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Abstract

The occurrence of extreme rainfall events, associated mass movements, and flash floods especially during recent years motivated
the study on the spatiotemporal rainfall variability over Burundi. This study used data from distinct sources: surface observation
(1981-2010), Climatic Research Unit (CRU), Global Precipitation Climate Centre (GPCC) for the period 1960-2010, and
European Centre for Medium-Range Weather Forecasts (ECMWF) for the period 2001-2017. This study analyzed the main
features of rainfall over the study domain and demonstrated that extreme rainfall contributed to mass movements and flash flood
hazard that characterize some sections of the study domain. Analysis revealed a decrease of rainfall and number of rainy days,
supported by a generally decreasing trend for annual and seasonal rainfall. The short rains that occur during September—
December experienced significant variability than long rains that occur during March—May, especially from 1990s. The study
further identified the west, east, and north-east parts of Burundi to be more sensitive to extreme events than other sections of the
study domain. The analysis carried out the existence of high variability of rainfall which starts from 1985 with significant
decrease of rainfall from 1990. The occurrence of extreme rainfall during short rains has been attributed to wind circulation
anomaly due to influx of air mass from Congo basin, local topography, and local wind patterns. This study contributes to
understand the spatiotemporal rainfall variability, the relationship between extreme rainfall events, and its possible impact on
territory management and will help in forecasting and monitoring future extreme events over Burundi.
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Introduction

Climate extremes and extreme weather have been observed
since 1950 (Field et al. 2012) and have affected socioeconomic
activities of many countries including Burundi. In the study
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conducted under World Meteorological Organization (WMO)
projects, Lanza et al. (2005) reported that events with extreme-
ly high precipitation intensities affect all types of daily life
needs such as transportation, destruction of crops, and vegeta-
tion in many countries. Extreme rainfall events impact directly
both social, economic activities and territory management
(Mouri et al. 2011; Wu et al. 2015; Jena et al. 2014; Wu and
Huang (2015). Burundi is prone to frequent wet and dry con-
ditions and is highly vulnerable to those extreme weather
events since its economy relies on rain-fed agriculture
(Ngetich et al. 2014; Ongoma et al. 2015). Although change
in heavy or extreme rainfall has been documented by many
scientists (Lyon 2014; Meehl et al. 2000; Goswami et al. 2006;
Iwashima and Yamamoto 1993; Ozer and Mahamoud 2013;
Hastenrath et al. 2007), only few studies have been carried out
in Burundi. In East Africa, most of extreme rainfall events are
linked to El Nino-South Oscillation (ENSO) (Ogallo 1988;
Indeje et al. 2000). Owor et al. (2009) found out that change
of the intensity of precipitation is expected to be especially
pronounced in tropical regions as a result of the global
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warming. Precipitation is considered to be crucial hydromete-
orological indicator in Burundi with a large spatiotemporal
variability. During recent years, floods, mass movements, and
drought have become the most frequent disastrous extreme
events in Burundi.

In recent decades, Burundi has observed increase in fre-
quency and severity of droughts, torrential rainfall and devas-
tating floods, mass movements, destructive tropical storms,
among other extreme climate events. Some regions are more
sensible to floods and mass movements’ events while others
are affected by drought events. The western part of Burundi is
particularly prone and vulnerable to catastrophic events owing
to the area’s topography and geological components.
Destructive floods and landslides have become common in
the West especially in the metropolitan area of Bujumbura,
in the plateau of the center, and in the South-East lowlands
of Burundi whereas the Northern part is often affected by
drought which affects the health of the population and con-
straints some people to leave their families for other regions.
The floods of April 2009 have seriously impacted the west of
Burundi including Bujumbura International Airport. Houses
and many other basic infrastructures were destroyed; several
hectares of crops have been damaged. On the 6th January
2010, the Gyneco-Obstetric Emergency Center (CURGO) in
south of Bujumbura experienced devastating floods which
overflew and adversely damaged the hospital infrastructure
and equipment (Moeyersons and Philippe 2012). The north
of Burundi especially Kirundo and Muyinga Provinces are
prone to drought events and its consequences. From 2000,
many people have left the region towards different destina-
tions due to the famine occasioned by severe drought.

In 2014, Burundi registered many cases of floods and mass
movements especially in the western part where a historic
flash floods affected Bujumbura on 9th February and nearly
1200 homes collapsed, 20,230 people were left homeless, 77
deaths were reported, and 182 people injured (African
Development Bank (ADB) 2017).

Burundi has been experiencing extreme weather events in
the two past decades that affect the socio-economic develop-
ment sustainability of the country. Only few studies related to
an assessment of extreme weather events characteristics in or-
der to mitigate their impacts have been done. However, most of
the studies on extreme events are done globally over East
Africa, there is no specific case studied so far. It is needed to
understand the current and future patterns of the extreme weath-
er events for planning purposes that can consequently reduce
the loss of lives and destruction of properties over Burundi.

Understanding of the occurrence of extreme weather events,
especially in rainfall, is important for decision-making
(Easterling et al. 2000). In order to assess and understand ex-
treme events and related impacts, different approaches have
been used. Understanding the precipitation patterns during
MAM (long rains) and SOND (short rains) has become the
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preoccupation of scientists who conducted researches over
East Africa; however, there is no specific studies over
Burundi. In their study on extreme rainfall event over East
Africa, Ongoma et al. (2016) found that the number of days
that recorded heavy rainfall was decreasing; however, the num-
ber of heavy days seems to be increasing over Burundi during
last decades. The metropolitan area of Bujumbura is the most
affected by landslides, debris flow, and flash floods. According
to Easterling et al. (2000), the vulnerability to the extreme
events such as floods and storm in metropolitan areas is caused
by the increasing of population and infrastructure. Due to the
demographic pressure and the expansion of urban areas, the
vulnerability of some regions on mass movements and flash
floods is becoming very higher especially in the western part of
Burundi. Statistical analysis has shown that an accurate esti-
mate of frequency and distribution of events can significantly
be used in planning policy and management system design
(Goswami and Ramesh 2008). In his study on rainfall ex-
tremes, Koutsoyiannis (2004) found that the estimation of rain-
fall extremes is very important for major hydraulic structures.
Kevin et al. (2003) reported that the character of precipitation
depends not only on the nature of the storm but also on the
available moisture. In the same perspective to deepening un-
derstanding on extreme events, Endreny and Imbeah (2009),
Brunetti et al. (2001) and Trenberth et al. (2003a, b) observed
that analysis of daily rainfall series is important since it helps to
evaluate if changes in rainfall frequency are expected owing to
change in the number of days reporting heavy rain. The re-
search carried out by Omondi et al. (2014) over 10 countries of
the Great Horn of Africa (GHA) showed that the total precip-
itation in wet days greater than 1 mm was significantly de-
creasing. Through his research on framework of sustainable
management of Ntahangwa watershed, Sindayihebura (2012)
observed that the rise of flows culminating at the point of
flooding is more dangerous as the rainfall is more intense.
Previous studies showed that the main impacts of extreme
weather event such as floods and landslides are intensified by
the amount of water in the soil which is a result of interactions
between topography, soil properties, vegetation, water-routing
processes, depth of water table, and meteorological conditions
(Western and Bloschl 1999; Gomez-Plaza et al. 2001). The
recent report on climate risk management in Burundi indicated
that from 2010 to 2050, the extreme weather will be character-
ized either by rainier or drier periods (Sabushimike 2013).
According to local reports, it has been observed that more
cases of extreme rainfall occur during November—December in
Burundi. In the research carried out over East Africa, Manatsa
et al. (2014) found that the floods and drought events that often
occur during October—December are linked to the Mascarene
high zonal movement of the eastern ridge. However, the question
that comes to the mind is to know if the extreme events that have
recently increased over Burundi are linked to Mascarene High. In
consideration with the methods used to monitor and study
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extreme events, it has been demonstrated that the trend analysis is
very important to study extreme events over time. Gonzalez
Hidalgo et al. (2003) conducted a study over Valencia and
found that annual rainfall trends depend on local factors that
affect extreme events. Yang et al. (2018) discovered that some
meteorological factors can be associated to the influence of local
topography and a presence of the lake. In their study of rainfall
variability over East Africa, Ongoma and Chen (2017) found that
extreme rainfall generally occur during “short rains” period.
Understanding the variability of extreme rainfall and its relation-
ship with other climatic factors will allow planners to increase
their ability for planning and predict flood events (Lii et al. 2017).

This study attempts to analyze spatial and temporal distri-
bution of rainfall over Burundi, understand the variability and
rainfall anomalies, analyze extreme rainfall, and then check
whether there is any relation between the frequency of ex-
treme events and occurrence of mass movements or flash
floods. The outcome of this study provides useful information
for territory management especially urban planners. The cor-
rect use of the information helps to minimize loss of lives and
destruction of property and infrastructures.

In this study, the “Data and methodology” section gives a
description of the study area, data, and methodology, the
“Results and discussions” section demonstrates the results,
and the “Conclusions” section contains concluding remarks.

Data and methodology
Study area

Burundi is located in Africa and is one of the East African
Community countries. It lies between 2° 15'—4° 30" S and 28°
58'-30° 53" E (Fig. 1). Burundi straddles East and Central
Africa bordering the Lake Tanganyika to the southwest. It is
bounded on the north by Rwanda, on the east and south-east
by The United Republic of Tanzania, and on the west by the
Democratic Republic of Congo (DRC).

Located in East Africa, Burundi generally experiences bi-
modal patterns in a year (Ilunga et al. 2004; Manatsa et al.
2014; Ngarukiyimana et al. 2017; Ongoma and Chen 2017).

The climatology patterns are characterized by two wet sea-
sons including long rains (MAM) and short rains (SOND)
periods relatively separated by a long dry season (JJA) and a
short dry season (JF). That situation can be linked to the dou-
ble passage of the Inter-tropical Convergence Zone (ITCZ).
However, the variability of rainfall is particularly associated to
the variation of the topography. From the west to east, Burundi
distinguishes diverse and complex topographical features. The
lowlands is composed by series of plains of variable width
from the south to the north west of the country with elevation
in altitude that varies between 774 m (Lake Tanganyika rib)
and 1000 m above mean sea level (a.m.s.l). It is generally a

dry area with less than 1000 mm per year. The escarpments of
Mirwa located between lowlands and Congo-Nile ridge are
characterized by steep slopes and very narrow ridges with
altitude average between 1000 m and 2000 m (a.m.s.1).

It receives annual rainfall varying between 1000 mm and
1400 mm (MWELUP 2011). The Congo-Nile Ridge is the
asymmetrical and irregular ridge of Burundi topography and
defines the delimitation between the Congo and the Nile ba-
sins. It registers more than 1400 mm of annual rainfall and
characterized by a moderate temperate climate. The central
plateau is characterized by elevation range from 1350 m to
over 2000 m (a.m.s.]) in westward and southward. Annual
rainfall varies between 1200 mm and 1400 mm. The depres-
sion is composed by two regions. The eastern depression in-
cludes valleys of the rivers located between Tanzania and
Burundi (Malagarazi & Rumpungwe) while the depression
of north includes the basin of Bugesera which extends to
Rwanda and dominated by small lakes (Fig. 1). The annual
rainfall average of these depressions is relatively about
1000 mm. Considering the studies conducted on east
African climate variability, the inter-annual variability ob-
served over Burundi can be also associated to El Nifio South
Oscillation (ENSO) and Indian Ocean Dipole (IOD) as dem-
onstrated by researchers conducted over East Africa (Ogallo
1988; Indeje et al. 2000; Schreck and Semazzi 2004; Black
et al. 2003). The extreme rainfall that is mainly followed by
floods and drought events occurring in East Africa and in
Burundi in particular is attributed to El Nifio and La Nina
events (Ongoma et al. 2018).

Data

The study used multiple datasets from different sources in order
to analyze the rainfall variability and occurrence of extreme
events. It utilized daily rainfall from Bujumbura International
Airport (BIA) station covering a period of 51 years (1960—
2010) and monthly rainfall obtained from 16 synoptic stations
located in different parts of the study domain (Fig. 1 and
Table 1) running from 1981 to 2010. Those observational data
are provided by the Geographical Institute of Burundi
(IGEBU). The study utilized also gridded data from European
Centre for Medium-Range Weather Forecasts (ECMWF)
known as Era-Interim data with horizontal resolution of
0.5°x0.5° (Dee et al. 2011; Berrisford et al. 2011; Bauer
et al. 2011) for a period of 51 years running from 1960 to
2010. Monthly reanalysis data from Climate Research Unit
(CRU) rainfall datasets (Harris et al. 2013) and Global
Precipitation Climate Centre (GPCC) rainfall datasets
(Schneider et al. 2013) were also used in the study in order to
analyze the accuracy of observational data. The Era-Interim
data, GPCC, and CRU datasets are chosen because of their
performance in studying rainfall variability over East Africa
(Ngarukiyimana et al. 2017; Ongoma et al. 2015; Ogwang
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etal. 2015). All datasets were used to make global and detailed
analysis in order to fill the gaps that station data may contain.

Methodology

The study aimed at investigating the relationship between the
frequency of extreme rainfall and the occurrence of hazardous
events such as mass movements (landslides, mud flows, de-
bris flow, and shadow landslides) and flash floods. Series of
methodologies were adopted to achieve the objective of this
study.

Statistical methods

First of all, the study proceeded to evaluate the perfor-
mance of the reanalysis data from CRU, GPCC, and
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ECMWF with ground-based observational data. The cor-
relation was systematically calculated between two differ-
ent datasets using Speaman’s correlation. The Spearman
rank correlation coefficient was calculated with Eq. 1. The
correlation takes values within the range [— 1,1]:

¥, (observed—observed; ) (modely-modely

P 2

= — —
\/Z?:] (observed(i)—observed(i)) Z;’:lmodel(l)—model<i))

Where n is the observed times.

The statistical analysis was conducted with calculation of
the frequencies of rainy days, rainfall intensity, daily average,
monthly and annual rainfall, annual long-term average, etc.

The mean deviation was used to calculate the deviation of
monthly or annual average compared to annual long-term
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Table 1 Geographical

coordinates of synoptic weather No. Stationname Longitude Latitude  Altitude  Annual mean SOND mean MAM mean
stations used in the study with (E) S) (m) rainfall rainfall rainfall
information on annual, short rains
(SOND), and long rains (MAM) Gitega 29.92 —3.42 1645 1157.2 110.1 129.3
mean rainfall (mm) from 1981 to 2 Bujumbura 29.32 -332 783 773.7 72.8 89.4
2010 (BAI)
3  Bugarama 29.55 —3.30 2240 1522.1 156.5 183.4
4  Cankuzo 30.38 —3.28 1652 1188.4 118.4 130.4
5 Gisozi 29.68 —3.57 2097 1449.1 139.4 168.1
6  Imbo-SEM 29.35 —-3.18 820 735.8 72.9 98.7
7  Kinyinya 30.33 —3.65 1308 1092.3 100.0 140.2
8  Kirundo 30.12 —2.58 1449 1060.9 100.4 143.4
9  Makamba 29.82 —4.13 1450 1132.6 118.7 151.5
10 Mparambo 29.08 —2.83 887 914.0 88.3 122.1
11 Tora 29.57 -3.73 2160 1530.7 141.7 179.0
12 Musasa 30.10 —4.00 1260 1118.2 100.9 135.2
13 Muyinga 30.35 —2.85 1756 1101.6 106.6 137.5
14 Nyamuswaga 30.03 —2.88 1720 1210.7 125.8 158.6
15 Nyanza-Lac 29.62 —4.32 820 1159.7 116.2 145.0
16  Rwegura 29.52 -2.92 2302 1537.1 163.0 191.9

mean in order to see the trend variation in the series. The mean
deviation was computed using Eq. 2;

n J—
¥ |xi—x|
Md=5=L 2
- @
where Md is the mean deviation, X is the mean, and xi is the
rainfall amount.

The standard deviation (Eq. 3) was used to analyze how the
rainfall amount is spread from the mean. It was used to esti-
mate the standard rainfall which can generate either mass
movement or flash floods.

L (xi—)_c)z (3)

S =
n=1 5

The Eq. 4 was used to calculate the trend estimation to

study the tendency of the daily, monthly, or yearly rainfall
and rainy days.

Y, =X.B+e (4)

where Y, is an observed response and X, includes values of
daily, monthly, seasonal, or yearly rainfall. The partial regres-
sion coefficients in [ represent the marginal contributions of
individual predictors to the variation in Y, and is effective
when all of the other predictors are held fixed. The term e,is
a catch-all for differences between predicted rainfall and ob-
served values of Y.

The non-parametric Mann-Kendall (MK) statistic test
(Mann 1945; Kendall 1975) served to detect the trend in the
data over the time. A significant level of 5% was considered

and the trend was detected by using two hypothesis: Ho ex-
pressing absence of the trend and Ha expressing the existence
of a trend in the series. The Eq. 5 was used to calculate the
Mann-Kendall statistic:

n—=1 n
S=3% X sgn (x;—x;) (5)
i=1 j=i+1

Where x; and x; are sequential data values and 7 is the data
length of the time series.
The variance of S was calculated using Eq. 6:

n(n—1)(2n =15)

Var(S) = 13 (6)

The standardized anomaly was used to analyze different
anomalies in time series. It was obtained by dividing the
anomalies with the standard deviation as shown in Eq. 7.

) )
N2 (xx)?

where y is the standardized anomaly and (x;,—x) is the anomaly.

y:

Ensemble empirical mode decomposition

The study used also the EMD which is proposed as an adap-
tive time-frequency data analysis method (Huang et al. 1998).
Ensemble EMD (EEMD) is used as a self-adaptive data anal-
ysis methodology which is used to preprocess a rainfall data
series (Qi et al. 2016; Bi et al. 2010).

@ Springer
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Fig.2 Correlation coefficient of monthly gridded of three homogeneous rainfall zones over Burundi (left) with their annual rainfall cycle (right) based on
CRU and GPCC datasets for a period of 30 years (1981-2010). The selected regions are a center, b west, and ¢ east of Burundi

descending order by signal frequency. The last extracted
IMF is the lowest frequency component of the signal.
The specific steps of EEMD decomposition are the

The main objective of using EEMD method is to
process data with axial symmetry and decompose it into
a series of intrinsic mode functions (IMFs) in
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Fig. 3 Correlation coefficient of
monthly mean rainfall (a) and
seasonal rainfall ((short rains (b),
long rains (¢)) between CRU and
GPCC and the spatial correlation
coefficient (CRU and GPCC)
averaged in north and south of the
study domain
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white noise n,(f) added to original signal x(f) which is
given by Eq. 8:

xi(1) = x(1) + nil1) (8)

where x;(f) is the first signal after added to the white
noise.

In order to eliminate the effect of adding white noise man-
ually, the IMF components Cj(?) of the N-time EEMD decom-
position are summed and the mean is taken as the final IMF
component as given in the Eq. 9:

N
C) = % Ci(0) ©)
i=1
where C(?) represents the jth component obtained by subject-
ing the original signal to EEMD decomposition. The effect of
white noise on the analysis signal follows the statistical laws
below:

§=a/VN

where ¢ is the standard deviation which is the deviation of the
input signal from the corresponding IMF component recon-
struction result, @ is the magnitude of the Gaussian white noise

(10)

and in that case the amplitude of the noise remains constant. In
normal conditions, § takes to 0.2 and N takes 100 (Zhu et al.
2013).

Finally, the original signal x(¢) can be decomposed into Eq. 11:

X0 = 2 €0 +nl0) (1)

where 7,(?) is the trend term RES, which represents the overall
trend of the signal. Each component,C(#),Cx(?), ...,C,,1(?), respec-
tively, shows the original signal in different time scales on the
fluctuations of the original signal at different time scales, which
represents the oscillation period from small to large scales. At the
same time, EEMD can also carry out the significance test to give
the confidence of each IMF component.

Results and discussions
Seasonal and annual rainfall variability

This study utilized different methods to analyze the climatol-
ogy of Burundi. The Spearman rank correlation was applied to

@ Springer
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Fig. 4 Spatial distribution of

short rains (a) and long rains (b)
over Burundi based on station
data, CRU and GPCC for a period
of 1981 to 2010. The station data
are averaged over latitude 2° 15—
4° 30" S and longitude 28° 58—
30° 53’ E and reanalysis data are
averaged over latitude 2-5 S and
longitude 28.5-31.5 E
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reanalysis data and based station data to check their perfor-
mance. It was found that the gridded datasets from Climate
Research Unit (CRU) and Global Precipitation Climate Center
(GPCC) datasets both are in agreement with station data with
a correlation coefficient of 0.92 and 0.94 in center, 0.66 and
0.58 in west, 0.68 and 0.73 in east, 0.8 and 0.73 in north, and
0.79 in south for CRU and GPCC, respectively. Comparing
different zones of the study domain, it can be seen that the
ground-based observation data and reanalysis data have a
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correlation in the north, in the center, and in the south of
Burundi. Figure 2 shows the correlation between the datasets
used through three different stations which are Gitega in cen-
ter, Bujumbura in west, and Kinyinya in east.

It can be seen that both CRU and GPCC overestimate the
rainfall in the western part of Burundi but perform well in the
center and in the south over all seasons. However, in the
northern part, the two metrics are likely to underestimate the
amount of rainfall during MAM period and relatively
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Fig. 5 Comparison of annual mean rainfall cycle (mm) over Burundi
based on CRU and GPCC for 51 years (1960-2010) and station datasets
averaged for the period of 30 years (1981-2010)

overestimate short rains. In the eastern part, they have a con-
sistent performance during long dry season but overestimate
rainfall during MAM and SOND. With the same purpose,
ground-based data and Era-Interim data have been compared
and it was found that Era-Interim daily data performs well in
all regions and delivers consistent results when analyzing dai-
ly rainfall and climatology over Burundi.

The temporal correlation over seasonal and annual rainfall
is likely to underestimate the amount of rainfall over the
southern and eastern part of the study domain though the
spatial rainfall distribution exhibits a positive correlation
(Fig. 3). The northern zone exhibits a positive correlation for
both temporal and spatial correlations.

The ground-based observation rainfall data were interpo-
lated to grid using inverse distance weighted (IDW) interpo-
lation algorithm then compared to GPCC and CRU data re-
sult. According to the results shown in Fig. 4, it can be seen
that both ground-based observation and reanalysis data exhibit
that short rains (SOND) register less rainfall while the long
rains (MAM) period receives much rainfall. The statistical
analysis carried out that the short rains registered more cases
of irregularities especially from 1990s where it is observed
that the first rains start in late September or in October and
seriously affect crops’ production in the north and north-east
of the study domain. The spatial variation shows that the wet
zone covers mountainous region in westward and the neigh-
boring part of plateau while the north and north-east parts are
relatively dry regions (Fig. 4). In this case, GPCC dataset
seems to capture consistent information in studying long short
rains over the study domain.

Figure 5 shows the annual mean rainfall distribution over
51 years (1960-2010) for GPCC and CRU data with ground-
based observation data over 30 years (1981-2010). Annual
mean rainfall has been varying along the time. The rainfall
has significantly decreased especially during the last decades
accompanied with occurrence of unexpected extreme weather
events. Though the GPCC and CRU seem to overestimate the

annual mean rainfall from the year 2001, all the datasets used
reveal the continuous decrease of rainfall along the period of
study as shown in Fig. 5. The year 1993 is the driest year ever
registered with annual mean rainfall amount less than
885.1 mm. The western part of Burundi, one of the regions
which are vulnerable to extreme rainfall, registered a very
significant decrease for both rainy days and amount of rainfall
recorded according to data collected from Bujumbura
International Airport for the period 1960 to 2010.

The spatial distribution of annual monthly mean cycle
rainfall shows that from 1960 to 2010, the western low-
lands, eastern and northern depressions experienced less
rainfall (Fig. 6). However, comparing the results given by
reanalysis data, it is found that CRU (Fig. 6a) captured
well the rainfall amount over the study domain and is in
agreement with station data results (Fig. 6¢). The area
covering the high altitude of Burundi receives more rain-
fall amount along the study period. The spatiotemporal
distribution of annual monthly mean rainfall showed that
there is a very significant decrease of rainfall especially
from 1990s, the CRU data is more expressive and shows
the decline of rainfall. However, the GPCC data shows a
simple shift of rainfall on global level (Fig. 7c). The pe-
riod after 1990 registers a significant rainfall decrease in
most of the regions of the study area as shown by the
result from the comparison between the period 1960—
1990 and 1990-2010 using GPCC and CRU reanalysis
datasets (Fig. 7).

Inter-annual anomalies

In order to understand the rainfall variability over Burundi, a
linear regression method was used to examine the trend within
the station data to check whether there is increase or decrease
of rainfall over the period of study. First of all, we proceeded
by analyzing all the stations one by one, then analyzed stations
from homogeneous zones, and finally conducted regional and
global analysis. The analysis of homogeneous regions exhibits
a decreasing trend which means that the rainfall is decreasing
over the studied domain. Five of six homogeneous stations
selected have a statistically significant decreasing trend
(Fig. 8). For the period of study, Burundi registered more
cases of abnormal rainfall. Some stations have a relative de-
creasing trend while others exhibit a significant decreasing
trend. However, most of the stations observed define a de-
crease of rainfall amount except the southern part of Burundi
where the annual precipitation has increased (Fig. 8f), all other
regions register a rainfall deficit especially from 1990s.
Despite the frequency of extreme weather events in the
west of Burundi, the study finds a relative decrease trend in
west annual or seasonal mean rainfall (Fig. 8) while the moun-
tainous area including Congo-Nile ridge and its surrounding
exhibited a statically significant decreasing trend. Due to the
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Fig. 6 Annual monthly mean
rainfall (mm) over Burundi
obtained by CRU (a), GPCC (b),
and ground-based observation
data (c) averaged for the period
1981 to 2010
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Fig. 7 Spatial distribution of
monthly mean rainfall for the
period 19602000 in comparison
with monthly mean rainfall for
1990-2010 based on GPCC (a, ¢)
and CRU (b, d) datasets

28

lack of data for some months, some stations were omitted in
this study for accurate analysis. For most of the stations ana-
lyzed, it can be seen that there is a significant variability along
the 30 years especially during the two last decades. The year
1993 registered the lowest rainfall in all the stations. That
period is linked to the longest dry season that was prolonged
until the end of October or early November in northern and
eastern regions of Burundi.

During the period 1981-2010, the global annual mean anal-
ysis showed that for most of the stations, 1986, 1987, 1988,
2006, 1997, 1989, and 1982 are the wettest years, with annual
rainfall more than 1300 mm while 1993 is the driest year with
annual rainfall less than 1000 mm (Fig. 5). The western part of
Burundi is recorded to be the driest region with less than
800 mm of annual mean rainfall amount and the wettest region
covers mountainous area including its surrounding with more

a GPCC 1960-2010

€ GPCC 1990-2010

b CRU 1960-2010

d CRU 1990-2010

9 100 110 120 130 140 150

than 1500 mm of annual mean rainfall amount. The global
decrease of precipitation is associated with the drought period
which abnormally long in some areas that triggers the diminu-
tion of water resources as witnessed recently in the decline in
the water level of the hydroelectric power of Rwegura from
2005 to 2014. It has been observed that the period 1990-2005
experienced a significant decrease that correspond to the dim-
inution of water level of the Lake Tanganyika in the west and
the drought to the northern part of Burundi and neighboring
countries Rwanda and Tanzania (Ngarukiyimana et al. 2017,
Chang’a et al. 2017). In global view, the annual mean diminu-
tion of last decades can also be linked to the ENSO that af-
fected East Africa as well as Burundi (Ogallo 1988; Indeje
et al. 2000; Ogwang et al. 2015).

A seasonal standardized anomalies show that different re-
gions exhibit a consistent variability within the study period.
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Fig. 8 Trend analysis of six selected homogeneous zones over the study

mountainous zone, ¢ east, d west, e north, and f south

In Fig. 9, it can be seen that both long rains and short rains
prone to a high variability. However, it seems that the short
rains are highly varying compared to long rain (Fig. 9). That
situation can help to explain the occurrence of extreme events
such as drought in northern and eastern part of Burundi and
the occurrence of mass movements combined with flash
floods in the western part especially in the metropolitan area
of Bujumbura and its surrounding. The analysis of inter-
annual variability of the mean of SOND and MAM exhibits
a strong anomaly starting from 1990.

The study has carried out that some data stations can
hide the real anomaly signs while analyzing decrease or
increase of rainfall over time. To overcome that situation,
all the stations’ results are considered and compared to-
gether before averaging or making global analysis. It was
found that all the regions experienced high variability and
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domain for a period of 30 years. The selected regions are a center, b

decrease of short rains and long rains from 1990s. Most of
the country receive the first rain in September; however,
there is a decline of first rain especially in the north, east,
and west which effect crops production and cause the re-
petitive famine in the north of Burundi. The result analysis
shows that the west, the east, and the north of Burundi are
more affected by decrease of rainfall especially during first
cultural season (SOND). It has been found that although
some regions show a small trend increase or decrease with-
in the study period, other exhibit a very significant de-
crease and it has also been found that the stations with a
very significant decreasing trend are the ones that experi-
enced more extreme events. The stations located in north
experienced drought events while the west of Burundi ex-
perienced extreme rainfall cases accompanied by flash
floods, landslides, debris flow, etc.
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Fig. 9 Long rains and short rains a Center of Burundi
standardized anomalies over the
center (a), the west (b), and the 24
east (¢) of Burundi from 1981 to -
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Occurrence of extreme rainfall over the western part
of Burundi

In order to understand the frequency of extreme rainfall over
Burundi, the study analyzed the western part of Burundi
which prone to more cases of extreme rainfall compared with
other regions. Statistical analysis done with daily rainfall from
Bujumbura showed the decrease of daily rainfall.

Table 2 Daily rainfall frequencies from 1960 to 2010 at Bujumbura
International Airport station

Rainfall (mm) Frequency Percentage (%)
<5 16,214 87.76

[5-15] 1575 8.52
[15-30] 489 2.65

[30-60] 158 0.86

> 60 40 0.22

Total 18,476 100

=== MAM ®EE SOND

Table 2 shows that from 1960 to 2010, 87.77% of rainy
days registered a volume of rainfall less than 5 mm, rainy days
with a volume between 5 and 15 mm represent 8.53%, 2.6%
correspond to the rainy days whose volume is between 15 and
30 mm, rainfall between 30 and 60 mm represents 0.86%
whereas daily rainfall equal or greater than 60 mm represents
only 0.21%.

In the west of Burundi, the daily rainfall analysis has car-
ried out that two successive rainy days of more than 20 mm
can directly affect the stability of steep slopes and cause mass
movements. Among 4990 wet days observed during 51 years,
only 158 cases of heavy rains (30—60 mm) were recorded
(Table 2). The study defined the wet day as a daily rainfall
R>1 mm referring to the indices defined by Expert Team on
Climate Change Detection and Indices (ETCCDI). However,
this study considered a “very heavy rainfall” a daily rainfall
with the range of 30-60 mm and “extreme rainfall” a daily
rainfall equals or above 60 mm. The extreme rainfall repre-
sents the proportion of 0.22% (Table 2). From 1960 to 2010, 4
cases of rainfall greater than 100 mm were recorder (Table 3).
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Table 3 Periodicity of “extreme

rainfall” recorded at Bujumbura Year Date Rainfall Year Date Rainfall Year Date Rainfall
station from1960 to 2010
1961 5-Feb 67.8 1971 31-Jan 96.2 1991 18-Dec 61.7
9-Dec 84.2 1972 25-Feb 60 1998 7-Mar 60.7
10-Dec 70.6 1977 29-Apr 93 1999 29-Dec 712
27-Dec 92 1979 30-Nov 61.6 2000 16-Nov 77
1962 6-May 60 1980 4-Dec 68.6 2004 31-Mar 64.8
1965 7-Nov 77.9 18-Dec 60.3 2006 31-Dec 110
1966 23-Mar 95.8 1982 1-Dec 94.6 2007 13-Jan 63
1967 18-May 81.8 1984 9-Dec 60.4 2008 5-Feb 75.2
24-Nov 62.1 1986 8-Apr 88.1 4-Jun 79.8
1969 29-Jan 76.4 1989 16-Mar 64.4 2009 11-Nov 142
1970 6-Jan 63.7 6-Apr 60.6 22-Dec 121.7

Although the west of Burundi registers annual mean rainfall
less than 1000 mm (MRDTE 2007), it is known as one of the
regions which are more affected by heavy rainfall especially
during the two last decades. The study found that most of
extreme rainfall occur in November—December (Fig. 10).
The variation in precipitation can be related to changes in
various weather systems that affect the study domain especial-
ly during the short rains period. A changing weather system is
one of the main factors triggering mass movements and flash
floods affecting the western part of Burundi in general and the
city of Bujumbura in particular.

Figure 10 shows that more cases of extreme rainfall oc-
curred in November—December (55%), 30% occurred in
January—February that is linked to the period of short dry
season in Burundi MWELUP 2011), 25% occur during the
“long rains” period (MAM). However, only 1 extreme rainfall
event occurred in June which is normally the beginning of dry
season in Burundi. It has been recorded in 2008 which is
among the wettest years of the 2000th decade.

The year 2009 is known as a special year for the whole
period of study. It registered two extreme rainfall events with-
in a very short period (142 mm on November 11th and 121.7
on December 22th). The rainfall amount of 142 mm is the

I 60-100 mm

T T T T
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Fig. 10 Distribution of monthly frequencies of extreme rainfall from
1960 to 2010 as observed at Bujumbura International Airport

@ Springer

highest rainfall amount ever recorded in Burundi as shown
(Table 3).

Based on the results provided by Fig. 10, with the purpose
of understanding the cause of extreme rainfall over Burundi,
especially in the western part, the study utilized CRU and
GPCC datasets, to compare the spatial distribution of rainfall
amount of October, November, and December during the year
2009. Figure 11 shows October, November, and December
rainfall distribution based on CRU and GPCC. It is seen that
CRU shows that the region was wet during November which
in agreement with previous analysis and ground-based data
results.

The study found that although Bujumbura station did not
show a significant trend within 30 years of observation (1981—
2010), the result given by the analysis of 51 years (1960—
2010) showed a very significant decreasing trend of both rain-
fall and rainy days as shown by Fig. 12. It shows the temporal
distribution of annual precipitation in comparison with annual
monthly mean of rainy days. It carried out that there is a very
significant decrease of both rainfall and rainy days from
1990s. The two last decades are characterized by a very high
variability with either drought event or and flood events. The
number of rainy days has decreased significantly from 1990.
The period 1990 to 2010 is characterized by a very significant
decrease of the number of rainy days and the rainfall amount
especially in the western part of Burundi. It corresponds to the
period where Burundi registered more cases of drought events
in northern and eastern parts, landslides and floods in western
parts of Burundi. There is a very significant decrease of rain-
fall and rainy days especially from 1990 (Fig. 12). The 1990s
decade is the driest period over Burundi. Although some au-
thors confirm that the Great Horn of Africa (GHA) which
includes Burundi will likely experience an increase of rainfall
(Shongwe et al. 2011; Tierney et al. 2015), the trend (Fig. 12)
indicates a continuous decrease with more variability during
last decades. Those years are 1998 (883.5 mm), 2006
(1027.9 mm), and 2009 (1231.7 mm). The years 1995 and
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Fig. 11 Spatiotemporal
comparison of rainfall between
(a) October, (b) November, and
(¢) December 2009 based on
GPCC and (d) October, (e)
November, and (f) December 3S
2009 for CRU datasets over

Burundi

4s

d Oct. 2009 (CRU)

29E

20

1997 are the driest years of the period studied (Fig. 12). This
situation is linked to the climate variability that affected not
only Burundi but also the East Africa (Omondi et al. 2014;
Ogwang et al. 2014; Ongoma and Chen 2017).

Decreasing or increasing of rainy days is an important in-
dex in studying climate variability. The rainy days in
Bujumbura have decreased significantly compared to the av-
erage of the first 30 years (from 1960 to 1989). The average of
the rainy days from 1960 to 2010 is 140 days. The annual
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long-term mean of rainy days in 30 years is 153 days (from
1960 to 1989), while the average of rainy days from 1990 to
2010 is 121 days, thus a decrease of 32 days.

However, according to result analysis, there is no relation-
ship between the number of rainy days and the amount of
rainfall recorded. Some years registered more rainfall in few
days like 2009 in which the rainfall amount reached
1231.7 mm in only 100 days while others registered a very
low rainfall amount during many rainy days. It is for example

Fig. 12 Decreasing of annual 1600 T T T T 1
mean rainfall and annual monthly 1400 _
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the case of the year 1973 that registered more rainy days (155)
with less rainfall, 756 mm (Fig. 12).

Multi-time scale change of yearly rainfall

In order to understand the time scale change of yearly rainfall
and the frequency of extreme rainfall, the EEMD method was
applied to Bujumbura station data. The original rainfall data
was decomposed into a series of 4 IMFs. After adding white
noise to the data, signal-to-noise ratio and the number of sam-
ples of the original signal are 0.2 and 500. The result shows
that multi-time scale sequence of yearly rainfall is changing
along the studied period (Fig. 13). IMF1 reflects the same
result as the trend line of the time series represented in
Fig. 12 that corresponds to the period where occurred many
cases of extreme rainfall triggering landslides and flash floods
over Burundi especially in the west.

The extracted IMFs are shown in Fig. 14 which enables the
analysis of the oscillation signal and sequence variation along
the studied period.

0
X IMF component
-1r = 0.05 confidence level
ol — = =0.10 confidence level
K IMF3
w
~

23

-4
-~ - -
-S -
-6 1 Il Il Il Il
1 2 3 4 S 6 7

log,t

Fig. 14 Significance test of each IMF component signal of annual
rainfall, where E is the average normalized energy and ¢ is the averaged
period
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Combining Fig. 14 and Table 4, it can be seen that the inter-
annual scale given by IMF1 showed a scale change within a
period of 2.3 years with a correlation coefficient of 0.685 and
the covariance rate of 33.65%. The oscillation signal is high
during the period 1960-1962, 1988-1991, 1996-2002, and
2006-2010. IMF1 shows that more sequence variation has
increased during the last decades especially from 1996 which
is characterized by high amplitude. The period from 1965 to
1985 is quite stable.

IMF2 indicates that the variance contribution rate of the
5.9-year cycle is 21.36% with a correlation coefficient of
0.437. The amplitude is varying between 1961-1963 and
1996-2010 whereas during the period 1964-1992, the oscil-
lation signal is relatively constant.

Within a period of 9.6, IMF3 represents the variance con-
tribution rate 20.19% and shows a correlation coefficient of
0.493.

The IMF4 with a periodicity of 21.7 years shows a variance
contribution rate of 14.43% and a correlation coefficient of
0.447. The oscillation signal is characterized by a period of
weak amplitude from 1960 to 1975 and a period of large
amplitude corresponding to 1976-1993 and 1995-2010.

The RES shows a continuous decrease in the overall period
of time. RES carried out the same results as the linear trend

Table 4  Period, contribution rate, and correlation coefficient of IMF
components of the yearly rainfall sequence in the west of Burundi

IMF component  IMF1 IMF2 IMF3 IMF4 RES

Period/a 23 5.9 9.6 21.7

Variance 33.65 21.36 20.19 14.43 10.37
contribution
rate/%

Correlation 0.685 0.437 0.493 0.447 0.333
coefficient
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Fig. 15 Spatial distribution of
low clouds cover (LCC) averaged
on November 10th 2009 at 6 pm
(a), November 11th 2009 at

12 am (b), November 11th

2009 at 6 am (c¢), November 11th
2009 at 12 pm (d), November
11th 2009 at 6 pm (e), and
November 12th 2009 at 12 am (f)
based on Era-Interim reanalysis 48
datasets with a spatial resolution
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shown in Fig. 12 which depicts that the annual rainfall is
decreasing especially during the last decades.

The analysis of confidence test revealed that the significance
level is 0.05 or 0.10, respectively. After calculating the confi-
dence level, it was found that IMF1 corresponds to 0.05 which
is a genuine confidence level, thus 95% of confidence interval
(Fig. 14). IMF3 and IMF4 fall above 95% of confidence inter-
val. IMF2 is lower than 90% confidence interval; however, the
result given by IMF?2 is not significant. Only the results given
by IMF1, IMF3, and IMF4 are significant and served to ana-
lyze the oscillation signal during the studied period.

Influence of Congo basin and local factors
to the climate variability over Burundi

From recent research, some scientists confirmed that there is
an influence of moisture flux from Congo basin that affect
East Africa including Burundi. Otieno and Anyah (2013) used
velocity potential to measure the causes of precipitation
anomalies and found that Congo basin is projected to
generate flux moisture that may influence climate variability
of East Africa. In their study, Camberlin and Philippon (2002)
found that the west wind from Congo basin contribute to pre-
dict March—-May (MAM) rainfall in East Africa.

Based on the period of occurrence of extreme rainfall, this
study analyzed the dynamic of low clouds cover, daily mean

LCC on Nov. 10" at 6 pm 2009 LCC on Nov 11" at 12 am 2009 LCC on Nov. 11" at 6 am 2009
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rainfall, and zonal air mass circulation over the west of
Burundi before, during, and after November 11th 2009 date
where occurred the highest daily rainfall amount (Table 3).

The analysis results showed that from November 11th 2009
in very early morning, the air mass was flowing from Congo
basin towards Burundi and a cyclone is installed over the
region around 6 am in morning causing very a heavy rainfall.
Figure 15 shows the situation of low clouds cover over
Burundi and neighboring countries on November 10th
2009 at 6 am, on November 11th at 12 am, 6 am, 12 pm,
and 6 pm, and on November 12th at 12 am in 2009. It shall
be reminded that November 11th 2009 is the date known to be
the daily rainfall with a volume of precipitation ever recorded
in Burundi (142 mm). On that day from early morning at
12 am, the Congo basin was covered by low clouds with a
very high convergence as shown by Fig. 17.

It is carried out that there was a strong convergence over
Congo basin towards Burundi on November 11th 2009. The
west of Burundi was totally covered by low clouds from 6 am
to 12 pm which exactly correspond to the duration of the event
(Fig. 15c, d). From November 10th 2009, the daily precipita-
tion was too low below 5 mm. However, as shown by Fig. 16,
the daily mean rainfall was over 80 mm on November 11th
2009 at 12 pm according to Era-Interim data (Fig. 16c). This
result carried out Era-Interim data is in agreement with the
information provided by ground station data provided by
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Fig. 16 Spatial distribution of
daily mean rainfall averaged on
November 10th 2009 at 12 am
(a), November 10th 2009 at

12 pm (b), November 11th

2009 at 12 pm (¢), and November
12th 2009 at 12 am (d) based on
Era-Interim datasets with a spatial
resolution of 0.5° x 0.5°
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Bujumbura International Airport station. After 12 pm, the
west of Burundi was dominated by a strong anticyclonic wind
that sudden swept out the low clouds and the precipitation as
shown by (Fig. 15e, f, Fig. 16d, and Fig. 17d). The air mass
circulation over the region in preceding days showed that
Inter-tropical Convergence Zone (ITCZ) was over Congo ba-
sin. The observed circulation anomaly is amplified by the
local topography of the west of Burundi. The local circulation
combined with local topography and air mass from Congo
basin can generate a sudden convection that cause damage
in few hours.

Conclusions
The understanding of characteristics of rainfall and spatiotem-

poral distribution of extreme rainfall events in Burundi is key
to undertake response measures that enhance preparedness
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and early warning system in short and long term about occur-
rence of floods or mass movements in order to reduce the
risks. The climatology features, annual mean, monthly mean,
short rains, long rains, and daily rainfall analysis allowed to
investigate the variability and rainfall anomaly over Burundi
for a period of 30 years (1981-2010) for the whole country
and a period of 51 years (1960-2010) for the western part
which highly prone to landslides and flood events. In order
to study with accuracy the rainfall variability and extreme
events over the study domain, we used station data, Climate
Research Unit (CRU), Global Precipitation Climate Centre
(GPCC), and Era-Interim datasets. It has been found that
CRU and Era-Interim datasets have a good caption of ob-
served rainfall information than GPCC datasets. Their perfor-
mance was calculated with Spearman’s rank correlation. It
was found that CRU has a good performance when analyzing
monthly data whereas Era-Interim has good performance to
analyze daily rainfall. Different results analysis showed that
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Fig. 17 Zonal wind patterns on

Wind patterns on Nov. 11* at 6 am 2009

November 11th 2009 at 12 am
(a), November 11th 2009 at 6 am
(b), November 11th 2009 at

12 pm (¢), and November 11th
2009 at 6 pm (d) over Burundi
and surrounding regions based on
Era-Interim datasets with a spatial
resolution of 0.5° x 0.5°
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the rainfall is significantly decreasing especially in the west-
ern, eastern, and northern part of Burundi.

The analysis of annual, yearly monthly mean and monthly
rainfall showed that most of the regions have registered a high
variability and a significant decrease of rainfall amount except
the southern part which shows a relative increase of rainfall
within the last decades. The studied period showed the exis-
tence of rainfall anomaly in both short rains (SOND) and long
rains (MAM) especially from 1990s. The rainfall anomaly
also varies from one region to another. The western part reg-
istered a high variability characterized by a very significant
decreasing trend while the center has a relative decrease. The
analysis of daily rainfall allowed to extract information about
extreme cases that occurred within the studied period. It has
been found that heavy rains and extreme rainfall events over
the western part of Burundi mainly occur during November,
December, and January. Daily, monthly, seasonal, and annual
analysis showed a continuous decrease of rainfall. Mann-
Kendall trend test helped checking whether there exist a trend
in time series. EEMD served to make a deep analysis of rain-
fall variability and the method carried out a high rainfall var-
iability especially in 1990s.
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According to the results of our research, there is a rela-
tionship between extreme rainfall and meteorological
events that occurred over Burundi within the last decades.
The saturation of the soil during December increases the
vulnerability of some regions with steep slopes to mass
movements and causes flash floods in lowlands which the
extreme rainfall events mostly occur in November,
December, and relatively in January. 37.5% of extreme
rainfall occurred in December.

The rainy days analysis showed a continuous decrease
trend from 1990. It has been found that there is no relative
correlation between rainfall and the number of rainy days. We
demonstrated that the number of rainy days does not directly
influence the rainfall amount.

The sudden climate variability and occurrence of extreme
rainfall over Burundi result of the combination of air mass
from Congo basin, the topography, and the local circulation
were influenced by the presence of the Lake Tanganyika.
There is a permanent circulation anomaly over the Rift valley
between Burundi and Democratic Republic of Congo and the
anomaly becomes very influent during the short rains period
especially October—December.
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Annual mean or monthly mean analysis cannot show ex-
treme event. For better understand the relationship between
the frequency of extreme rainfall and the occurrence of ex-
treme events, the analysis of daily rainfall from different sta-
tions over Burundi should be analyzed in association with
gridded data. Although the Era-Interim daily data is found to
give a good caption of rainfall patterns, one ground-based data
is not enough to give more significant results. As physical
patterns vary from region to another, daily rainfall for each
station is necessary to validate reanalysis data which provide a
very good spatial caption. A good gridded data can help to
identify which area is susceptible either to mass movement or
to floods and then help in preparedness and prevention of
damage. Future studies should also focus on the circulation
patterns over Burundi during September—December in order
to understand why most of extreme cases occurs within that
period.

It is very important to understand the occurrence of ex-
treme events in order to assess its impact on livelihood and
on sustainable development of the communities. Policies that
are able to combine mass movements and flood risk manage-
ment with the intention of nature conservation, urban manage-
ment, and agricultural production are likely to offer the best
long-term solutions.

Acknowledgements This work was financially supported by the National
Natural Science Foundation of China (No. 41271410 and No. 41071253).
The authors would like to thank Nanjing University of Information
Science and Technology, Geographical Institute of Burundi (IGEBU),
Climate Research Unit (CRU), Global Precipitation Climate Centre
(GPCC), and European Centre for Medium-Range Weather Forecasts
(ECMWEFE) for providing the data used in this study. The authors express
their appreciation to the handling editor and anonymous reviewers for
their careful reviews and helpful remarks.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

References

African Development Bank (ABD) (2017) Proposal for the grant of us $
1,000,000 emergency aid to the victims of the flood in the town of
Bujumbura. Bujumbura. https://www.afdb.org/fileadmin/uploads/
afdb/Documents/Project-and-Operations/Burundi_Aide_d%E2%
80%99urgence aux_victimes des_inondations_de la ville de
Bujumbura.pdf. Accessed 21 May 2017

Bauer P, Bechtold P, Beljaars ACM, van de Berg L, Bidlot J, Bormann N,
Delsol C, Dragani R, Fuentes M, Geer AJ, Haimberger L, Healy SB,
Hersbach H, Holm EV, Isaksen L, Kallberg P, Kohler M, Matricardi
M, Mcnally AP, Monge-Sanz BM, Morcrette JJ, Park BK, Peubey
C, de Rosnay P, Tavolato C, Thépaut JN, Vitart F (2011) The ERA-
Interim reanalysis: configuration and performance of the data assim-
ilation system. Q J R Meteorol Soc 137:553—597. https://doi.org/10.
1002/qj.828

@ Springer

Berrisford P, Dee D, Poli P, Brugge R, Fielding K, Fuentes M, Kallberg P,
Kobayashi S, Uppala S, Simmons A (2011) The ERA-Interim ar-
chive, version 2.0. ERA report series. 1. Technical Report.
ECMWE.23

Bi SB, Xu Y, Qin ZN, Chen X, Wang BQ (2010) Study on climate
prediction method based on EMD and ensemble prediction tech-
nique. J Trop Meteorol 28(2):283-288

Black E, Slingo JM, Sperber KR (2003) An observational study of the
relationship between excessively strong short rains in coastal East
Africa and Indian Ocean SST. Mon Weather Rev 131:74-94. https://
doi.org/10.1175/1520-0493(2003)131\0074:AOSOTR[2.0.CO;2

Brunetti M, Maugeri M, Nanni T (2001) Changes in total precipitation,
rainy days and extreme events in northeastern Italy. Int J Climatol
21:861-871. https://doi.org/10.1002/joc.660

Camberlin P, Philippon N (2002) The East African March—-May rainy
season: associated atmospheric dynamics and predictability over
the 1968-97 period. J Clim 15:1002—1019. https://doi.org/10.
1175/1520-0442(2002)015<1002: TEAMMR>2.0.CO;2

Chang’a LB, Kijazi AL, Luhunga PM, Ng’ongolo HK, Mtongor HI
(2017) Spatial and temporal analysis of rainfall and temperature
extreme indices in Tanzania. Atmos Clim Sci 7(4):525-539.
https://doi.org/10.4236/acs.2017.74038

Dee DP, Uppala SM, Simmons AJ, Berrisford P, Poli P, Kobayashi S,
Andrae, U, Balmaseda MA, Balsamo G, Bauer P, Bechtold P,
Beljaars ACM, van de Berg L, Bidlot J, Bormann N, Delsol C,
Dragani R, Fuentes M, Geer AJ, Haimberger L, Healy SB,
Hersbach H, Holm EV, Isaksen L, Kallberg P, Kohler M,
Matricardi, M, Mcnally AP, Monge-Sanz BM, Morcrette JJ, Park
BK, Peubey C, de Rosnay P, Tavolato C, Thépaut JN, Vitart F
(2011) The ERA-Interim reanalysis: Configuration and performance
of the data assimilation system. QJR Meteorol Soc 137:553-597.
https://doi.org/10.1002/q;.828

Easterling DR, Evans JL, Groisman PY, Karl TR, Kunkel KE, Ambenje P
(2000) Observed variability and trends in extreme climate events: a
brief review. Bull Am Meteorol Soc 81(3):2417-2424

Endreny TA, Imbeah N (2009) Generating robust rainfall intensity-
duration-frequency estimates with short-record satellite data. J
Hydrol 371:182-191

Field CB, Barros V, Stocker TF, Qin D, Dokken DJ, Ebi KL, Mastrandrea
MD, Mach KJ, Plattner GK, Allen SK, Tignor M, Midgley PM
(2012) Managing the risks of extreme events and disasters to ad-
vance climate change adaptation—summary for policymakers, a
special report of working groups I and II of the intergovernmental
panel on climate change. World Meteorological Organization,
Geneva, p 24

Gomez-Plaza A, Martinez-Mena M, Albaladejo J, Castillo VM (2001)
Factors regulating spatial distribution of soil water content in small
semi-arid catchments. J Hydrol 253:1261-1277

Gonzalez Hidalgo JC, De Luis M, Raventos J, Sanchez JR (2003) Daily
rainfall trend in the Valencia Region of Spain. Theor Appl Climatol
75:117-130

Goswami P, Ramesh KV (2008) Extreme rainfall events: vulnerability
analysis for disaster management and observation system design.
Curr Sci 94(8):1037-1044

Goswami BN, Venugopal V, Sengupta D, Madhusoodanan MS, Xavier
PK (2006) Increasing trend of extreme rain events over India in a
warming environment. Science 314:1442-1445

Harris I, Jones PD, Osborn TJ, Lister DH (2013) Updated high-resolution
grids of monthly climatic observations-the CRU TS3.10 dataset. Int
J Climatol 34(3):623-642

Hastenrath S, Polzin D, Mutai C (2007) Diagnosing the 2005 drought in
equatorial East Africa. J Clim 20:4628-4637. https://doi.org/10.
1175/JCLI4238.1

Huang NE, Shen Z, Long SR, Wu ML, Shih HH, Zheng Q, Yen NC,
Tung CC, Liu HH (1998) The empirical mode decomposition and


https://www.afdb.org/fileadmin/uploads/afdb/Documents/Project-and-Operations/Burundi_Aide_d%E2%80%99urgence_aux_victimes_des_inondations_de_la_ville_de_Bujumbura.pdf
https://www.afdb.org/fileadmin/uploads/afdb/Documents/Project-and-Operations/Burundi_Aide_d%E2%80%99urgence_aux_victimes_des_inondations_de_la_ville_de_Bujumbura.pdf
https://www.afdb.org/fileadmin/uploads/afdb/Documents/Project-and-Operations/Burundi_Aide_d%E2%80%99urgence_aux_victimes_des_inondations_de_la_ville_de_Bujumbura.pdf
https://www.afdb.org/fileadmin/uploads/afdb/Documents/Project-and-Operations/Burundi_Aide_d%E2%80%99urgence_aux_victimes_des_inondations_de_la_ville_de_Bujumbura.pdf
https://doi.org/10.1002/qj.828
https://doi.org/10.1002/qj.828
https://doi.org/10.1002/joc.660
https://doi.org/10.1175/1520-0442(2002)015<1002:TEAMMR>2.0.CO;2
https://doi.org/10.1175/1520-0442(2002)015<1002:TEAMMR>2.0.CO;2
https://doi.org/10.4236/acs.2017.74038
https://doi.org/10.1002/qj.828
https://doi.org/10.1175/JCLI4238.1
https://doi.org/10.1175/JCLI4238.1

Arab J Geosci (2019) 12: 176

Page 21 of 22 176

Hilbert spectrum for nonlinear and non-stationary time series anal-
ysis. Proceed R Soc Math Phys Eng Sci 454(1971):903-995

Ilunga L, Muhire I, Mbaragijimana C (2004) Pluviometric seasons and
rainfall origin in Rwanda. Geo-Eco-Trop 28:61-68

Indeje M, Semazzi FHM, Ogallo LJ (2000) ENSO signals in East African
rainfall seasons. Int J Climatol 20:19-46. https://doi.org/10.1002/
(SICI)1097-0088(200001)20:1<19:AID-JOC449>3.0.CO;2-0

Iwashima T, Yamamoto R (1993) A statistical analysis of the extreme
events: Long-term trend of heavy daily precipitation. J Meteorol Soc
Jpn 71:637-640

Jena PP, Chatterjee C, Pradhan G, Mishra A (2014) Are recent frequent
high floods in Mahanadi basin in eastern India due to increase in
extreme rainfalls? J Hydrol 517:847-862

Kendall MG (1975) Rank correlation methods, 4th edn. Griffin, London

Kevin E, Trenberth, Aiguo D, Roy M (2003) Rasmussen, and David B
Parsons. The changing character of precipitation. Bull Am Meteorol
Soc 84(9):1205-1217

Koutsoyiannis D (2004) Statistics of extremes and estimation of extreme
rainfall: 1. Theoretical investigation / Statistiques de valeurs
extrémes et estimation de précipitations extrémes: 1. Recherche
théorique. Hydrol Sci J 49(4):590. https://doi.org/10.1623/hysj.49.
4.575.54430

Lanza L, Leroy M, Alexandro C, Stagi L, Wauben W (2005) World
Meteorological Organization: instruments and observing methods
report no. 84. WMO Laboratory Intercomparison of Rainfall
Intensity Gauges, p 139

Li MQ, Wu SJ, Chen JL, Chen CD, Wen ZF, Huang YY (2017) Changes
in extreme precipitation in the Yangtze River basin and its associa-
tion with global mean temperature and ENSO. Int J Climatol 38:
1989-2005. https://doi.org/10.1002/joc.5311

Lyon B (2014) Seasonal drought in the Greater Horn of Africa and its
recent increase during the March May long rains. J Climatol 27:
7953-7975. https://doi.org/10.1175/JCLI-D-13-00459.1

Manatsa D, Morioka Y, Behera KS, Matarira HC, Yamagata T (2014)
Impact of Mascarene high variability on the east African ‘short
rains’. Clim Dyn 42(5-6):1259-1274. https://doi.org/10.1007/
s00382-013-1848-z

Mann HB (1945) Nonparametric tests against trend. Econometrica 13:
245-259

Meehl GA, Karl T, Easterling DR, Changnon S, Pielke R Jr, Changnon D,
Evans J, Groisman PY, Knutson TR, Kunkel KE, Mearns LO,
Parmesan C, Pulwarty R, Root T, Sylves RT, Whetton P, Zwiers F
(2000) An introduction to trends in extreme weather and climate
events: observations, socioeconomic impacts, terrestrial ecological
impacts, and model projections. Bull Am Meteorol Soc 1 8:413-416.
https://doi.org/10.1175/1520-0477(2000)081<0413

Moeyersons L, Philippe T (2012) Protection of the CURGO-Kabezi-
Bujumbura site against hydrological risks in the Nyabage river ba-
sin: study of the formulation of a conservation operation.
Geomorphology Section, RMCA Tervuren, Belgium

Mouri G, Shiiba M, Hori T, Oki T (2011) Modeling shallow landslides
and river bed variation associated with extreme rainfall-runoff
events in a granitoid mountainous forested catchment in Japan.
Geomorphology 125(2):282-292

MRDTE (Ministry of Regional Development Tourism and Environment)
(2007) National Action Plan of Adaptation to climate change.
Bujumbura. http://protosh2o.act.be/VIRTUELE_ BIB/Water_in_
de Wereld/MIL-Milieu/W_MIL E13 Plan Burundi.pdf.
Accessed 12 May 2017

MWELUP (Ministry of Water, Environment, Land management and
Urban Planning) (2011) National strategy and action plan for soil
degradation control 2011-2016. Bujumbura. http://www.unccd.int/
ActionProgrammes/burundi-fre2005.pdf. Accessed 12 May 2017

Ngarukiyimana JP, Fu YF, Yang YJ, Ogwang A (2017) Dominant atmo-
spheric circulation patterns associated with abnormal rainfall events

over Rwanda, East Africa. Int J Climatol 38:187-202. https:/doi.
org/10.1002/joc.5169

Ngetich KF, Mucheru-Muna M, Mugwe JN, Shisanya CA, Diels J,
Mugendi DN (2014) Length of growing season, rainfall temporal
distribution, onset and cessation dates in the Kenyan highlands.
Agriculture and Forest Meteorology 188:24-32. https://doi.org/10.
1016/j.agrformet

Ogallo LJ (1988) Relationships between seasonal rainfall in East Africa
and the southern oscillation. J Climatol 8:31-43. https://doi.org/10.
1002/j0c.3370080104

Ogwang BA, Chen H, Li X, Gao C (2014) The influence of topography
on East African October to December climate: sensitivity experi-
ments with RegCM4. Adv Meteorol. https://doi.org/10.1155/2014/
143917

Ogwang BA, Chen H, Tan G, Ongoma V, Ntwali D (2015) Diagnosis of
East African climate and the circulation mechanisms associated with
extreme wet and dry events: a study based on RegCM4. Arab J
Geosci 8(12):10255-10265. https://doi.org/10.1007/s12517-015-
1949-6

Omondi PA, Awange JL, Forootan E, Ogallo LA, Barakiza R, Girmaw
GB, Fesseha I, Kululeter V, Kilembe C, Mbati MM, Kilavi M,
King’uyu SM, Omeny PA, Njogu A, Badr EM, Musa TA, Muchiri
P, Amanya D, Komutunga E (2014) Changes in temperature and
precipitation extremes over the Greater Horn of Africa region from
1961 to 2010. Int J Climatol 34:1262-1277

Ongoma V, Chen H (2017) Temporal and spatial variability of tempera-
ture and precipitation over East Africa from 1951 to 2010. Meteorog
Atmos Phys 129(2):131-144. https://doi.org/10.1007/s00703-016-
0462-0

Ongoma V, Guirong T, Ogwang BA, Ngarukiyimana JP (2015)
Diagnosis of seasonal rainfall variability over East Africa: a case
study of 2010-2011 drought over Kenya. Pak J Meteorol 11(22):
13-21

Ongoma V, Chen H, Omony GW (2016) Variability of extreme weather
events over the equatorial East Aftica, a case study of rainfall in
Kenya and Uganda. Theor Appl Climatol 131:295-308. https://
doi.org/10.1007/s00704-016-1973-9

Ongoma V, Chen H, Gao C, Nyongesa AM, Polong F (2018) Future
changes in climate extremes over Equatorial East Africa based on
CMIP5 multimodel ensemble. Nat Hazards 90:901-920. https:/doi.
org/10.1007/s11069-017-3079-9

Otieno VO, Anyah RO (2013) CMIP5 simulated climate conditions of
the Greater Horn of Africa (GHA). Part II. Projected climate. Clim
Dyn 41:2099-2113. https://doi.org/10.1007/s00382-013-1694-z

Owor M, Taylor RG, Tindimugaya C, Mwesigwa D (2009) Rainfall
intensity and groundwater recharge: empirical evidence from the
Upper Nile Basin. Environ Res Lett 4(3):035009

Ozer P, Mahamoud A (2013) Recent extreme precipitation and tempera-
ture changes in Djibouti City (1966-2011). J Clim ID928501.
https://doi.org/10.1155/2013/928501

Qi 0Y, Lu WX, Xin X, Yu Z, Cheng WG, Ting Y (2016) Monthly rainfall
forecasting using EEMD-SVR based on phase-space reconstruction.
Water Resour Manag 30:2311-2325

Sabushimike JM (2013) Interim Report on Climate Risk Management in
Burundi: identification, assessment and management of climate
risks in key sectors of national life in Burundi. Bujumbura, PNUD

Schneider U, Becker A, Finger P, Meyer-Christoffer A, Ziese M, Rudolf
B (2013) GPCC’s new land surface precipitation climatology based
on quality-controlled in situ data and its role in quantifying the
global water cycle. Theor Appl Climatol 115:15-40

Schreck CJ, Semazzi FHM (2004) Variability of the recent climate of
eastern Africa. Int J Climatol 24:681-701. https://doi.org/10.1002/
joc.1019

Shongwe ME, Van Oldenborgh GJ, Van den Hurk B, Van Aalst M (2011)
Projected changes in mean and extreme precipitation in Africa under

@ Springer


https://doi.org/10.1002/(SICI)1097-0088(200001)20:1<19:AID-JOC449>3.0.CO;2-0
https://doi.org/10.1002/(SICI)1097-0088(200001)20:1<19:AID-JOC449>3.0.CO;2-0
https://doi.org/10.1623/hysj.49.4.575.54430
https://doi.org/10.1623/hysj.49.4.575.54430
https://doi.org/10.1002/joc.5311
https://doi.org/10.1175/JCLI-D-13-00459.1
https://doi.org/10.1007/s00382-013-1848-z
https://doi.org/10.1007/s00382-013-1848-z
https://doi.org/10.1175/1520-0477(2000)081<0413
http://protosh2o.act.be/VIRTUELE_BIB/Water_in_de_Wereld/MIL-Milieu/W_MIL_E13_Plan_Burundi.pdf
http://protosh2o.act.be/VIRTUELE_BIB/Water_in_de_Wereld/MIL-Milieu/W_MIL_E13_Plan_Burundi.pdf
http://www.unccd.int/ActionProgrammes/burundi-fre2005.pdf
http://www.unccd.int/ActionProgrammes/burundi-fre2005.pdf
https://doi.org/10.1002/joc.5169
https://doi.org/10.1002/joc.5169
https://doi.org/10.1016/j.agrformet
https://doi.org/10.1016/j.agrformet
https://doi.org/10.1002/joc.3370080104
https://doi.org/10.1002/joc.3370080104
https://doi.org/10.1155/2014/143917
https://doi.org/10.1155/2014/143917
https://doi.org/10.1007/s12517-015-1949-6
https://doi.org/10.1007/s12517-015-1949-6
https://doi.org/10.1007/s00703-016-0462-0
https://doi.org/10.1007/s00703-016-0462-0
https://doi.org/10.1007/s00704-016-1973-9
https://doi.org/10.1007/s00704-016-1973-9
https://doi.org/10.1007/s11069-017-3079-9
https://doi.org/10.1007/s11069-017-3079-9
https://doi.org/10.1007/s00382-013-1694-z
https://doi.org/10.1155/2013/928501
https://doi.org/10.1002/joc.1019
https://doi.org/10.1002/joc.1019

176 Page 22 of 22

Arab J Geosci (2019) 12: 176

global warming. Part II: East Africa. J Clim 24:3718-3733. https://
doi.org/10.1175/2010JCLI2883.1

Sindayihebura B (2012) Qualitative and quantitative study for the control
of the risks linked to the flooding of Nyabage in Burundi in case of
exceptional rains. MSF, Bujumbura

Tierney JE, Ummenhofer CC, De Menocal PB (2015) Past and future
rainfall in the Horn of Africa. Sci Adv 1:¢1500682. https://doi.org/
10.1126/sciadv.1500682

Trenberth KE, Aiguo D, Roy M (2003a) Rasmussen, and David B
Parsons. The changing character of precipitation. Bull Am
Meteorol Soc 84(9):1205-1217

Trenberth KE, Dai A, Rasmussen RM, Parsons DB (2003b) The chang-
ing character of precipitation. Bull Am Meteorol Soc 84:1205—
1217. https://doi.org/10.1175/BAMS-84-9-1205

Western AW, Bloschl G (1999) On the spatial scaling of soil moisture. J
Hydrol 217:203-224

@ Springer

Wu C, Huang G (2015) Changes in heavy precipitation and floods in the
upstream of the Beijiang River basin, South China. Int J Climatol
35(10):2978-2992

Wu 'Y, Lan HX, Gao X, Li LP, Yang ZH (2015) A simplified physically
based coupled rainfall threshold model for triggering landslides. Eng
Geol 195:63-69

Yang W, Guo X, Wang Y (2018) Observational evidence of the combined
influence of atmospheric circulations and local factors on near-
surface meteorology in Dagze Co basin, inner Tibetan Plateau. Int
J Climatol. https://doi.org/10.1002/joc.5316

Zhu NH, Bai XM, Dong WJ (2013) Harmonic detection method based on
EEMD. Proceed CSEE 33:92-98


https://doi.org/10.1175/2010JCLI2883.1
https://doi.org/10.1175/2010JCLI2883.1
https://doi.org/10.1126/sciadv.1500682
https://doi.org/10.1126/sciadv.1500682
https://doi.org/10.1175/BAMS-84-9-1205
https://doi.org/10.1002/joc.5316

	Spatiotemporal variation of rainfall and occurrence of extreme events over Burundi during 1960 to 2010
	Abstract
	Introduction
	Data and methodology
	Study area
	Data
	Methodology
	Statistical methods
	Ensemble empirical mode decomposition


	Results and discussions
	Seasonal and annual rainfall variability
	Inter-annual anomalies
	Occurrence of extreme rainfall over the western part of Burundi
	Multi-time scale change of yearly rainfall
	Influence of Congo basin and local factors to the climate variability over Burundi

	Conclusions
	References


