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Abstract

Climate change is the most dangerous threat facing the world. This article
analyzed near-future trends and changes in rainfall, temperature and wind
speed over highlands and lowlands of Burundi, and their potential effects on
water and electrical energy availability. Observed and gridded data were con-
sidered over the period 1981-2020 while forecasts from eight selected CMIP6
models were used over the period 2021-2045. A modified Mann-Kendall’s test
was used to detect trends while Pettitt’s test was adopted to find change
points. Future changes in quartiles were analyzed under SSP2-4.5 and
SSP5-8.5. The findings revealed upward trends in near-future rainfall all over
the study area. In SSP2-4.5, changes of 5.9%, 4.7%, 6.5%, and 5.1% are ex-
pected at NHL, NIP, SHL and SIP, respectively. In SSP5-8.5, the increase is
projected to reach 10.4% at NHL, 9.7% at NIP, and 10.2% at SHL and SIP. A
general increase in temperature is expected all over the study area. The wind
speed is predicted to experience an increase of 0.8 m-s™' at NHL, NIP and SIP,
and 0.7 m-s™" at SHL under SSP2-4.5. In SSP5-8.5, the increase will reach 1.0
m-s”" at NHL, NIP and SIP, and 0.9 m-s™' at SHL by 2045. The detected in-
crease in wind speed is expected to positively impact wind power production
and drainage windmills. The increase in rainfall will have positive effects on
water availability and hydropower plant production, while higher tempera-
ture may increase evaporation and negatively affect water level.
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1. Introduction

Climate change is a global phenomenon with varying effects from one region to
another depending on various socio-economic and environmental factors [1].
Future climate will impact the world in every aspect of life. Climate influences
the world through changing temperature, precipitation, snowmelt, and a host of
other natural phenomenon [2]. Globally, mean surface air temperature has risen
by about 0.74°C + 0.18°C during the twentieth century and is projected to rise
by 1.8°C - 4.0°C in the twenty-first century [3]. Global extreme precipitation is
also projected to increase significantly, especially in regions that are already wet
under the current climate conditions, whereas dry spells are predicted to in-
crease particularly in regions characterized by dry weather conditions in the
current climate [1]. Furthermore, climate change is predicted to cause stronger
surface wind speed values across the boreal regions of the Northern Hemisphere,
including much of Canada, Siberia and northern Europe, and in tropical and
subtropical regions in Africa, and Central and South America [4]. However,
Greenland, southern Europe, China, India, southern Australia and much of the
west coast of South America are expected to experience decreasing wind speed
values [4] [5].

In East Africa, dry periods are generally associated with La Nifia and/or nega-
tive Indian Ocean Dipole (I0D) events, while wet periods coincide with El Nifio
and/or positive IOD events [6]. However, these processes do not explain the full
precipitation variability over East Africa. Numerous Global Climate Model
(GCM) and Regional Climate Model (RCM) studies project that the East African
long rains will increase as they are part of the Intertropical Convergence Zone
[7] [8]. However, other studies using regional climate models indicate a reduc-
tion in the long rains [9] [10] [11]. This apparent contradiction is leaving the
East African rainfall projections more uncertain [9]. Given the recent decline of
the long rains, and the current floods reported in many East African countries,
people are inevitably wondering what will happen in the next decades, particu-
larly as the climate warms due to continued anthropogenic emissions of green-
house gases [11]. Furthermore, the Intergovernmental Panel on Climate Change
(IPCC) highlighted the need for more detailed information about climate change
on regional and local scales, which is of particular interest to nations and eco-
nomic groups and often dense homogeneous historical datasets are available [1].
The climate in Burundi, as an East African country, is mainly influenced by the
North-South movement of the Intertropical Convergence Zone (ITCZ), the to-
pography of the country and El-Nifio southern oscillation (ENSO) [12]. Howev-
er, Burundi has gone through many periods of climatological disasters including
droughts, floods, violent winds, and climate related famine [13]. The current
crucial challenge is that since 2002, the country has been characterized by a
chronic shortage of energy in general and electrical energy in particular [14].
Indeed, Rwegura hydropower plant constructed in September 1986, at the con-
fluence of Kitenge and Mwokora Rivers, has been for many years the main sup-
plier of electric energy within the country. Currently, Rwegura power plant is
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facing many problems due to the decrease in rainfall which has resulted in a re-
duction of water level in the reservoir, creating a decrease in generated power,
and this has become an issue of concern [15]. On the other hand, over the last
decade, Burundi experienced heavy rainfall causing floods. Furthermore, several
projects on hydropower plants are under construction. Consequently, there is a
fundamental need to assess the future climate of Burundi, and its potential im-
plications on water and electricity availability. Most of the studies focused on
hydrological modeling of Rwegura catchment [16], but they did not address
trends and changes in rainfall, temperature and wind speed over the highlands
and western lowlands, and their potential effects on water and energy security.
Therefore, this article aims to fill that gap. Specifically, the study focuses on eva-
luating current trends (1981-2020) in rainfall, temperature and wind speeds, and
their changes over the near-future period (2021-2045) referring to the new cli-
mate normal (1991-2020). It discusses at the same time the effects of the detected
trends and changes on water and electrical energy availability.

2. Materials and Methods
2.1. Study Area

Figure 1 locates the study area in Burundi. Burundi is an East African country
ranging between longitudes 28.8° and 30.9° East, and latitudes 2.3° and 4.45°
South [17].

Bounded to the north by Rwanda, to the East and South by Tanzania and to
the West by the Democratic Republic of Congo (DRC), Burundi covers an area
of 27834 km?® [18]. The annual rainfall in the high altitude regions is almost the
double that of low altitudes. Average maximum annual temperatures range from
21.8°C to 29.5°C. The average wind speeds vary between 4 m:s™' and 6 m-s™
[19]. The considered study sites are highlands and western lowlands of Burundi.
The highlands elevation is between 1750 and 2650 m altitude while lowlands are
between 770 and 1100 m altitude. For better analysis, the highlands were divided
into Northern Highlands (NHL) and Southern Highlands (SHL) while the
Western lowlands were split into Northern Imbo Plain (NIP) and Southern Im-
bo Plain (SIP) as in Manirakiza et al. [20].

2.2. Data Source

2.2.1. Observed Dataset

Two sets of data are used in this study as observed data. The first set consists of
in-situ data collected from the synoptic stations of Burundi belonging to the
Geographical Institute of Burundi (IGEBU). Figure 1 locates the nineteen me-
teorological stations used, while Table 1 gives their concise information. Rain-
fall, temperature and wind speed observed data were collected at daily scale over
the period 1981-2020. Indeed, among the nineteen climate stations, six had
shorter period than the normal of 30 years recommended by World Meteorology

Organization (WMO) for a climate study.
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Figure 1. Study area location.

Table 1. Geographic characteristics of the meteorological stations used.

ID

Site  Station name (IGEBU) Longitude Latitude Period T (%)  Altb
Munanira 10106 29.57 -2.92  1981-2002 55 2120
Rwegura 10164 29.52 -2.92  1981-2020 100 2302

NHL Gatara 10036 29.65 -2.98  1981-1994 35 1806
Teza 10167 29.57 -3.18  1981-2020 100 2166
Bugarama 10003 29.55 -3.3 1981-2020 100 2240
Gisozi 10044 29.68 -3.57  1981-2020 100 2097
Mpota 10098 29.57 -3.73  1981-2020 100 2160
Kibumbu 10068 29.75 -3.37  1981-2020 100 1814

SHL Nyakararo 10141 29.6 -3.52  1981-2020 100 2228
Matana 10089 29.68 -3.77  1981-2020 100 1934
Ruvyironza 10161 29.77 -3.82  1981-2020 100 1822
Mutumba 10123 29.35 -3.6 1981-2000 50 971
Bujumbura 10011 29.32 -3.32  1981-2020 100 783

NIP Imbo 10052 29.35 -3.18  1981-2020 100 820
Mparambo 10095 29.08 -2.83  1981-2020 100 887
Rukoko 10151 29.22 -325  1981-1995  37.5 790
Kigwena 10074 29.55 —-4.17  1981-1997  42.5 914

SIP  Rumonge 10152 29.43 -398  1981-1987 17.5 785
Nyanza Lac 10145 29.6 -4.35  1981-2020 100 792

*T = Time period in percentage included in the period of study. *Alt. = Altitude in meters.
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To complement in-situ observed values, the second set of gridded data was
used. In fact, gridded daily precipitation from Climate Hazards group Infrared
Precipitation with Stations (CHIRPS) downloaded from
https://cds.climate.copernicus.eu/ and monthly temperature data from Climate
Research Unit (CRU TS 4.01) available online at

https://crudata.uea.ac.uk/cru/data/hrg/ were used to complement in-situ rainfall

and temperature, respectively. In addition, MERRA-2 (Modern Era Reanalysis
for Research and Applications Version 2) hourly wind speed data available on-

line at https://gmao.gsfc.nasa.gov/reanalysis/ MERRA-2/ were used to comple-

ment 7n-situ wind speed. The gridded data set is very useful in view of the fact
that weather stations are limited in number, unevenly distributed, have missing
data problem and short period of observation [21]. The selection of the time se-
ries data from various stations was based on the quality control using the same
procedure as in Javier ef al [22], while the cross validation method following
Ioannis [23] was adopted to fill missing data. Figure 2 shows the correlations [r]
in (a) between CHIRPS and in-situ data, in (b) between CRU and in-situ data,
and in (c) between MERRA-2 and in-situ data. Indeed, (a) has the strongest cor-
relation. Overall, the three subfigures show that the gridded data used are very
strongly correlated to in-situ data with correlation coefficients greater than 0.86.
Overall, Table 2 presents the statistical summary of the used data at annual

scale.

2.2.2. CMIP6 Model

This third set of used data is made of daily rainfall, temperature (tas) and wind
speed (WS) from eight Climate Models over the period 1981-2045. These data
are available in the context of the Coupled Model Intercomparison Project Phase

six (CMIP6) and accessed online (https://esgf-node.llnl.gov/search/cmip6)

through user registration. Table 3 shows the used climatic models where the
second column gives their acronyms adopted in this paper. CMIP6 models have
already been used over East Africa [24] and particularly over Burundi [25] for
climate projection. CMIP6 uses Shared Socio-economic Pathways (SSPs) which
are considered as more realistic future scenarios [26]. In this paper, two experi-
ments performed respectively under the medium and the strong forcing Shared
Socio-economic Pathway scenarios namely SSP2-4.5 and SSP5-8.5 have been
adopted for the near-future projection (2021-2045). The SSP2-4.5 scenario is re-
ferred to as a more plausible outcome where modest mitigation implementation
will curb the global warming to about 2.5°C warming relative to pre-industrial
period by the end of the 21st century [27]. On the other hand, the SSP5-8.5 is
considered as “business as usual”, implying a dystopian future that is fossil-fuel
intensive, void of stringent climate mitigation, leading to nearly 5°C of warming
by 2100 [24]. The detail description of used scenarios is available in Riahi, K. et
al [27]. This most up-to-date set of data was at different horizontal resolutions.
Using the same technique as in Iturbide et al [28], we regridded all CMIP6 data
from original spatial resolutions to 0.05° x 0.05° common grid resolution to
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Figure 2. Correlation between in-situ data and gridded data used.

Table 2. Description of data collected over the period 1981-2020 at annual scale.

Variable Site Minimum Maximum Mean Standard deviation
NHL 1249.6 1921.1 1493.3 158.3
Rainfall NIP 693.8 1148.6 899.1 108.9
(mm) SHL 1133.8 1756.3 1435.5 155.9
SIP 982.2 1396.1 1203.4 103.8
NHL 15.7 16.8 16.3 0.3
NIP 23.2 25.2 24.2 0.4
tas!
SHL 15.5 17.1 16.5 0.4
SIP 22.8 24.1 23.5 0.3
NHL 3.8 5.2 4.4 0.3
NIP 3.6 4.7 4.2 0.3
W§?
SHL 3.3 4.7 3.9 0.3
SIP 3.7 5.7 4.7 0.4

'tas = Mean temperature in (°C); *WS = Wind speed in (m-s™).

Table 3. Climatic models used.

CMIP6 Model Model Short Origin . Variant
Name Name Country Resolution label

ACCESS-ESM1-5 ACCESS Australia 1.9° x1.2° rlilplfl
CanESM5 CanESM5 Canada 2.8°x2.8° rlilplfl
CESM2-WACCM CESM2 USA 1.3° x0.9° rlilplfl
CNRM-CM6-1 CNRM France 14° x1.4° rlilplf2
FGOALS-f3-L FGOALS China 13" x1° rlilplfl
IPSL-CM6A-LR IPSL France 2.5°x1.3° rlilplfl
MIROC-ES2L MIROC Japan 2.8°x2.8° rlilplf2
NorESM2-MM NorESM2 Norway 0.9° x 1.25° rlilplfl
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match with the highest resolution of CHIRPS data. For more accuracy and better
analysis, a Multi-Model Ensemble (MME) has been computed from the eight
climate models. Moreover, CMIP6 data have been downscaled at climate stations
using Empirical Statistical Downscaling [29] and bias adjusted using Quantile
Delta Mapping approach [30]. Furthermore, the data on WS presented in Table
2 were collected at 12 m height. However, CMIP6 WS data were at 10 m height,
and the power law was used for extrapolation at 12 m height as in Lawin ef al
[31].

2.3. Methods

2.3.1. Variability Analysis

For each variable, surplus months/years and deficit months/years are deter-
mined using the standardized variable index (/) developed by Mckee et al. [32]
which can be found in many articles [18] [20]:

I(i):M

o
where X, X, and o are respectively the value for the month/year i the av-
erage and the standard deviation of the time series. In this study, a month/year is
considered normal if its index is included between —0.5 and +0.5. It is in surplus
if its index is greater than +0.5 and in deficit below —0.5. This interval is ques-
tionable since it is relatively small. However, it can single out well deficit

months/years from surplus months/years.

2.3.2. Trend Analysis

The trend analysis was carried out over three time periods including 1981-2010,
1981-2020 and 1991-2020. In this regard, the Mann-Kendall’s (MK) test (1945)
[33] [34] remains a robust and popular choice for researchers. However, the
Power of Mann-Kendall’s test is highly influenced by serially correlated data. To
address this issue, a modified Mann-Kendall (MMK) trend test applied to
Trend-Free Pre-Whitened time series data in presence of serial correlation
(TFPWMK test) following Yue et al [35] approach has been adopted in this
study. In addition, whenever a MMK’s trend was not significant at the chosen
threshold of 0.05, the Theil-Sen median slope trend analysis, which is a linear
trend calculation that is resistant to the impact of outliers (noise) [36] was uti-
lized for trend estimate. Furthermore, the Pettitt’s test (1979) [37] has been ap-
plied for break point detection. All these tests are worldwide used in hydro me-

teorological variables trend analysis [21] [38].

2.3.3. Future Change Analysis

Future changes are analyzed over the period 2021-2045 based on CMIP6 scena-
rios, here SSP2-4.5 and SSP5-8.5, referring to the most recent normal period
1991-2020 as recommended by WMO. For rainfall and WS, the change is com-
puted as the ratio between the future climate scenario and the current climate,

while the change for the tas was respectively calculated as the difference between
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the two climates. Changes in quartiles are analyzed for each climate model using
violins as in manirakiza et al [20]. On the other hand, the spatial distribution of
changes has been mapped using Inverse Distance Weighted (IDW) interpolation
method [39].

3. Results and Discussion

3.1. Trends Analysis over the Current Climate

3.1.1. Seasonal Rainfall

Figure 3 presents the monthly standardized rainfall at NHL, NIP, SHL and SIP
over the period 1981-2020. The findings show that the months 6 and 8 are nor-
mal all over the study area. September (9) is also normal over the study area, ex-
cept at NHL where it is in excess rainfall. July (7) is normal at NIP and SIP,
while it is in deficit rainfall at NHL and SHL. These months of low rainfall cor-
respond to the dry season in Burundi. During this season, hydropower plants
experience the decrease of the water level in the reservoir which leads to difficult
hydropower rationing [15].

The analysis also shows the months 1, 2, 3, 4, 5, 10, 11 and 12 to be in excess
rainfall all over the four sites. July was pointed out as a month with the lowest
amount of rainfall all over the four sites, while April is the wettest at NHL, SHL
and SIP. At NIP, December (12) was singled out as the wettest month. Overall,
eight months in excess rainfall were found at NIP, SHL and SIP, while 9 months

in excess rainfall were noticed at NHL, respectively.

3.1.2. Interannual Rainfall

Figure 4 depicts the interannual rainfall at NHL, NIP, SHL and SIP over the pe-
riod 1981-2020. The analysis of the standardized rainfall index shows 13 years in
deficit rainfall at NHL and NIP, while SHL and SIP have 16 and 11 years in defi-
cit rainfall, respectively. From 1981 to 2020, the features revealed 10, 12, 11 and
15 years in excess rainfall at NHL, NIP, SHL and SIP, respectively. For trend de-
tection, over the period 1981-2010, MMK’s test using the TFPWMK approach
detected a significant decreasing trend at NHL and SIP, where Kendall’s tau
equal to —0.35 and —0.28 with p-value of 0.007 and 0.03, respectively were esti-
mated. Indeed, Pettitt’s test revealed only a significant change point in 1991 at
SIP with a p-value of 0.022. The analysis showed a decrease of 120 mm in aver-
age annual rainfall over the sub period after the break point. Furthermore, Sen’s
slope estimated a downward trend at NIP and SHL with —1.37 and —3.39, re-
spectively.

Overall, the period 1981-2010 is characterized by a downward trend in rainfall
which has negative effects on water availability and hydropower production [15]
[18]. Over the period 1981-2020, MMK’s test detected no significant trend all
over the study area at threshold of 0.05. On the other hand, Pettitt’s test only
singled out significant break points at NIP in 2008 and at SHL in 2010 with re-

spective p-values of 0.028 and 0.019. The analysis revealed respectively an
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Figure 4. Interannual standardized rainfall at NHL, NIP, SHL and SIP over the period
1981-2020.

increase of 131 mm and 161 mm in average annual rainfall at NIP and SHL over
the sub period after the change point. Moreover, Sen’s slope estimated an up-
ward trend respectively at NHL, NIP and SHL with 0.83, 2.64 and 4.16, while a
downward trend was estimated at SIP with —0.05. Over the period 1991-2020,
MMK’s test detected a significant increasing trend all over the study area, where
Kendall’s tau equal to 0.39, 0.48, 0.47 and 0.28 with p-value of 0.0032, 0.0002,
0.00034 and 0.03403 were respectively estimated at NHL, NIP, SHL and SIP.
Moreover, Pettitt’s test revealed significant change points in 2009, 2008 and 2010
with p-value of 0.0148, 0.0046 and 0.0030 estimated at NHL, NIP and SHL, re-
spectively. The analysis showed respectively an increase of 181 mm, 163 mm and
238 mm in average annual rainfall at NHL, NIP and SHL over the sub period af-
ter the change point. Overall, this upward trend in rainfall over the most recent
normal period is consistent with the findings in many studies from East Africa
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[8] [26] [38] and what has been experienced in Burundi over the last decade.
This new trend has a positive impact on water availability and hydropower pro-

duction.

3.1.3. Seasonal Temperature
Figure 5 depicts the monthly standardized tas at NHL, NIP, SHL and SIP over
the period 1981-2020.

The findings point out July as the coolest month while September is the hot-
test. In fact, in July, NIP showed the lowest value equal to —2.5 while in Septem-
ber, SIP revealed the highest value equal to 1.6. Furthermore, the features re-
vealed 3 months of excess tas at NHL and NIP while at SHL and SIP, the find-
ings highlighted respectively 5 and 2 months in excess tas. Moreover, the months
6 and 7 are cool at NHL, SHL and SIP while at NIP the month 8 is also included
as cool. The analysis noticed that at NHL and SIP, September and October have

the same value.

3.1.4. Interannual Temperature

Figure 6 shows interannual standardized tas at NHL, NIP, SHL and SIP over the
period 1981-2020. The analysis revealed 9 years in low tas at NHL, NIP and SHL,
while SIP has 10 years in low tas. The features also pointed out 10 years in high
tas at NHL and SHL, while 11 years were detected at NIP and SIP. Indeed, over
the period 1981-2010, MMK’s test detected a significant increasing trend in tas
at NHL, NIP, SHL and SIP, where Kendall’s tau equal to 0.3473, 0.6084, 0.4778
and 0.3399 with p-values equal to 0.0086, 0.0000, 0.0003 and 0.0102 were respec-
tively estimated. Moreover, Pettitt’s test revealed a significant change point in
1996 at NHL, NIP, SHL and SIP with respective p-values of 0.0087, 0.001, 0.0071
and 0.0087. The analysis revealed an increase of 0.31°C, 0.59°C, 0.41°C and
0.36°C over the sub period after the break point at NHL, NIP, SHL and SIP, re-
spectively. Over the period 1981-2020, MMK’s test revealed a significant in-
creasing trend in tas at NHL, NIP, SHL and SIP, where Kendall’s tau equal to
0.406, 0.555, 0.377 and 0.379 with p-values equal to 0.0003, 0.0000, 0.0008 and
0.0007 were respectively estimated.

On the other hand, Pettitt’s test singled out significant break points in 2000 at
NHL, in 2002 at NIP, in 1996 at SHL and SIP with respective p-values of 0.0006,
0.0000, 0.0050 and 0.0009. The analysis revealed an increase in tas over the sub
period after the change point of 0.33°C, 0.59°C, 0.41°C and 0.36°C at NHL, NIP,
SHL and SIP, respectively. Over the period 1991-2020, MMK’s test detected a
significant increasing trend in tas at NHL and NIP, where Kendall’s tau equal to
0.310 and 0.300 with p-values of 0.0190 and 0.0232 were respectively estimated.
Moreover, Pettitt’s test singled out significant change points only in 1992 at NIP,
and in 1994 at NHL and SIP with respective p-values of 0.0057, 0.0180 and
0.0353. The analysis revealed an increase of 0.27°C, 0.59°C and 0.30°C in tas at
NHL, NIP and SIP over the sub period after the change point, respectively. On
the other hand, MMK’s test detected no significant trend at SHL and SIP, while
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Figure 5. Monthly standardized tas at NHL, NIP, SHL and SIP over the period
1981-2020.
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Figure 6. Interannual standardized tas at NHL, NIP, SHL and SIP over the period
1981-2020.

Sen’s slope estimated an upward trend at SHL and SIP with 0.0066 and 0.0145,
respectively. These findings are in accordance with the findings in many studies
which show increasing in temperature over the last century due to climate
warming [15] [21] [26]. Consequently, high temperatures may increase evapora-

tion and reduce water availability [18].

3.1.5. Monthly Wind Speed and Wind Direction

Figure 7 depicts the standardized WS and diurnal wind direction at monthly
scale over the period 1981-2020 across NHL, NIP, SHL and SIP. The analysis of
the WS shows two parts including months of low WS and months of high WS.
In fact, the findings showed that at NHL, NIP, SHL and SIP, the months
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Figure 7. Monthly standardized WS and average wind direction over the period
1981-2020.

1,2, 3,4 and 12 have low WS, while the months 6, 7, 8, and 9 have high WS. In
addition, October has high WS at NHL, NIP and SHL, while November has low
WS at SIP. The analysis of Figure 3 and Figure 7 shows that this period of up-
ward trend in WS matches with dry season in Burundi in general and in partic-
ular at the study area, where rainfall records the decrease.

These findings are in accordance with those by Lawin ef al. [18] and Manira-
kiza et al [20] who reported that mean WS are optimized during summer time
and that this may reveal the period when wind power turbines would expect re-
ceiving maximum WS in Burundi. On the other hand, the analysis of the right

features on wind direction (WD) reveals that at NHL and NIP, the prevailing
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winds blow from East-South-East (ESE). Indeed, at NHL, the wind blowing with
the highest speeds (between 6 and 7 m-s™") is from ESE with a frequency of 8%,
South-East (SE) with a frequency of 18% and South-South-East (SSE) with a
frequency of 8%. At NIP, the wind blowing with the highest speeds (between 6
and 7 m-s™) is from ESE and SE with a frequency of 7.5% and 25%, respectively.
Furthermore, the analysis of spokes shows that at SHL and SIP, the prevailing
winds blow from SE. Indeed, at SHL and SIP, the wind blowing with the highest
speeds (between 6 and 7 m-s™") is from SE with a frequency of 10% and 35%, re-
spectively.

3.1.6. Interannual Wind Speed

Figure 8 shows interannual standardized WS at NHL, NIP, SHL and SIP over
the period 1981-2020. The analysis singled out two main parts. The first part in-
cludes the period 1981-1996 with many years in low WS, while the second part
includes the period 1997-2020 with many years in high WS. In fact, at NHL, the
first part has 8 years in low WS with 1 year in high WS, while the second part
revealed 10 years in high WS with 2 years in low WS. At NIP, the first part re-
vealed 10 years in low WS with no year in high WS, while the second part has 11
years in high WS with 2 years in low WS.

At SHL, the first part has 8 years in low WS with no year in high WS, while
the second part revealed 10 years in high WS with 2 years in low WS. Further-
more, at SIP, the first part revealed 11 years in low WS with no year in high WS,
while the second part has 9 years in high WS with 2 years in low WS. On the
other hand, over the period 1981-2010, MMK’s test using the TFPWMK ap-
proach revealed a significant upward trend in average WS at NHL, NIP, SHL
and SIP, where Kendall’s tau equal to 0.3498, 0.4828, 0.3842 and 0.3300 with
p-values equal to 0.0082, 0.0003, 0.0036 and 0.0126 were respectively estimated.
Moreover, Pettitt’s test pointed out a significant change point in 1996 with
p-values of 0.0093 at NHL, 0.0005 at SIP, and 0.0002 at NIP and SHL. The analy-
sis revealed an increase in average WS over the sub period after the change point
of 0.4 m-s™" at NHL and SIP, and 0.3 m-s™' at NIP and SHL. Overall, the detected
upward trend over the period 1981-2010 is consistent with many findings on
East Africa in general and particularly on Burundi [20] [31] as effects of climate
change. Over the period 1981-2020, MMK’s test revealed a significant upward
trend in average WS at NHL, NIP, SHL and SIP, where Kendall’s tau equal to
0.3495, 0.4440, 0.4656 and 0.5412 with p-values equal to 0.00180, 0.00007,
0.00003 and 0.00000 were respectively estimated. Moreover, Pettitt’s test de-
tected a significant break point in 1996 with p-values of 0.0072 at NHL, 0.0003 at
NIP and SHL, and 0.0000 at SIP. The analysis highlighted an increase of 0.3
m-s”" at NHL and NIP, 0.4 m-s™" at SHL, and 0.6 m-s™' at SIP in average annual
WS over the sub period after the break point. Over the period 1991-2020,
MMK’s test detected a significant increasing trend in average WS at NIP, SHL
and SIP, where Kendall’s tau equal to 0.3892, 0.3695 and 0.5567 with p-values of
0.0032, 0.0052 and 0.0000 were respectively estimated. MMK’s test detected no
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Figure 8. Interannual standardized WS at NHL, NIP, SHL and SIP over the period
1981-2020.

significant increasing trend at NHL, while Sen’s slope estimated the upward
trend in average WS at NHL with 0.0110. On the other hand, Pettitt’s test only
revealed a significant change point in 2011 at SIP with a p-value of 0.0100. In-
deed, the analysis singled out an increase in average WS of 0.6 m-s™' at SIP over
the sub period after the change point. The upward trend in WS found over the
four sites may have positive impact on wind power production, and hence re-
duce the electrical gap observed during the long dry season or be used for water

pumping in the irrigation system.

3.2. Future Change Analysis

3.2.1. Projected Rainfall and Changes

Figure 9 compares the projected monthly rainfall by the MME under SSP2-4.5
and SSP5-8.5 over the period 2021-2045 with those over the baseline period
1991-2020.

The analysis reveals that at NHL, the monthly rainfall is projected to increase
in June-February, while March-May is predicted to experience the decrease in
rainfall under SSP2-4.5. Following SSP5-8.5, an increase in rainfall is expected in
June-March, while a decrease is projected in April and May. At NIP, the
monthly rainfall is expected to increase in August-February, while the months
March-July are projected to experience the decrease in rainfall under SSP2-4.5.
Moreover, under SSP5-8.5, the rainfall is expected to increase in June-February,
while a decrease is predicted in March-May. At SHL, the monthly rainfall is pre-
dicted to increase in May-March, while a decrease in rainfall is expected in April
under both scenarios. At SIP, the monthly rainfall is expected to increase in Au-
gust-October and December-February, while November and March-July are

predicted to experience the decrease in rainfall under SSP2-4.5. Indeed, under
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Figure 9. Projected monthly rainfall over the period 2021-2045.

SSP5-8.5, the rainfall is projected to increase from June to February, while a de-
crease is expected in March-May. Overall, the analysis highlighted that several
months are expected to increase in rainfall all over the four sites. For future
trend analysis, Figure 10 uses violins to explain the projected rainfall changes at
annual scales.

The red dot shows the rainfall change projected by the MME. The thicker part
indicates that the rainfall change value in that section of the violin has higher
frequency, and the thinner part implies lower frequency. For more clarity, only
models corresponding to the maximum and minimum changes have been visua-
lized with the violin. Furthermore, changes are analyzed within quartiles.
Therefore, the first crossbar of the violin marks the 1% quartile, the second
crossbar is the 2™ quartile (median) and the last is the 3™ quartile. Indeed, the
figure shows that in SSP2-4.5, the rainfall increase equal to 5.9%, 4.7%, 6.5% and
5.1% is expected at NHL, NIP, SHL and SIP, respectively. In the same way, fol-
lowing SSP5-8.5, it is predicted an increase in rainfall equal to 10.4% at NHL,
9.7% at NIP, and 10.2% at SHL and SIP. The findings highlighted that SHL and
NHL are projected to experience the highest increase in rainfall under SSP2-4.5
and SSP5-8.5, respectively. Furthermore, the rainfall increase will be higher in
the highlands than lowlands. Meanwhile, the maximum rainfall change is pro-
jected by CESM2 model all over the four sites under SSP2-4.5 and SSP5-8.5. On
the other hand, the minimum rainfall change is projected by NorESM2 and
MIROC under SSP2-4.5 and SSP5-8.5, respectively. The analysis of changes in
quartiles reveals that models’ rainfall change values have the higher frequency in
the first and second quartiles for SSP2-4.5 and in the second and third quartiles
for SSP5-8.5. Overall, the predicted increase in annual rainfall found in this
study will have effects on water availability. This may include the water level

change in the Lake Tanganyika. Indeed, as Burundi hydropower production is
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Figure 10. Projected changes in annual rainfall over the period 2021-2045.

dependent on rainfall, the increase in rainfall will positively affect hydropower
plants located in the study area. Similar to other regional studies [9] [38], our
findings predict that over the period 2021-2045, annual rainfall trends will in-

crease.

3.2.2. Projected Temperature and Changes
Figure 11 depicts the projected monthly average temperature by the MME at
NHL, NIP, SHL and SIP under SSP2-4.5 and SSP5-8.5 over the period 2021-2045.

The analysis highlights a general increase in monthly tas all over the four sites
by 2045. Indeed, the month of July is expected to experience the highest increase
all over the study area with values equal to 1.9°C at NHL, 2°C at NIP and SHL,
and 2.4°C at SIP under SSP2-4.5, while following SSP5-8.5 these values are fore-
casted to reach 2.4°C, 2.6°C, 2.3°C and 2.7°C at NHL, NIP, SHL and SIP, respec-
tively. The findings showed that months which were currently the coolest are
expected to experience the highest increase in tas by 2045. Indeed, the projected
increase in tas will have effect on lifestyle of the population. It may also increase
water evaporation especially in the Lake Tanganyika between Burundi, DRC,
Zambia and Tanzania. On the other hand, Figure 12 shows annual tas changes
in quartiles. In fact, in SSP2-4.5, it is projected changes in tas equal to 0.8°C at
NHL and SHL, and 1°C at NIP and SHL.

Under SSP5-8.5, the changes in tas will reach 1.1°C at NHL and SHL, and
1.2°C at NIP and SIP. Furthermore, the minimum change is projected by
CESM2 all over the four sites under both SSP2-4.5 and SSP5-8.5. On the other
hand, the maximum change in tas is forecasted by CanESM5 all over the four
sites in both scenarios except at NHL and SHL in SSP5-8.5, where NorESM2
projected the maximum changes. Overall, sites which were currently experienc-
ing high tas will be hotter by 2045. These findings are consistent with many stu-
dies in the region and other parts of the world as result of the general warming
reported by IPCC [1] [26].
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Figure 11. Projected monthly average temperature over the period 2021-2045.
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Figure 12. Projected changes in annual average temperature over the period 2021-2045.

3.2.3. Projected Wind Speed and Changes
Figure 13 depicts the projected monthly WS at NHL, NIP, SHL and SIP over the
period 2021-2045 following SSP2-4.5 and SSP5-8.5.

The analysis revealed that a general increase in WS is expected from January
to September all over the study area, while a decrease in WS is projected in No-
vember and December at NHL, NIP and SHL. The highest WS are projected in
May-September with values more than 6 m-s™' under both SSP2-4.5 and
SSP5-8.5 all over the four sites. Actually, the analysis highlighted that WS fore-
casted under SSP5-8.5 are slightly higher during the long dry season than those
under SSP2-4.5. In October, the findings do not predict any change in WS by
2045 under both scenarios all over the four sites. Indeed, the projected changes
in WS will obviously have positive effect on wind energy production at NHL,
NIP, SHL and SIP, especially in long dry season. On the other hand, Figure 14
depicts average WS changes in quartiles. In fact, it is expected by 2045 an
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Figure 13. Projected monthly wind speed over the period 2021-2045.
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Figure 14. Projected changes in annual wind speed over the period 2021-2045.

average change in annual WS of 0.8 m-s™' at NHL, NIP and SIP, and 0.7 m-s™" at
SHL under SSP2-4.5.

In SSP5-8.5, those average changes are projected to reach 1.0 m-s™ at NHL,
NIP and SIP, and 0.9 m-s™' at SHL. Under both scenarios, the figure shows that
MIROC projects maximum WS over the four sites, while CESM2 predicts min-
imum WS at NHL and SHL. At NIP and SIP, ACCESS and CNRM projects
minimum WS under SSP2-4.5 and SSP5-8.5, respectively. Indeed, these findings
highlighted that the four sites are only promising for installing wind turbine for
small-scale power generation. Furthermore, the demand of water for irrigation is
seasonal and our findings showed that the highest WS coincide with the long dry
season which may favor drainage windmills. Otherwise, large-scale wind power

require that mean WS exceed 7 m-s™' to generate at least 200 W-m ™ [20].

3.2.4. Spatial Distribution of Changes
Figure 15 presents the spatial distribution of changes in annual rainfall over the
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period 2021-2045. In both SSP2-4.5 and SSP5-8.5, the rainfall is expected to in-
crease all over the study area with high values in the highlands than lowlands.

Indeed, at NHL and SHL, the increase in rainfall is especially predicted to be
higher in the Center. Moreover, the forecasted increase in rainfall is expected be
higher in SSP5-8.5 than SSP2-4.5. For instance in the Center of SHL, the increase
in annual rainfall is expected to reach 100 mm under SSP2-4.5, while under
SSP5-8.5 the increase is projected to reach 145 mm. Overall, these findings are in
line with many other studies on precipitation around the globe as well as on East
Africa [9] [21] [38]. Figure 16 gives the spatial distribution of changes in annual
tas over the period 2021-2045.

Under both SSP2-4.5 and SSP5-8.5, the tas is expected to increase all over the
four sites. The analysis highlights that the increase under SSP5-8.5 is higher than
SSP2-4.5. Actually, the spatial distribution of the predicted increase in tas is not
homogeneous. In fact, the highest increase is expected at NIP, while the lowest
increase is forecasted in the Center of NHL. Indeed, NIP and SIP which were hot
under current climate are projected to be hotter. Overall, the general projected
increase in tas found in this paper may be attributed to the global warming, and
it is consistent with the findings by Brohan et a/ [3] and many other studies
around the globe on climate change. Figure 17 depicts the future spatial distri-
bution of changes in annual average WS.
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Figure 15. Observed (1991-2020) and spatial changes in annual rainfall over the period
2021-2045.
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The analysis highlights that spatial distribution of projected changes in WS is
not homogeneous. In fact, the sites NIP, NHL and SIP are expected to record the
highest increase in WS, while the Center of SHL is predicted to experience the
lowest. Actually, change values are slightly higher in SSP5-8.5 than SSP2-4.5.
Opverall, the findings revealed increase in projected WS; which is not a particular
case for our study area. It is in accordance with other regional findings as well as
studies around the globe [4] [40].

4. Conclusion

The study analyzed trends and changes in rainfall, tas and WS over the current
period 1981-2020 and the future period 2021-2045 under SSP2-4.5 and SSP5-8.5.
The characterization of the current period at monthly scales showed that
June-September is in low rainfall over the period 1981-2020 except at NHL,
where September is in excess rainfall. The months October-May were hig-
hlighted to be in excess rainfall all over the four sites. Using the MMK’s test with
TFPWMK approach over the period 1981-2010, a significant downward trend
was revealed at NHL and SIP, while at NIP and SHL no significant downward
trend was detected. Over the period 1981-2020, the Sen’s slope estimated an up-
ward trend at NHL, NIP and SHL, while a decreasing trend was estimated at SIP.
Over the period 1991-2020, a significant increasing trend was revealed all over
the four sites. On the other hand, an upward trend was found in tas all over the
study area. Indeed, July was pointed out as the coolest month, while September
is the hottest. Furthermore, an upward trend in WS was detected all over the
four sites, and the highest monthly WS was found during the long dry season.
Concerning the future trends, a general increase in rainfall, tas and WS is ex-
pected over the study area under both scenarios. In SSP2-4.5, rainfall changes of
5.9%, 4.7%, 6.5% and 5.1% are expected at NHL, NIP, SHL and SIP, respectively
while in SSP5-8.5, these changes are projected to reach 10.2% at NHL, 9.7% at
NIP, and 10.2% at SHL and SIP. For temperature, under SSP2-4.5, it is expected
an average change of 0.8°C at NHL and SHL, and 1°C at NIP and SIP, while in
SSP5-8.5, these changes will be equal to 1.1°C at NHL and SHL, and 1.2°C at
NIP and SIP. On the other hand, under SSP2-4.5, it is projected an increase in
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WS of 0.8 m-s™ at NHL, NIP and SIP, and 0.7 m-:s™" at SHL. Meanwhile, under
SSP5-8.5, these changes are expected to reach 1.0 m-:s™' at NHL, NIP and SIP,
and 0.9 m-s™' at SHL by 2045. The predicted increase in rainfall will have effects
on water availability for hydropower production. It may also be translated in
days with heavy rains. Likewise, the expected increase in WS may have a positive
impact on wind power production, especially during the long dry season, or be

used for water pumping in the irrigation system.
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