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Abstract: Drought is a global issue with profound implications worldwide on biodiversity, equal
safety, poverty eradication, sustainable development, and social-economic stability due to the sig-
nificant role that water resources play in the growth of the world economy. Burundi is one of the
highly vulnerable countries to the effects of climate change-related events because of its low adaptive
capacity and high dependence on rainfed agriculture for livelihood. This research aimed to identify
drought incidents and their characteristics in terms of duration, severity, and intensity and analysis
of their trends in Burundi using the Standardized Precipitation Evapotranspiration Index (SPEI).
Monthly precipitation and temperature data of seven meteorological stations across Burundi (1981-
2020) were obtained from Burundi Geographical Institute (IGEBU). The SPEI index of -2, -6 and -24
month timescales were generated to understand drought characteristics and the Mann-Kendall (MK)
test combined with Sen’s slope estimator were utilized to analyze the drought trend based on the
calculated SPEI values. The overall analysis of the computed SPEI time series demonstrated that
drought is more frequent and severe in Burundi, especially in the northern and eastern parts. The
results showed that the most prolonged and severe drought occurred during the 1990-2010 decades,
and 1993, 1994, 1995, 1999, 2000, 2001, 2004, 2005, 2006, 2009, and 2016 were extremely dry years.
Proactive drought mitigation activities, climate change mitigation and water resources management
policy are highly recommended in order to reduce drought risk and its effect on both population and

the natural environment.
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1. Introduction

Droughts are natural catastrophes that occur in all parts of the world but their duration,
severity, and intensity vary from one region to another and country to country depending
on the topography. Depending on the drought severity and duration, drought can have
dangerous consequences for both humanity and the environment, notably affecting societal,
economic and ecological systems. Natural phenomena such as climate change and weather
variability are mostly responsible for drought; however, human activities such as mining
and deforestation can exacerbate the frequency and severity of drought [1-5]. Desertifica-
tion is a global issue with profound implications worldwide on biodiversity, equal safety,
poverty eradication, sustainable development, and social-economic stability due to the
significant role that water resources play in the growth of the World economy. For instance,
the global estimations on natural hazards, including flood and drought impacts, indicate
that a total number of 432 disastrous incidents were registered globally in 2021; as a result,
a population of over 101.8 million was directly affected and approximately 10,492 people
died, together with an estimate of economic losses of about USD 252.1 billion [6]. The
African continent is more affected by drought than other continents, especially in sub-
Saharan regions that experience dramatic consequences of climate change hazards resulting
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in failure of crop production [7]. Many studies have indicated that the occurrence and the
severity of drought have been increasing due to climate change and the growth of the pop-
ulation, which is linked to the high demand for water and the degradation of land in east
African countries [8-10]. In recent decades, scholars, decision makers, and scientists have
been paying increased attention to the monitoring and assessment of drought worldwide to
establish predicting or early warning systems to lessen economic losses or to mitigate other
effects of drought in case of occurrence [11-15]. Several studies have highlighted that both
temperature and rainfall play a significant role in drought response [16,17]. Hence, different
methods and various drought indices are utilized to quantify, monitor, and analyze the
characteristics of drought such as duration, frequency, severity, and intensity. Some of the
widely used drought indices are the Standardized Precipitation Index (SPI) as pioneered
by Mckee et al. [18], the Standardized Precipitation Evapotranspiration Index introduced
by Vicente et al. [19], the Palmer Drought Severity Index introduced by Palmer [20], the
China Z Index that was first utilized and developed by National Climate Centre of China in
1995, the Rainfall Anomaly Index presented by Van Rooy [21], etc. These indices have been
commonly employed in assessing drought in different regions on the globe. For instance,
Kalisa et al. [22] employed the SPI to study drought conditions across the East Africa region
between 1920 and 2015, and the drought characteristics such as duration, magnitude, and
intensity explained the severity levels of drought in the region. Additionally, Rolbiecki
et al. [23] applied the SPI to analyze drought occurrence in three provinces Adana, Mersin,
and Osmaniye, in the Cukurova region in Turkey during the maize growing seasons and
successfully calculated the magnitude, duration, severity, recurrence, and frequency of
drought. The SPI method has been a choice of many researchers to monitor and identify
drought events across different regions worldwide due to its simplicity in calculation and
the fact that it requires only one single data input [12,24-28]. On the other hand, due to the
complexity of drought, some researchers prefer to utilize the SPEI that incorporates both
precipitation and Potential Evapotranspiration (PET) to assess and monitor the drought
over spatial and temporal scales [29-35]. For instance, Polong et al. [36] used the SPEI to
investigate the spatial and temporal evolution of dry and wet incidents and determine
their characteristics such as duration, severity, and intensity in the Tana River Basin in
Kenya. The study highlighted that the SPEI is the most appropriate index due to its ability
to consider the potential impacts of climate change. Additionally, based on the SPEI, Ayugi
et al. [37] examined drought and wet events across Kenya from 1981 to 2016. The study
concluded by confirming the good performance and robustness of the SPEI in capturing the
underlying mechanisms of dryness and wetness conditions. Likewise, Nguvava et al. [38]
stated that the SPEI is more robust than the SPI in a study that combined precipitation and
PET to examine the impacts of global warming on drought across East Africa.

Although different drought indices have been utilized to analyze the occurrence
of drought in the East Africa region and other region worldwide [39-43], in Burundi,
the SPEI index has not yet been employed. It is very important to have information
on drought and climate change to monitor drought and mitigate its impacts on human
health and wealth at the regional and national levels. Drought monitoring provides crucial
information that helps minimize the consequences of drought, and it is useful for drought
risk management and water resources planning and operation. However, drought has
not been investigated in many parts of the country. Furthermore, technical and scientific
study methods on drought duration, severity and intensity in Burundi have not been well
studied and documented. However, it is drought-prone, especially in the northern and
eastern parts. Thus, these situations motivated the authors to consider this investigation in
order to provide indispensable information. Therefore, in order to fill these gaps, this is the
first study that aimed at monitoring drought duration, severity, and intensity by using the
SPEI index at various timescales in Burundi. It will serve as a reference in studies yet to
come and as assistance to decision makers in setting up drought management measures
and early warning systems.
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2. Materials
2.1. Description of the Study Area and Datasets

Burundi is a landlocked country bordered to the north by Rwanda, to the south
and east by Tanzania, and to the west by the Democratic Republic of Congo (DRC). The
country has a tropical climate due to its location in the equatorial band. The topography
of Burundi is characterized by five diversities micro-climatic regions: the northern and
eastern parts that are characterized by depressions and plains; the escarpments of Mirwa;
in the western part, the Congo-Nile ridge divides Burundi’s water resources into two
main basins; and in the center there is a plateau. In Burundi the climate is characterized
by bimodal precipitation patterns that correspond to the circulation of the Intertropical
Convergence Zone from the Northern to the Southern hemispheres and vice versa. Hence,
Burundi typically experiences four seasons, including two rainy seasons, one that runs from
September to December and another that runs from March to May, and two dry seasons,
the short one of which runs from January to February, while the long dry season runs from
June to August. The temperature and precipitation vary with the topography and elevation.
In this, the depressions in the northern and eastern parts and the plains in the western part
are regarded as semi-dry regions with yearly rainfall records of less than 1000 mm, and the
temperature can easily reach 25 °C. On the other hand, the Escarpment of Mirwa records
annual rainfall between 1000 and 1400 mm. The Congo-Nile Ridge zone experiences the
highest precipitation, which varies between 1400 and 1700 mm, and temperature ranging
between 14 and 17 °C due to its location in a mountainous region with higher altitude. The
central part, which is principally dominated by a plateau, registers annual precipitation
varying between 1100 and 1400 mm. Figure 1 shows a map of the study area that was
generated in ArcGIS version 10.3.1.
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Figure 1. Map of Burundi and the distribution of meteorological stations used in the study.
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2.2. Datasets

This work utilized meteorological data from Burundi Geographical Institute (IGEBU).
Seven meteorology stations (Muyinga, Kirundo, Cankuzo, Musasa, Gitega, Gisozi, and
Bujumbura) were purposely selected based on the availability of both temperature and
rainfall data that enables the computation of the SPEI index to assess and analyze drought
characteristics such as intensity, duration, and severity in this study. Within these seven
meteorological stations, no significant missing data could disturb the analysis, and the
missing data were filled under the linear mean. It is mentioned that the selected stations
all have historical data records of 40 years (1981-2020). Table 1 shows the geographical
coordinates of meteorological stations and the data length, and Figure 2 presents the annual
mean precipitation (Prcp) in mm and mean temperature (Tmean) in © C. The monthly
average precipitation and maximum and minimum mean monthly temperature of the

stations utilized in this study are presented in Figures 3 and 4, respectively.

Muyinga
1800 T T T T T
, ——Prep F22.5
1600 H —=— Tmean 22,0
.
1 F21.5
14007 d
'\. m-u F21.0
1200 / >( \(y f\'l::: /' L 20.5
moo- i ' ' '/ ->' -y & 1200
/ \/ . i 195
8007 / \ 4 H L 19.0
GO T T T T T T T 18.5
1985 1990 1995 2000 2005 2010 2015 2020
Cankuzo
2000 1 e Prep
1800 - —s— Tmean - u-u-u"]
o A \.

1400 4

1200 4

1000 -

800 4

600

«\/ f\ N v\\/\%\,f/

1600

1400 4

1200

1000 -

1400

1200

1000

800

600

400

17
1985 1890 1995 2000 2005 2010 2015 2020
Gitega
T T
—s—Prop (= 21.0
—"— Tmean \
-\ 205
" -.-- 20.0
"
/\ / L 19.5
-n- . ...- / \ F19.0
185
H
T 18.0
1985 1900 1905 2000 2005 2010 2015 2020
Bujumbura
T T T T T T T 256
—s— Prep 254
—=— Tmean
252
"
. / i e -a-g- 25,0
OM =/ « / I ore | 246
» 244
o ] ;! il V\
242
ANJWN
H F24.0
H
238

T
1985

T T T T T T
1990 1995 2000 2005 2010 2015

2020

Kirundo
T T T T T T T 25
2500 \ ——Prep " 24
—=— Tmean o
2000 4 -u- 23
T e \ §-y 22
1500 /" A _/ Al
b ... »
1000 4 \ / o ')\/' 20
% N 19
5004 -2 18
A AN "
04
T T T T T T T 16
1985 1990 1995 2000 2005 2010 2015 2020
Musasa
T
1600 < —— PrcP - om maw I 23.0
. H —=— Tmean /
1400 & [
"
1200 4 " \ \
a-n | wn le-m-m-ade-d-af \b- ./% 22,0
I
1000} fLa /
L 215
o ow .
800 " 4
I 21.0
600 T T T T T T T
1985 1990 1995 2000 2005 2010 2015 2020
Gisozi
2200 T r T T T T
PP 4 wn m wmwmEm oem , ow 17.0
2000 A —=— Tmean /\
1800 ] 16.8
. f n [ -u By
1600 4 '\
n / 16.8
1400 4 |4, L8] -\-7-7- n " ] ] |
1 /'\ g 16.4
1200 \
: \
1000 .\ 1 -
800
s 16.0
600 T T T T T T T
1885 1890 1895 2000 2005 2010 2015 2020

Prep: Precipitation
Tmean: Temperature mean

Figure 2. The correlation of annual mean precipitation and annual mean temperature.
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Figure 3. Monthly mean precipitations in mm for the seven meteorological stations in this study.
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Figure 4. Maximum and minimum monthly mean temperature in °C for meteorological stations of

Miyinga, Kirundo, Cankuzo, Musasa, Gitega, Gisozi, and Bujumbura across Burundi.
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Table 1. Meteorological stations’ information and the record length of data used in this study.

Name of Stations Stations ID Latitude longitude  Elevation Location Period

Muyinga 1130 —2.85 30.35 1756 1981~2020
North ————

Kirundo 10079 —2.58 30.11 1449 1981~2020

Cankuzo 10030 -3.31 30.53 1652 East 1981~2020

Musasa 10116 —4.00 30.10 1260 Southeast 1981~2020

Gitega 10046 —3.42 29.92 1645 1981~2020
Center ——F——

Gisozi 10044 —3.56 29.68 2097 1981~2020

Bujumbura 10011 —3.32 29.32 783 West 1981~2020

3. Methodology
3.1. Standardized Precipitation Evapotranspiration Index

The SPEI is one of the multi-scalar tools developed by Vicente et al. [19], with the
fundamental purpose of characterizing and quantifying drought. Due to its capability to
incorporate rainfall and temperature data, it enables the monitoring and analysis of drought
duration, severity, and intensity over a period in a particular region. At various timescales,
such as 1 month, 3 months, 6 months, 12 months, 24 months, and above, the SPEI helps
monitor drought and identify dryness and wetness conditions within historical data.

The Hargraves method, one of the most widely utilized methods in computing the
potential evapotranspiration (PET), which requires the monthly average precipitation
and both maximum and minimum monthly mean temperature (Tmax and Tmin) as the
main factors, was applied in this study. The difference between precipitation and PET is
computed as follows:

D, =P, — PET, 1)

The application of Equation (1) provides information about water abundance or deficit
within the analyzed month (month v).

The generation of the accumulated difference between precipitation P and PET at
various time scales is the following:

12 q )
X;th = )y anl,l + lZl Dn,q/ 1f q<m

1=13—m+q and 2

m _— vy
Xy = Zl:q—m+1 Dyt g 2m

where X7, represents the cumulated difference between precipitation and PET at the m-
month timescale in the g-month of the given n-year; and D, is the difference between
precipitation and PET in the /- month of the particular n-year.

For the estimation of the SPEI value, the difference between climatic water balance is
normalized as a log-logistic probability distribution. The equation expresses the probability
density function (PDF) as follows:

=25 ()

where «, B, and -y represent scale, shape, and location parameters, respectively. Hence, the
(PDF) can be demonstrated as:
g1
o
1 4
i (h - 7) ] @
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The SPEI can be generated based on the equations introduced by Vicente et al.:

Co + C1W + C,W?
1+diW +dy W2 + d3W3

SPEI =W — (5)

In case P < 05, W = /—2In(P) and when P > 0.5, W = /-2In(1-DP),
Cp = 2515517, C; = 0.802853, C; = 0.010328, d; = 1.432788, d, = 0.189269,
d3 = 0.001308 [19].

The generated SPEI values were categorized into classes as indicated in Table 2 and
were utilized to analyze drought incidents and determine their characteristics in Burundi.
The number of months in which SPEI values were consecutively at or below one (<1) was
recorded as drought incidents and determines the duration of the incident in this study.
The severity is a cumulative summation of the index values across the length of the incident.
The intensity I of an incident is obtained by dividing its severity by the number of drought
months of that incident.

Table 2. Classification of dryness and wetness according to the SPEI index.

SPEI Values Categories of Climatic Moisture
>2.00 Extremely wet
1.50 to 1.99 Severely wet
1.00 to 1.49 Moderately wet
—1.00 to 1.00 Near normal
—1.49 to —1.00 Moderate dry
—-1.99 to —1.50 Severe dry
<=2 Extremely dry

The severity and intensity were generated based on the following equations:

Duration
S= ) SPEL (6)
i=1
Severity
— J 7
Duration @

3.2. Mann—Kendall (MK) and Sen’s Slope Estimator
3.2.1. Mann-Kendall Test

The MK test is a non-parametric statistical test widely used in hydrological and
climatological studies to identify trends in time series. The trend analysis method that had
been recommended by the World Meteorological Organization (WMO) has been applied
in several studies that characterized drought and assessed climate variability all over
the world [44,45]. In this research, the MK statistical test was employed to indicate an
increasing or decreasing trend in the SPEI time series for the study period in all stations.

3.2.2. Sen’s Slope Estimator Test

Sen’s estimator [46] estimates the magnitude of the trend within SPEI values. In the
case of a linear trend in a time series, the exact Sen’s slope is computed using the Theil-Sen
slope, which is the alternative to linear regression and is used in conjunction with the MK
test [46,47]. Sen’s slope of all data sample pairs is given as follows:

Rll - RU

T ®
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wherei = 1,2,3,4,....N, and R, and R, are data values at time u and v, respectively
(u > v). The N values’ median of Y; is represented as Sen’s slope estimator test, estimated
at a confidence interval of 95%), which is demonstrated as follows:

Yn41, in case N is odd
Ymedlan : (9)

1 (Yu 4 Yy, Nis even)
2 2

The Y,edian is calculated by a two-sided test at the confidence interval of 95% and the
real slope can be obtained by no parametric test. A negative value of Yj;4i,, demonstrates
a decreasing trend and a positive value of Y},.4i,, indicates an increasing trend in the
time series.

4. Results and Discussion
4.1. Assessment of Drought Characteristics on Annual and Seasonal Scales with SPEI Time Series

In this paper, the assessment of annual and seasonal analysis of drought characteristics
was done by using the SPEI index at various timescales. The SPEI index delivered from
seven meteorological stations revealed the occurrence of agricultural and hydrological
drought incidents throughout the study period. The analysis of SPEI-2, -6 and -24 re-
sults across Burundi illustrated that severe dryness conditions began in the 1990 decade
(Figure 5A,B). Since most of the cultivated crops in Burundi need two to six months to
develop, the SPEI-2 and SPEI-6 results make it possible to clearly detect drought events
that threatened Burundi and caused a reduction in agricultural production and the loss
of livestock, especially in the northern and eastern parts of Burundi, where about 90%
of the population lives in rural areas involved in agropastoral works to earn sustenance.
With SPEI-24, it can be recognized that Burundi had been stricken by hydrological drought,
and the years 1993, 1995, 1996, 1998-2001, 2004, 2005, 2006, 2009, and 2016 were recorded
as dry periods. The drought events that occurred during the 2001-2010 decade resulted
in groundwater reduction and depletion of lakes and rivers. This hydrological scarcity
affected the hydropower stations across Burundi, especially the hydropower stations of
Rwegura and Kavuruga located in the northern part of Burundi. As result, Burundi’s
economy collapsed and joblessness spread because most activities requiring electricity
were paralyzed.

Muyinga Kirundo

2 2

1 i o1 f

5 W =] &

2 # - E

3 %

; {3 -

1 < 1

o 1z 0 WA“ 5

il ! f 1% 2

-2 | iy w

2 ] 15

[ 1< 1 - ;

I B 0s &

=l 1£.0s £

2 | it £

-3 | -15 w

1981 1990 2000 2010 2020 198 1990 2000 2010 2020

Cankuzo Musasa

2 2

1 i S o

04 |4 o o]

1 LU | &, &

3 : 2

2 2

1 Ll e 2 o

o] b, : x5 M YW‘ °

; “*“v"*‘w*w*!ﬁ*“f"v“'k X ll"f‘l' A :

2 “ ay %

2

: 1

1 & %

0 LA.A‘ ,.h,l l_,"_ & 0 ."r‘w"'v“v““ Y :

i 'I " [ o
v a2

T 2 i ©w

1981 1990 2000 2010 2020 1981 1990 2000 2010 2020

z

Figure 5. Cont.



Water 2022, 14, 2511

90f19

Gitega Gisozi

3
2 2 .
1] ) f ] il H &
o E 0 1 E
i ! PER I U L (LE
2 -2 | E‘,‘,
2 f ] 2 !
1 i |
i LL?“*‘“['!"‘T* W 2 yl“r“‘-“' 'Lmu‘“«‘w“‘vlv“njlr 5
A1) & ]
2 | 1 “ 5 f &
-3 i i
2 2
1 o i =
D @ 0 S
-1 B i T z
-2 2 w

Bujumbura

ML e

1981 1990 2000 2010 2020 1981 1990 2000 2010 2020

SPEI-2

SPEI- 6

1
1
[
1
2
2 |
1 i
0
1
2
2
1
0
1

SPEI- 24

(B)

Figure 5. SPEI values illustration of dry (in red) and wet (in blue) conditions in Burundi. (A) The
northern, eastern, and southeastern parts; (B) the central western parts.

Figure 6 shows the frequency of drought during the last two decades of the 20th
century and during the first two decades of the 21st century in Burundi, which is highly
vulnerable to climate change-related events such as droughts, floods, landslides, and soil
erosion [48]. It can be clearly seen from the stations of Kirundo, Cankuzo, Musasa, and
Gitega that droughts have been intensifying since the beginning of the 21st century relative
to before based on SPEI-2, -6, and -24 month timescale values and in the stations of Muyinga
and Gisozi based on the SPEI-24 month timescale values. On the other hand, in the station
of Bujumbura, SPEI-2, -6, and -24 month timescales values demonstrated that droughts
have frequently occurred during the last two decades of the 20th century. Therefore, during
the first two decades of the 21st century climate change resulted in more drought events
in the northern, eastern, southeastern, and central parts of Burundi and in more flood
intensity in the western part.

Under SPEI-2 Under SPEL-6 Under SPEI-24
90 90
- %0 4 - 80 4 -
I 2vh Ceniury I 20th Century I 20th Century|
T 2181 Century 704 [ 215t Century 70 [ 215t Century

Figure 6. The frequency of droughts at meteorological stations. The blue and grey bar charts
respectively represent the frequency of droughts before the 21st century and during the 21st century.

Drought Frequency of Seasonal SPEI Historical Values

In the region where rainfed agriculture is the main source of food, it is vital to assess
seasonal drought frequencies. As Figure 5A,B shows, the SPEI values demonstrated that
drought frequently occurred in Burundi during all seasons and more drought events
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were detected during the short rain season, which runs from September to December as
shown in Figure 7. The drought incidents that occurred during the two rainy seasons
had a greater impact on the agricultural production since these two are the main growing
seasons in Burundi. As a result, there were food shortage and losses of life and socio-
economic activities. For instance, according to the Food Security and Nutrition Working
Group (FSNGW), in 2010, nearly 178,550 people required humanitarian emergency aid in
the northern and eastern parts of Burundi and reported that in Burundi approximately

100,000 people are victims of drought catastrophes every year [49].
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Muyinga, Kirundo, Cankuzo, Musasa, Gitega, Gisozi, and Bujumbura stations.




Water 2022, 14, 2511

11 of 19

4.2. Drought Characteristics Analysis

This study characterized and analyzed drought duration, severity and intensity by
utilizing SPEI values generated at 2-, 6- and 24-month timescales in seven meteorological
stations across Burundi. The SPEI-2 and -6 month data were used to characterize and
quantify drought incidents that impacted the rain feed agriculture due to the precipitation
deficit during the two major rainy seasons over the study domain. The results indicate
that all categories of drought had frequently occurred, and that the extremely dry month
of July 2000 was detected under SPEI-6 with a negative peak of —3.05 in Gitega station.
Additionally, February 1999 was an extremely dry month detected under SPEI-6 with a
negative peak of —2.66 in Gisozi station, all in the center of Burundi. However, under
SPEI-24 in Muyinga, the year 2000 was extreme dry year, with all months from January
to December characterized by a negative peak of less than —2, and the longest drought
incident was registered under SPEI-24 in Bujumbura station in the western part of Bu-
rundi, which stayed from February 1994 to February 1999. These findings highlight that
hydrological drought resulted in rivers and dams depleting, especially in the northern and
eastern parts of Burundi. Table 3 indicates that drought duration, severity, and intensity
had augmented since 1993.

Table 3. The longest drought incidents recorded and their categories of dryness based on the intensity
during the study period for each meteorological station.

Station Timescale Year Duration Severity Intensity Months Category
1981 3 —4.25 —1.42 October-December Moderate dry
1982 3 —4.67 —1.56 August-October Severely dry
1984 3 —4.67 —1.56 January-March Severely dry
SPEL2 1998-1999 4 —8.11 —2.03 October—January Extremely dry
2000 5 -7.30 —1.46 April-August Moderate dry
2005 3 —4.20 —1.40 October-December Moderate dry
1982 3 —5.40 —1.80 February-April Severely dry
1983-1984 9 —14.33 —1.60 November—July Severely dry
Muyinga 1996 4 —4.57 -1.14 May-August Moderate dry
1998-1999 15 —25.40 —1.70 August-October Severely dry
SPEI-6 2000 7 —11.70 —1.67 April-October Severely dry
2005-2006 6 —8.00 -1.33 October-March Moderate dry
2010 5 —6.71 —1.34 August-December Moderate dry
2014 4 —5.20 -1.30 May-August Moderate dry
20162017 12 —16.06 —1.34 May-April Moderate dry
1999-2001 23 —48.21 —2.10 November—September Extremely dry
SPEI-24 2005-2007 18 —27.33 —-1.52 December—May Severely dry
2017 7 —9.34 —1.33 June-December Moderate dry
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Table 3. Cont.

Station Timescale Year Duration Severity Intensity Months Category

2007-2008 6 —8.51 —1.42 October-March Moderate dry
2010 6 -8.13 —1.35 July-December Moderate dry

2011 4 —5.00 —1.25 June-September Moderate dry
SPEL2 2013 4 —5.61 —1.40 June-September Moderate dry
2014 4 —5.47 -1.37 May-August Moderate dry
2015 4 —5.43 —1.36 July—October Moderate dry

2016 5 —7.67 —1.53 June-October Severely dry

2020 4 —6.00 —1.50 April-July Severely dry
2008 5 -7.27 —1.45 January-May Moderate dry

Kirundo 2009 4 —522 —1.30 February-May Moderate dry
2010-2011 16 —22.10 —1.38 August-November Moderate dry

2012-2013 5 —5.85 -1.17 October-February Moderate dry
SPEL-6 2013 7 —8.40 —1.20 June-December Moderate dry
2014 4 —5.60 —1.40 June-September Moderate dry
2015-2016 9 —11.01 —1.22 June-February Moderate dry
2016-2017 19 —25.68 —1.35 June-December Moderate dry

2009-2010 9 —9.72 -1.08 May-January Moderate dry
SPEI-24 2010-2014 52 —62.72 -1.21 July-October Moderate dry
20162018 24 —32.26 —-1.34 September—August Moderate dry

2000 7 —11.00 —1.57 April-October Severely dry

2002 4 —6.24 —1.56 July—October Severely dry
SPEI-2 2003 4 —4.46 —-1.12 July-October Moderate dry

2005 6 —10.40 -1.73 July-December Severely dry
2008 3 —4.80 -1.20 Ape-June Moderate dry

1999 7 —13.21 —1.90 January-July Severely dry

Cankuzo 2000 11 —18.04 —1.64 February-December Severely dry
2004 4 —5.60 —1.40 May-August Moderate dry

SPEL6 2005-2006 15 —24.40 —1.63 February-April Severe dry

2009 4 —5.33 —1.33 January-April Moderate dry

2011 5 —7.10 —1.42 January-May Moderate dry

1999-2002 28 —44.16 —1.60 December—March Severely dry

SPEI-24 2004-2007 33 —52.00 —1.60 May-January Severely dry
2008-2010 17 —21.30 -1.26 November-March Moderate dry
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Station Timescale Year Duration Severity Intensity Months Category
1981 3 —4.43 —1.47 October-December Moderate dry
1983 3 —4.07 —1.36 October-December Moderate dry
1986 3 —4.36 —1.45 August-October Moderate dry
1933 4 —6.55 —1.64 September—December Severely dry
2000 4 —5.45 -1.11 May-August Moderate dry
SPEL2 2011 3 —4.00 -1.33 April-June Moderate dry
2013 3 —4.32 —1.44 February-April Moderate dry
2014 3 —4.21 —1.40 February-April Moderate dry
2015 4 —5.35 —1.34 January-April Moderate dry
2015-2016 5 —8.53 -1.70 December—April Severely dry
2019 3 —4.48 —1.50 February-April Severely dry
2020 3 —4.16 —1.38 February-April Moderate dry
1981-1982 3 —4.67 —1.56 November—January Severely dry
1983-1984 4 —6.57 —1.64 November—February Severely dry
Musasa 1990 3 -3.31 -1.10 October-December Moderate dry
1993-1994 5 —9.72 —-1.94 October-February Severely dry
1995 3 -3.70 -1.23 September—November Moderate dry
SPEL6 2005 6 —8.56 —1.43 April-September Moderate dry
2012 3 —4.47 —1.50 March-May Severely dry
2013 3 —3.78 —1.26 May-July Moderate dry
2015 4 —5.12 —1.28 March-June Moderate dry
2016 6 —11.76 —1.96 February-July Severely dry
2019 5 —6.87 -1.37 February—-June Moderate dry
2020 4 —5.05 —1.26 March-June Moderate dry
1993-1994 13 —17.74 —1,36 October-October Moderate dry
2000 10 —15.06 —151 March-December Severely dry
2004 5 —6.30 —1.26 March-July Moderate dry
SPEI-24 2005-2006 21 —30.34 —1.44 March-November Moderate dry
2009 8 —9.78 —-1.22 January-August Moderate dry
2011-2012 9 -17.21 -191 November—July Severely dry
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Station Timescale Year Duration Severity Intensity Months Category
1986 3 —5.00 -1.70 August-October Severely dry
1993 3 —6.35 —2.12 September—November Extremely dry
1998 3 —6.36 —2.12 October-December Extremely dry
SPEL2 2000 8 —13.47 —1.68 January-August Severely dry
2002 3 —6.00 —2.00 June-August Extremely dry
2004 3 —5.24 —1.75 May-July Severely dry
2005 4 —5.23 -1.30 January-April Moderate dry
2012 3 —4.72 -1.57 January-March Severely dry
1993-1994 6 —10.78 —1.80 September—February Severely dry
1998 -1999 7 —13.25 —1.90 October—April Severely dry
2000 8 —-17.72 —2.22 February-September Extremely dry
Gitega SPEI-6 2003 4 —5.86 —1.46 May-August Moderate dry
2005 8 —12.20 —1.53 March-October Severely dry
2012 4 —5.72 —1.43 March-June Moderate dry
2019 5 —7.61 -1.52 January-May Severely dry
1993 3 —4.12 -1.37 October~ December Moderate dry
1994 4 —4.20 —1.05 March-June Moderate dry
1994-1995 7 —8.30 -1.18 October—April Moderate dry
2000 11 —23.28 —2.12 January-November Extremely dry
SPEI-24 2003 5 —6.22 —1.24 August-December Moderate dry
2004 5 —5.50 —1.10 March-July Moderate dry
2004-2006 20 —25.61 —1.28 November—June Moderate dry
2012 6 —7.12 -1.18 February-July Moderate dry
2018-2019 10 —12.54 -1.25 October—July Moderate dry
1992 3 —4.18 —1.40 April-June Moderate dry
1993 4 —5.41 -1.35 September—December Moderate dry
1998 ~1999 4 —7.70 —-1.92 October-January Severely dry
SPEL2 2000 9 —16.00 -1.77 February-December Severely dry
2005 2 —4.12 —2.06 March-April Extremely dry
2019 3 —5.17 -1.72 April-June Severely dry
1982 3 —5.67 —1.42 January-March Moderate dry
1992 4 —5.92 —1.48 May-August Moderate dry
1993-1994 13 —17.84 -1.37 March-February Moderate dry
Gisozi SPEL-6 1998-1999 6 —12.78 —213 November—April Extremely dry
2000-2001 13 —25.26 —1.94 March-March Severely dry
2005 5 —6.80 —1.36 March-July Moderate dry
2019 5 —7.42 —1.48 April-August Moderate dry
1993-1995 26 —39.27 —1.51 September—October Severely dry
2000-2002 26 —44. 05 —1.69 February-March Severely dry
SPEI-24 2005-2006 14 —18.60 -1.33 March-April Moderate dry
2018 8 —10.07 —1.25 February-September Moderate dry
2019 4 —4.76 -1.19 April-July Moderate dry
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Station Timescale Year Duration Severity Intensity Months Category
1995-1996 6 —10.00 —1.66 August-January Moderate dry
1997 4 —8.00 —2.00 January-April Extremely dry
SPEI-2 2000 2 —4.04 —2.04 May-June Extremely dry
2004 3 —5.28 -1.76 June-August Moderate dry
2016 3 —4.50 —1.50 October-December Moderate dry
1993 4 —5.89 —1.47 September—December Moderate dry
1994 4 —5.12 —1.28 February-May Moderate dry
1995-1996 8 —12.06 —151 October-May Severely dry
Bujumbura 1997 9 —16.87 —1.87 January-September Severely dry
SPEI-6 1999 6 —9.00 —1.50 January-June Severely dry
2000 5 -9.01 —1.80 June-October Severely dry
2003 5 —5.62 -1.12 April-August Moderate dry
2004 9 —11.73 —1.30 February-November Moderate dry
2016-2017 8 -11.71 —1.46 October-May Moderate dry
1994-1999 60 —90.34 —1.50 February-February Severely dry
SPEI-24 2003-2004 14 —19.83 —1.42 November-December Moderate dry
2017 12 —13.61 -1.13 January-December Moderate dry
4.3. Trend Analysis of Annual Drought with SPEI Time Series
The Mann-Kendall test and Sen’s slope estimator were employed to detect trends of
SPEI values at 2, 6, and 24 months in Burundi. The trend analysis was done on annual
time scales to recognize the regions characterized by decreasing or increasing trends. The
results of MK trend analysis given in Table 4 reveal that regions with a significant increasing
trend were prone to drought and have been hit by recurrent drought incidents. In almost
all regions considered in this study, SPEI values on a 24-month timescale indicate that
hydrological drought had more severely occurred, especially in Kirundo and Cankuzo in the
northern and eastern parts of Burundi, respectively. These findings have a correspondence
with those of a previous study conducted by Nkunzimana et al. [50] to assess drought
events and their trend across Burundi using the SPI index.
Table 4. The results of the Mann-Kendall (MK) trend test and Sen’s slope for SPEI index values at 2,
6, and 24 month timescales. * significant and ** highly significant.
. ) Z-Value Sen’s Slope
Regions Stations SPEI-2 SPEI-6 SPEI-24 SPEI-2 SPEI-6 SPEI-24
North Muyinga 1.86* 0.28 1.53 0.00 0.00 0.00
Kirundo —13.75 ** —15.86 ** —17.29 ** 0.00 0.00 0.00
East Cankuzo —2.74 % —3.73 ** —6.16 ** 0.00 0.00 0.00
South East Musasa —0.06 -1.79 —3.81 ** 0.00 0.00 0.00
Center Gi'tega} —-1.14 —3.43 ** —5.92 ** 0.00 0.00 0.00
Gisozi 1.21 0.93 2.75** 0.00 0.00 0.00
Ouest Bujumbura 1.77 1.80 3.42 ** 0.00 0.00 0.00

4.4. The Analysis of Drought Characteristics and Their Categories

Drought properties such as duration, severity, and intensity were analyzed using
the SPEI index at different timescales in this work. The SPEI values were generated for
seven meteorological stations across Burundi from January 1981 to December 2020 for all
stations considered in this study at 2-, 6- and 24-month timescales to monitor droughts and
investigate their characteristics, whereby 2- and 6- represent agricultural drought based
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on the fact that most of the cultivated plants require 2 to 6 months to fully develop and
24- represents hydrological drought. The number of drought incidents in Burundi was
quantified during the study period in this work. In Muyinga, Kirundo, and Cankuzo
stations, SPEI-6 detected a greater number of drought events compared to SPEI-2 and SPEI-
24. Besides this, the drought months identified in the station of Kirundo were all classified
in moderate and severe categories for all timescales, where SPEI-2 and SPEI-6 captured
84 and 87 drought incidents, respectively, and SPEI-24 detected 83 drought incidents, all in
the moderate category. On the other hand, in the stations of Gitega, Gisozi, and Bujumbura,
the result revealed that SPEI-24 detected more drought incidents than SPEI-2 and SPEI-6.

Figure 8 shows the quantified drought months, and Figure 9 illustrates the categories
of the detected drought incidents. The results demonstrate that in most stations, at SPEI-2,
-6, and -24 month timescales, the detected drought incidents were more in moderate and
severe conditions, while the extreme dry incidents detected were fewer during the study
period. In the station of Bujumbura at the SPEI-24 month timescale and the station of
Kirundo at the SPEI-2, SPEI-6, and SPEI-24 month timescales, no extremely dry incident
had been registered.
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Figure 8. The number of drought events detected during the study period for each meteorological station.
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Figure 9. The number of moderate, severe, and extreme months detected under SPEI timescales of 2,
6, and 24 months, respectively, for each station.
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5. Conclusions

The characteristics of drought are indispensable in determining the severeness of
drought in a particular region. During the last four decades, Burundi has been facing the
recurrence of drought incidents, especially from 1990 to 2010. The assessment and the
analysis of drought characteristics such as duration, severity, and intensity was conducted
with the use of the SPEI index at various timescales with an indication of 2- and 6-month
timescales for agricultural drought and 24 months for hydrological drought, and seven
meteorological stations distributed across Burundi were utilized in this study. Additionally,
the Mann—Kendall (MK) trends test combined with Sen’s slope Estimator was employed to
detect trends of SPEI values. The results of the MK test illustrated that the frequency of
moderate, severe, and extreme drought incidents had increased during the study period,
especially in Kirundo, Cankuzo, and Gitega stations in the northern, eastern, and central
parts of Burundi, respectively. The SPEI index is a typical drought index that has the
ability to incorporate both precipitation and evapotranspiration, which are indispensable
factors for the estimation of crop development and evaluating water surplus or shortage.
Despite the ability of the SPEI index in the assessment of drought incident, it has not been
applied to study drought in Burundi. Therefore, SPEI was calculated at 2-, 6-, and 24-month
timescales in order to detect historical drought incidents and indicate their characteristics.
The results demonstrate that all classes of drought had threatened Burundi, and the years
1993, 1994, 1995, 1999, 2000, 2001, 2004, 2005, 2006, 2009, and 2016 were recorded as dry
years in Burundi. Proactive drought mitigation activities, climate change mitigation, and
water resources management policy are highly recommended to reduce drought risk and
its effect on both the population and the natural environment.
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