen slope estimator
With linear trends in time series, the slope or magnitude of
that trend can be detected through a simple non-parametric
procedure developed by Theil and subsequently modified by
Se. The latter has an advantage over the slope of regression in
that gross data series errors and outliers do not affect it much.
The slope is determined by the mean of all pairwise slopes
for any pair of points in the dataset. The equation below has
been used to estimate the slope individually. [32,41-42].

(x; — =)

Qy = Median 7—

Zi >d fori= 1,28

QP if » is odd

@ %(Q% o Q!?—ﬂl) if n is even

Positive value of Q designates an upward or increasing trend,
while its negative value indicates a downward or decreasing
trend in the time series. During this study, trends and slopes
were computed at each grid point of rainfall and related
extreme indices using the modified Mann-Kendall test and
the Sen Slope estimator approach and the significance has
reported at «=0.05

RESULTS

Figure 2 presents the rainfall distribution Lake Kivu
climatological (1983-2021). general,
distribution displayed a complex north-south
gradient across all seasons in the Lake Kivu climatological
zone, driven by topography/elevation. The short dry season
(JF) experienced moderate rainfall (226-658 mm) with peak
observed in the central-western parts (514-658 mm) while
the northern edges are drying (82-226 mm), contrasting the
southern edge, which is becoming wetter (514-658 mm). The
complexity sharpened in the main rainy season (MAM), with
northern edges receiving (226-514 mm) and north-central
parts receives (658-802 mm), the central and southern parts
continued to become drier (82-514 mm) while the southern
edges are becoming wetter ((658-802 mm). Remarkably, even
the long dry season (JJA) sustained a complexity of rainfall
distribution, the northern edge receives (370-514 mm), the
north-western parts (658-802 mm), while the southern,
central, and eastern parts remain arid (82-370 mm). The
short rainy season (SOND) maintains the pattern, though less
pronounced, with northern regions at 514 -802 mm versus
226-370 mm in the south. Annually, the northern edges of
Lake Kivu climatological zone received (1400- 1,800mm) while
northern western parts are receiving 2000 mm -2200mm
nearly double in the southern edges (1,200-1,400 mm,
aligning with Rwanda’s elevation-driven climatic variability
and prior studies emphasizing minimal dry-season rainfall
and spatial contrasts tied to landscape features.

zone In rainfall

rainfall

Figure 2. Rainfall mean in the Lake Kivu Climatological Zone between 1983-2021.
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Figure 3 presents the spatial, seasonal, and annual rainfall variability in the Lake Kivu climate zone for 1983-2021. Rainfall
during JF season showed complex variation, the top of northern region displayed moderate rainfall variability (20-80%), though
the central parts of this northern showed extreme variability (80-120%); the central part and the majority of southern part
showed high variability (60-100%) some areas at beginning of southern part having low variability 20-40%. During the MAM
season, most of the region showed moderate variability (20-80%), except for a small part of the central east region, which
showed extreme variability from 80-120%. This likely corresponds to one of Rwanda's rainy seasons. The JJA season showed
generally low to moderate variability (20-80%) across most of the region, with some small spots of higher variability (100-120%)
in the central-northern area. This suggests relatively consistent precipitation patterns during this season across most of the
zone, which likely aligns with Rwanda's dry season. SOND season displayed high variability, predominantly ranging 60-100%
across much of the region, with a small part at the beginning of the southern part which showed the low variability (20-40%).
This indicates that SOND rainfall is less predictable throughout the zone. The annual variability showed a pattern of 14-24%
across the region. The north zone showed a variability of 16-20 %; the central and southern portions showed a complex
variation in rainfall, which is between 14-24%. In general, the annual rainfall variability (14-24%) in the Kivu climatological zone
aligns with the results of the study by Sebaziga et al (2022), which found low variability of rainfall in the western part of Rwanda.

Figure 3. Rainfall variability in the Lake Kivu Climatological Zone between 1983-2021.
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Figure 4 presents the rainfall trends in the Lake Kivu Climatological Zone in the period of 1983-2021

JF season displayed a statistically significant (e« =0.05) positive trend of 9-14mm in the north edge, in the north-central part,
and the central region; other remaining parts showed no on-significant trend. During the MAM, the northern region showed a
statistically significant (.« =005) increasing trend of -2 to 4 mm at the northern edge, the central part experienced a statistically
significant (o« =0.05) positive trend of 4-19mm at a small spot. In contrast, the southern region showed a statistically significant
(c= 0.05) strong positive trend of 14-24 mm at the eastern edge, indicating significant rainfall increases during this season
in this portion. The period of the JJA season showed a statistically significant (oc= 0.05) positive trend of 4-14mm at the north
edge. The central and south regions showed a statistically significant (e =0.05) positive trend of 9-19mm in some spots, while
the remaining showed non-significant trends. The season of SOND non-significant trend except few spots in the northern and
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southern which showed statistically significant statistically significant. «« =0.05) positive trend of -2 to 4mm. The annual trends
showed predominantly positive rainfall trends across the entire region, with statistically significant (o= 0.05) increasing trend
of 9to 13mm at the north north-western edge and another north-western spot of statistically significant (<= 0.05) increasing
trend of 5 to 9mm in other parts of the north and central region showed a statistically significant (o« =0.05) positive trend of
5-13 mm/year) while the southern part displayed a statistically significant (<= 0.05)positive trend of 13-21 mm at the western
edge. Generally, rainfall showed an increasing trend in all parts of the Lake Kivu climatological zone.

Figure 4. Rainfall trends in the Lake Kivu Climatological Zone between 1983-2021
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Figure 5 presents the distribution of rainfall extreme indices in the Lake Kivu climate zone (1983-2021). Almost all studied
rainfall extreme indices (9) revealed a pronounced north-south gradient, with the northern region exhibiting higher intensity,
frequency, and magnitude of extreme rainfall events compared to the south. SDIl mean in the northern region experienced
a moderate intensity in rainfall (458.8 -1362.4mm) at the northern edge and in the middle part, a higher intensity in rainfall
in the central part in northern region (1814.2 -2266 mm) while the southern region experienced lower intensity precipitation
(458-910.6 mm). This indicates that when it rains in the northern areas, the rainfall is much more intense in the northern
region. The R5-day mean, in the northern region, experienced a moderate to extremely high 5-day rainfall (910.6 -2266 mm)
while the central part and all the southern region showed low to moderate values (7-1362.4 mm). Also, for R1day mean, the
northern region experienced high single-day precipitation events (910.6 -2266 mm) in the top part, whereas the central and
southern parts experienced low to moderate values (7-1362.4 mm). About PRCPTOT, the northern region received significantly
higher total precipitation (458.8-2266 mm) compared to the central and southern regions (7-1362.4 mm). Concerning the CWD
mean, the southern tip showed 20 -35 days of consecutive rainfall, the central part experienced 15- 20 days, while the northern
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regions generally showed 10- 15 days. For the R10mm mean, the northern region experienced 15-35 days, the central region
showed 20-25 days, and the southern region showed 10-15 days. The pattern of R20mm mean in northern areas experienced
20-35 days transitioning to 15-25 days in the central and 10- 15 days in southern regions. For R95pTOT, the northern region
received higher rainfall from east to western part (910.6-2266 mm), the central part experienced the moderate quantity (458.8-
1362.4mm) whereas the southern displayed a low quantity (7-458.8 mm) with an exception found at the southern edge (910.6-
1814.2 mm). The R99pTOT mean showed the similar pattern with R95pTOT with small nuance, the northern tip experienced
the moderate values (910.6-1362.4mm), the central part in northern region received significantly higher rainfall from east to
western part (1362.4-2266 mm), the central and southern parts experienced low to moderate values (7-1362.4 mm) with some
portion of high value at the southern edge (910.6-1814.2mm).

Figure 5. The mean values of rainfall extreme indices in Lake Kivu climatology between 1983 and 2021
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Figure 6 presents the rainfall extreme events variability in the Lake Kivu Climatological Zone from 1983 to 2021.

The Lake Kivu climate zone exhibited significant spatial variability in rainfall extreme indices. Daily rainfall intensity (SDII)
demonstrated moderate to high variability in the northwestern part (28.846-105.418%), while the northeastern part showed
extreme variability (105.418-182%). The central areas also experienced moderate to high variability (28.846-105.418%),
whereas the southern part exhibited low to high variability (9.43-105.418%). The maximum 5-day rainfall (R5day) generally
displayed stable low variability (9.43-28.846%), except for some small spots in the northern region, which exhibited very high
variability (28.846-182%). Single-day rainfall extremes (R1day) revealed a pronounced north-south gradient, peaking in the
north with extreme variability at the northern edge (143.704-182%). The central northern region displayed very high variability
(105.418-143.704%), while the central region showed high variability (28.846-105.418%), and the southern part exhibited
low to moderate variability (9.43-67.132%). Consecutive wet days (CWD) presented a complex pattern. The northeastern
part showed low variability (9.43-28.846%), the northwestern and central parts experienced moderate variability (28.846-
67.132%), with some areas of high variability (67.32-143.704%). The central region showed moderate variability, ranging from
9.43-67.132%, while the southern areas displayed extreme variability (67.132-182%). Annual total precipitation (PRCPTOT)
fluctuated considerably. The northern portion exhibited low to high variability (28.846-105.418%), and the central part showed
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extreme variability (28.846-182%), whereas the southern part displayed low to high variability (9.43-143.704%). The R10mm
also fluctuated significantly, with the northern region showing moderate to high variability (28.846-105.418%). This pattern
was also evident in the central zones, but the edge of the central part had extreme variability (67.32-182%), while the northern
part of the southern portion displayed low to moderate variability (9.43-67.132%), and the remaining areas experienced
high variability (67.132-143.704%). The heavy rainfall days (R20mm) exhibited stable moderate variability primarily in the
northern and central parts (9.43-67.132%), though the southern portion showed high variability (28.846-143.704%), with a
small area at the western edge exhibiting extreme variability (143.704-182%). The very wet days (R95pTOT) showed low to
moderate variability in the northwestern part (9.43-67.132%) and high variability in the northeastern part (67.132-143.704%),
with some areas of extreme variability (143.704-182%). The central region exhibited high variability (28.846-143.704%), while
the southern portion showed low variability in the eastern part and northern edge (9.43-67.132%), with high variability in
the northern part of the west (67.132-143.704%). For extreme wet days (R99pTOT), there was moderate variability in the
northern and central regions (28.846-105.418%), with some areas of extreme variability in the northern part (143.704-182%),
while the entire southern portion exhibited low variability (9.43-28.846%). This pronounced spatial heterogeneity, particularly
the unpredictability of extreme rainfall in the north, underscores the importance of targeted risk management, agricultural
planning, and climate adaptation strategies in the region.[23]

Figure 6. Rainfall extreme indices variability in Lake Kivu climatology between 1983 and 2021
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Figure 7 illustrates trends in rainfall extreme indices across the Lake Kivu climate zone from 1983 to 2021.

SDIl showed a statistically significant(ec=0.05) increasing trend of (5.298 -8.90 mm) in north western part, the central eastern
parts showed a statistically significant (oc=0.05) increasing -9.11-1.906 mm while it experienced a statistically significant(ec==0.05)
increasing trend of -5.508-1.906 mm in south western parts and the remaining parts showed nonsignificant trend. R5day
displayed a statistically significant («=0.05) negative trend from -9.11 to -5.508 mm only in the southern part, which displayed
ta non-significant trend R1day showed the non-significant trends («=0.05) negative t-9.11-5.508mmCWD exhibited only a
statistically significant («=0.05) increasing -1.906-5.508 days in the north, the central part exhibited ta non-significant trend
in the southern region there were some spots which a statistically significant («<=0.05) n negative tom -9.11 to -5.508 days.
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The annual total precipitation (PRCPTOT) showed statistically significant («=0.05) increasing trend of -1.906-5.298 mm in the
north western significant («<=0.05) increasing trend of -1.906-5.298 mm while the southern part experienced a statistically
significant («<=0.05) negative trend of -9.11 to -1.906 mm at a given small in the western zone. R10mm displayed a statistically
significant («=0.05) increasing trend of -1.906 -8.9 days).o Northernegions regions regions owed a statistically significant
(c=0.05) increasing trend -11.906.298 days, and a statistically significant («=0.05) increasing t-5.508 --.298 days. R20mm
showed a statistically significant («<=0.05) increasing trend in noteworthy western north western -5.508 -1.696 days trend,
the central region showed a significant trend, and the southern region showed a statistically significant («<=0.05) increasing
trend of -9.11 to -5.508 days. Precipitation from very wet days (R95pTOT) exhibited a statistically significant (<=0.05) increasing
trend of 1.696 -5.298 mm in northern region, the central regions showed non -significant trend and the south region showed a
statistically significant («=0.05) increasing trend of -9.11 -1.696 mm. Precipitation from extremely wet days (R99pTOT) showed
a statistically significant («=0.05) increasing -1.906-5. 298 mm in the northern region, the central part exhibited a non-
significant negative trend. The southern portion showed a statically significant(«c=0.05) decreasing trend of -9.11 to -5.508
mm in the southern area. This indicates that extreme rainfall events are increasing slightly in the north while potentially
decreasing by a significant 5% in the south.

Figure 7. Rainfall extreme indices trends at Lake Kivu Climatological Zone, Rwanda.
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DISCUSSION

Rainfall distribution in the Lake Kivu climatological zone exhibits a complex north-south precipitation gradient. This confirms
the findings of the study conducted by Ntwali et al [43], which revealed that rainfall distribution over Rwanda significantly
decreases when topography is minimized. Generally, the annual rainfall variability (14-24%) in the Kivu climatological zone
aligns with the results of the study by Sebaziga et al [44], which identified low rainfall variability in the western part of Rwanda.
The seasonal rainfall variability in March-April-May (MAM), averaging 50% after excluding a small area in the eastern part of
our study region, corresponds with the findings of the study by Uwizeye et al [45], which reported a variation of 51.19% for the
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rainfall pattern during this season in Rwanda. The variability in
September-October-November-December (SOND), averaging
90% in most areas, corroborates the results of Kazora et al
[46], which noted the dominant variability during the SOND
season. A generally increasing trend in rainfall found in the
Lake Kivu climatological data corresponds with the findings
of Abaje & Oladipo [35], which indicated a rising trend in
rainfall in Nigeria, specifically in Kaduna, over the past two
decades. Indeed, extreme rainfall indicators show a north-
south gradient, with the northern portion of the Lake Kivu
climatological zone experiencing more extreme rainfall in
terms of intensity, duration, and frequency compared to
the southern region. These findings further confirm the
results of the study conducted by Ntwali et al [32], which
indicated that rainfall distribution over Rwanda significantly
decreases when topography is minimized. Concerning the
variability of extreme rainfall indices, which ranged from
[9.43-182%], CWD, R10mm, R20mm, RX1day, R95 PTOT,
and PRCTOT support the findings of the study by Sebaziga
et al [47], which stated that these extreme indices exhibit
greater variability in Rwanda, especially RX1day, R95 PTOT,
and PRCTOT in the western region of Rwanda. Additionally,
the trends of the aforementioned extreme indices in the
Lake Kivu climatological zone displayed a similar pattern
(heterogeneity) as those indicated by Sebaziga et al [47]. The
overall increasing trend of all studied extreme rainfall indices
aligns with the findings of the study conducted in Rwanda
by Umutoni & Limbu [31], which revealed an increasing
trend for all extreme precipitation indices. These climate
change behaviors have cross-sectoral impacts: agriculture
faces challenges from erratic rainfall and soil erosion,
necessitating crop diversification and erosion control [48-
50], while infrastructure needs resilience to variable rainfall
and intensified erosivity, particularly in mountainous areas
[51-52]. Tourism may benefit from extended seasons but
faces risks from landslides and floods [53-54], while public
health confronts expanded mosquito habitats that could
increase malaria transmission [55-56]. Fisheries experience
disruptions due to fluctuating lake levels affecting fish
stocks, threatening livelihoods [57-58]. Disaster management
strategies, including early warning systems and adaptive land
use planning, are crucial for mitigating flood and landslide
risks exacerbated by spatial and temporal rainfall variability.

CONCLUSION

The Lake Kivu region exhibits a complex precipitation pattern
characterized by a strong north-south rainfall gradient, where
northern areas receive nearly three times more rainfall than
southern parts during the main rainy season (March-May). The
north faces more intense rainfall events and frequent extreme
precipitation days, raising flood risks, while the south sees less

intense rainfall but shifting rainfall patterns. These patterns
affect water resources, agriculture, flood management,
and ecosystems, making northern areas more vulnerable
to floods and southern areas to drought, necessitating
adaptive strategies across the whole zone. Challenges in
precipitation data quality and coverage complicate precise
variability trend analysis and climate impact assessments.
To enhance resilience, different strategies are required.
Development of zone-specific agricultural strategies that
account for the distinct rainfall and temperature patterns,
focusing on heat-resilient crop varieties and flexible planting
calendars that can withstand increasing climate variability,
will facilitate agricultural adaptation to climate variability
and change in the Lake Kivu Climatic zone. The responsible
institutions include: the Ministry of Agriculture (MINAGRI) and
the Rwanda Agriculture and Animal Resources Development
Board (RAB). Develop and implement comprehensive water
management plans that address the contrasting precipitation
trends, particularly in areas experiencing both increased
rainfall intensity and prolonged dry spells. This will help to
efficiently use and manage the water resources in the Lake
Kivu Climatological zone. This falls into the responsibilities
of include Ministry of Environment (MoE) and the Rwanda
Water Board (RWB). Enhance early warning of disasters and
infrastructure resilience, especially in northern regions prone
to high-intensity rainfall and potential landslide risks. This
will contribute to disaster risk reduction in the Lake Kivu
Climatological zone. This is a task of the Ministry in charge
of Emergency Management (MINEMA) and the Rwanda
Meteorological Agency (RMA).
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