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ARTICLE INFO ABSTRACT

Keywords: Somalia is one of the most drought prone countries both in Africa and globally. Drought events usually develop
Somalia gradually unnoticed, causing tremendous effects on both agriculture and environment. This study evaluated the
Spatio-temporal spatio-temporal variations of drought occurrences in Somalia for the period between 1980 and 2015 as quan-
?;‘;‘ght tified by Standardized Precipitation Evapotranspiration Index (SPEI). The intensities, frequencies and trends of

drought occurrences were analyzed using SPEI for the multiple timescales of 1-, 3-, 6-, 12-, and 24-month. The
temporal variations in drought showed decreasing trends in severity and increasing trends in drought duration as
the SPEI timescales increases. The major drought event as identified by SPEI 12 occurred during the period
between May 2011 and January 2013 lasting for a period of 12 months with an intensity of —0.55. Furthermore,
drought count was generally high in the southern parts of Somalia and entire country had suffered droughts
ranging from moderately dry to severely dry conditions. An average drought duration of between 2 and 3 months
was recorded for most (81%) of the locations. The results of this study could be used to support the water re-
sources management, and to promote the realization of environmental protection and crop production in future.

1. Introduction

Drought has significant socioeconomic consequences globally, and
its management is difficult due to its variable occurrence (Bachmair
et al., 2016). It occurs in varying scales both in space and time globally
(Dai, 2011; Gebremeskel Haile et al., 2020). In most cases, its conse-
quences are felt when there is high water scarcity or when the provision
of water for agricultural and human use is not sustainable (Clark et al.,
2016). However, moderate droughts can as well have destructive effects
on the vegetation structure and function and could eventually cause
large scale changes to ecosystems (Ensham and Airfax, 2012). Droughts
occur naturally (Mukherjee et al., 2018), but can be accelerated by
human and climatic factors (Lott et al., 2013). Besides, climate change
has accelerated drought frequency and severity across the globe. Dry
lands are more susceptible to drought and since 41% of the global
landmass is covered by dry lands, the potential for drought to have
detrimental consequences is significant (Johnson and Mayrand, 2007).
Drought alone has been associated with more than 50% of the 22 million
deaths caused by natural disasters between 1900 and 2004 (Parry et al.,
2004). The World Bank directly attributed over 800,000 deaths world-
wide to the droughts which occurred between 1970 and 2017 (World
Bank, 2018). This report further noted that drought is also responsible
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for the largest drop in Gross Domestic Product (GDP) and it accelerates
conflict.

In Africa drought and desertification are key threats to sustainable
development (Nyong and Adesina, 2007). This is because two-thirds of
Africa is classified as deserts or drylands (12.933 million Km?) and is
highly susceptible to droughts and land degradation (UN Ecosoc, 2007).
Desertification is both a cause and a consequence of poverty and
resource depletion in Africa. This threatens economic growth, food se-
curity, and political stability in the region. In the Horn of Africa, drought
and its detrimental consequences on the environment and natural re-
sources continuously occur (Allen et al., 2010). This is due to changes in
the climatic patterns, increased human population, inadequate institu-
tional capacities, civil unrest and high poverty levels in the region
(Abdulkadir, 2017). The summer of 2011 produced one of the worst
droughts in the region, affecting Kenya, Somalia, Ethiopia, Eritrea and
Djibouti (Ghebrezgabher et al., 2016). This resulted in reduced annual
crop yields, high rates of animal mortality, and elevated food prices
(Fredriksen, 2016). While all of the East African countries were affected
by drought and the resulting declines in agricultural production, it was
in Somalia that the drought led to famine. Ten million people faced
severe food shortages with tens of thousands dying of malnutrition as a
result of the 2011 drought accompanied by warfare (Nicholson, 2014).
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Fig. 1. Study area.

The 2016-2017 drought had immense environmental impacts.
Approximately 68% of natural standing vegetation was lost during the
one-year drought period (or 113,282 km?), accounting for 18 percent of
the total national landmass. In general, this drought caused damages and
losses in the environment sector worth approximately USD 564.8
million (World Bank, 2018). The drought has also triggered excessive
extraction of natural resources due to diminishing conventional
livelihoods.

While there have been serious droughts in Somalia, the long-term
spatial and temporal evaluation of drought occurrences remain unex-
plored. This has resulted in poor preparedness and uninformed strate-
gies for drought management in the country. Many previous works on
drought incidences in Somalia have focused on crisis management,
(Maxwell and Fitzpatrick, 2012; Maystadt and Ecker, 2014; Ou and Hao,
2018), rather than evaluating the patterns of occurrence and regional
distribution of drought. Others have evaluated drought impacts on
forage availability (Vrieling et al., 2016) and drought risk mitigation in
urbanizing areas of East Africa (Kalantari et al., 2018). Previous efforts
to evaluate drought occurrences in Somalia have focused on specific
parts or states of the country rather than the whole country, largely due
to its spatial complexity. For example, Abdulkadir (2017) assessed the
occurrence of drought in the state of Somaliland. Another study by Said
et al. (2019) used a multi-index approach of meteorological drought
indices such as Deciles Drought Index (DDI), Percent of Normal Index
(PNI) and Standardized Precipitation Index (SPI) to investigate droughts
across the Puntland state. These two studies covered only two of the six
federal states in Somalia, and no known study has attempted to assess
the countrywide pattern of drought incidences. Besides, these studies
also made use of drought indices that do not capture the influence of
climate change on drought patterns. To this end, there is a need for a
critical investigation of long-term historical spatio-temporal patterns of
droughts over the entire Somalia. This involves analysis of drought in
terms of duration, frequency, severity, and intensity (Radmanesh Said
et al., 2019).

Long term historical spatial and temporal analysis of drought events
informs better drought impacts management planning and designing of
mitigation measures based on previous trends, thus improving pre-
paredness (Vicente-Serrano et al., 2012a,b). Understanding of the
spatial and temporal characteristics of drought can help in determining
vulnerability of water resources, vegetation and society to drought
(Touchan et al., 2008). It also enhances understanding of the nature of
drought under influence of climate change (Mishra and Singh, 2010).
This further improves drought risk reduction, reviewing of existing ef-
forts and designing of new measures to combat drought.

The use of remotely sensed data in assessment and monitoring of
drought have gained popularity in the recent past. This is due to the low
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cost and repetitive nature of data acquisition, synoptic view and high
reliability. A number of drought indices have been developed to this
effect. These include the palmer drought severity index (PDSI), stan-
dardized precipitation index (SPI) and the standardized precipitation
evapotranspiration index (SPEI). The PDSI is disadvantaged by the
strong influence of calibration period, challenges in spatial compara-
bility, and subjectivity in relating drought conditions to the index values
(Chen et al., 2018). Its other disadvantage is that it has a fixed time scale
and therefore cannot be used to assess types of droughts that occur at
different time scales. On the other hand, while SPI is easy to calculate
and operates over multiple time scales, it is based on monthly precipi-
tation data, ignoring the mechanisms by which droughts develop. SPEI
overcomes the disadvantages of both PDSI and SPI (Li et al., 2019). It is
based on precipitation and temperature and therefore combines the
sensitivity of the PDSI to changes in evaporation demand with the
simplicity of calculation and the multi-temporal nature of the SPI.

This study used SPEI to evaluate the distribution of drought and
drought characteristics in the whole of Somalia. Through this evalua-
tion, the study aimed at generating information on the trends of drought
occurrences over time and space which may be useful to both national
and local governments, and other organizations in Somalia. However,
the study was limited by the low security levels in Somalia that makes
the country largely inaccessible. This has complicated possibilities for
ground-truthing available information. Besides, the 1991 civil war in
Somalia led to the collapse of hydro-meteorological monitoring network
(Muchiri, 2007). The current stations established by Food and Agricul-
ture Organization Somalia Water and Land Information Management
(FAO SWALIM) from 2002 do not have uniform spatial distribution
throughout the country and therefore cannot be useful in computing
reference SPEL To overcome such limitations Global SPEI database was
selected as a source of data. Global SPEI database provides SPEI at a
uniform spatial resolution of 0.5° and is also easily accessible.

2. Methods
2.1. Study area

The study was done in Somalia, the eastern-most African country
covering a total area of 637,660 km? (Fig. 1). Its coastline is 3025 km in
length and is the longest in Africa (Alwesabi, 2012). Somalia has a
population of approximately 14.74 million people as estimated in July
2017 by the World Bank. Half of the population depends on pastoralism
which is dependent on the timings and amounts of rainfall (Alwesabi,
2012). However, in the past three decades, there has been dramatic
changes in the socio-economic aspects of pastoralism mainly as a result
of the recurring droughts which in turn negatively impact availability of
fodder, and thus adversely affecting livestock production.

Generally, hot weather is experienced throughout the year in So-
malia. It has an average annual daytime temperature of 27 °C. This is
among the world’s highest mean annual temperatures. Due to the cold
offshore currents, the coastal region is usually 5-10 °C cooler than the
inland areas (Hadden and Lee, 2007). Somalia has two climatic zones,
the semi-arid and the arid zones (Menkhaus, 2014). The semiarid zone
receives moderate rainfall and is suitable for rain fed agriculture. This
zone covers the northern mountains, southwest and northwest areas.
The arid zone receives low precipitation and is used for pastoralism. It
covers the central and northernmost regions of the country. There are
two rainy and two dry seasons in Somalia. The main rainy season occurs
from April to June and is followed by a dry season between July and
September (Alwesabi, 2012). The short rainy season comes between
October and November. This is followed by the second and main dry
season, which extends from December to March.
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Table 1
SPEI index values and the drought intensity.

SPEI VALUE CLASS

More than 2.00 Extremely wet (humid)

1.50 to 1.99 Severely wet

1.00 to 1.49 Moderately wet

0.50 to 0.99 Slightly wet

—0.49 to 0.49 Near normal

~0.99 to —0.50 Mild dry

—1.49 to —1.00 Moderately dry

—1.99 to —1.50 Severely dry

Less than —2.00 Extremely dry (drought)

+Run
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(Thornthwaite, 1948). The Thornthwaite have a disadvantage in
over-estimation and under-estimation of potential evapotranspiration in
places experiencing low temperatures. The Penman-Montheith method
is considered a superior method (Ali et al., 2019) and therefore the
SPEIbase is recommended for most uses including long-term climato-
logical analysis. Somalia has a mean annual potential evapotranspira-
tion of 2200 mm (Frenken, 2005).

The SPEI data is calculated at various time scales ranging from 1 to
48 months. This index is widely used for ecological, agricultural and
hydrological applications (Vicente-Serrano et al., 2012a,b). At 1-, 3-,
and 6-month time scales, drought is usually considered to be relevant for
agriculture, at 12 months, for hydrology, and at 24 months for socio-

Threshold

.
o—
c
=

Duration

1. Drought with the highest severity
2.Drought with the longest duration
3. Drought with the highest intensity

Runs sum (Deficit)

Fig. 2. Drought characteristics using run theory based on selected threshold level (Lee et al., 2017).

Table 2
Observed drought frequencies in Somalia for multiple time scales.

Time scale Drought frequencies (%)
Wet Mild Moderate Severe Extreme 2 test

P value

SPEI 1 47.8 46.6 5.4 0.2 0 <0.001

SPEI 3 51.7 42.2 6.1 0.0 0 <0.001

SPEI 6 48.5 47.5 3.7 0.2 0 <0.001

SPEI 12 51.7 45.3 2.9 0 0 <0.001

SPEI 24 49.0 49.3 1.7 0 0 <0.001

%2 test 0.892™  0.643"  0.189™ 1.000™ *

P value

x? test, Chi-square (two-tailed test); significant at probability level p < 0.001;
ns = not significant at p < 0.001; *p value for extreme drought was not
determined.

2.2. Datasets

This study adopted SPEI retrieved from the Global SPEI database' for
the period between 1980 and 2015.The Global SPEI database (SPEIbase)
provides long-term, concrete information on drought conditions glob-
ally. These indices have a spatial resolution of 0.5-degree and a temporal
resolution of one month (Begueria et al., 2010). Based on the 0.5-de-
grees resolution, data for 194 geographical locations were retrieved
for Somalia. The SPEIbase database is based on the FAO-56 Penman--
Monteith (Zotarelli et al., 2010) method of estimating potential evapo-
transpiration which is more superior to the Thornthwaite method

L https://spei.csic.es/database.html.

economic impacts (Potop et al., 2014). According to Bae et al. (2018),
SPEI can be classified into various categories as indicated in Table 1.

Standardized Precipitation Index (SPI) is a multi-scaler probabilistic
index that measures deficiencies in precipitation during dry and wet
periods and thus allows monitoring of drought conditions at various
timescales (McKee et al,, 1993). SPI calculation was done using
long-term monthly precipitation data fitted to gamma probability dis-
tribution function. The precipitation data used were obtained from
Climate Hazards Group Infrared Precipitation with Station Data
(CHIRPS) database. The values were then used to determine temporal
drought properties for comparison with SPEI based properties. Based
upon the SPI classification (McKee et al., 1993), value range for various
drought categories are similar to those of SPEL

2.3. Analysis of drought conditions and frequencies

Drought conditions vary from one drought event to another. Drought
conditions can be worsened by water scarcity that results mainly from
global climatic changes (Paper, 2009). A drought event can be defined as
a prolonged period with a SPEI value of —1 or less which starts when the
SPEI drops to a value below 0 and is said to end when the SPEI gets to a
positive value preceded by a value of —1.0 or less (McKee et al., 1993).
Drought characterization is done in three dimensions: drought duration,
severity and intensity (Lee et al., 2017). This study made use of 36 years
monthly SPEI values for multiple time scales of 1-, 3-, 6-, 12- and
24-month derived from the SPEIbase. Chi-square test was performed to
determine whether drought categories as identified by SPEI at various
timescales were significantly different.

Runs theory, proposed by Yevjevich (1967) was applied to analyze
drought characteristics based on SPEI, and drought characterization was
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Fig. 3. (A) Variation of SPEI 1 with time.

based on the statistical parameters of drought duration and severity at
different truncation levels. Based on this theory, drought duration,
severity and intensity are defined in reference to the truncation levels.
Drought severity is the sum of drought parameters below the truncation
level while drought duration is the number of months or years during
which the drought parameter is continuously below the truncation level.
Drought intensity is drought severity divided by respective drought
duration. Thus, drought duration is expressed as period during which a
drought parameter is continuously below the critical level, i.e., the
number of months between the commencement of drought and the end
month (Spinoni et al., 2014). An illustration of drought characteristics
for a given threshold level is shown in Fig. 2.

2.4. Interpolation methods

Interpolation methods were used in analyzing both short-term and
long-term distribution of SPEI Interpolation have been used in the
recent past in a number of studies (Kilibarda et al., 2015; Suparta and
Rahman, 2016) to assess climate change time series. In this study, time
series of annual and seasonal SPEI were subjected to interpolation.
Spatial interpolation is a procedure of estimating weather or climatic
condition of an unobserved area from points spread over an observed
area (Ghebrezgabher et al., 2016). However, the accuracy of spatial
interpolation depends on the quality of the data available for the
observed area. Other factors that determines the accuracy of spatial
interpolation includes the distance from the sea, atmospheric haze and
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Fig. 3. (continued).

circulation, and the topography of the area (Irmak et al., 2010).
Therefore, underestimation or overestimation is a limitation to spatial
interpolation (Gottschalk et al., 2015; Plouffe et al., 2015). A number of
interpolation techniques are available in ArcGIS including the Inverse
Distance Weighting (IDW), Kriging, Spline and Natural Neighbor. In this
study Inverse Distance Weighting (IDW) was preferably selected over
other interpolation methods for its suitability to evenly distributed data
(Azpurua & dos Ramos, 2010). This method is deterministic whereby
values of unmeasured points are estimated by linear combination of
values at nearby measured points. Inverse Distance Weighting has been
used previously in similar studies such as Angel et al. (2019) and Vu
et al. (2018).

3. Results and discussion
3.1. Temporal drought characteristics

3.1.1. Observed drought occurrence

Table 2 presents frequencies of drought occurrences at different time
scales for various drought categories. Wet conditions are less persistent
for the 1-month SPEI compared to the other timescales. However wet
periods are more persistent in a 3- and 12-month timescale while
drought periods are more than wet periods for the remaining timescales.
Generally, there were statistically significant differences (p < 0.001) in
the categories of drought as identified by SPEI at various timescales. On
the contrary, there were no statistically significant differences (p >
0.001) in SPEI at different timescales in identifying drought in various
categories.

The results further indicate a decreasing trend in the frequency of
moderately severe droughts except for 1-month SPEL This implies that
the 1-month SPEI could not be useful in evaluating drought trends in the
region. This is further explained by the ever-drying conditions in So-
malia (being a semi-arid country) that results in frequent precipitation
deficits.

3.1.2. Variation of drought duration, intensity and frequency with time
SPEI values enable users to analyze distribution of drought both in
time and space. In this study 1-Month, 3-Month, 6-Month and 12-Month
timescales were chosen for drought evaluation. Fig. 3 (a to d) clearly
depicts variability of drought sequence, duration and severity. Fig. 3(a)
shows that drought events are more frequent with shorter durations for
1-month SPEI compared to the 3-, 6-, and 12-month SPEI. Generally, as
the record time increases, drought duration increases while the drought
frequency and intensity declines. Radmanesh et al. (2019) also found a
decreasing trend in frequency of the wet and dry periods with increase in
SPEI timescales. This implies that the increase in timescale have a
smoothing effect on individual drought severity and an increasing effect

on drought duration. These results agrees with those of Haile et al.
(2020) who observed an overall smoothing effect in drought occurring
across the Greater Horn of Africa over a 52 yr period for SPEI-1, SPEI-3,
SPEI-6, and SPEI-12. Results further shows that the most intense drought
(SPEI = —1.09) based on SPEI 6 occurred between May to December
2003. For the 12-month SPEI, the most intense drought (SPEI = —0.72)
occurred between July to December 2015. In contrast, the maximum
drought duration for the 6-month and 12-month SPEI were found to be
26 months and 41 months respectively. This therefore means that
drought detection varies with the timescales in which the SPEI data is
recorded. Using SPEI, drought events were successfully identified. For
example, SPEI 12 successfully identified the May 2011 to January 2013
(duration of 21 months with an intensity of —0.55) drought that have
been featured in other studies (Anderson et al., 2012; Dutra et al., 2013).
Droughts with high severity occurred during 1973-1974, 1984-1985,
1989-1993 and 2010-2011. These drought events were found to have
large scale impacts in the Horn of Africa on the environment and society
(Haile et al., 2019). The 1984-1985 and 1989-1993 drought events
were previously found to have affected the entire African continent
(Masih et al., 2014). The 1984 drought was previously found to have
affected the entire Horn of Africa presenting serious environmental
problems (Ghebrezgabher et al., 2016).

Fig. 4 (a) to 4 (d) shows temporal trends of drought based on the
Standardized Precipitation Index (SPI) at various timescales (1-month,
3-month, 6-month and 12-month). Drought showed similar trends to
those identified by SPEL. However, the wet and dry conditions did not
necessarily occur at the same time even if the indices are calculated at
similar timescales. For example, SPEI 6 shows dry conditions in the year
2003 whereas SPI 6 shows wet conditions on the same year. This is could
be attributed to the fact that SPI is based on precipitation only, whereas
the SPEI is based on both precipitation and potential evapotranspiration
(PET). To determine correlation between SPI and SPEI, a Pearson’s
correlation was calculated for the 1-, 3-, 6-, and 12-month indices. The
correlation coefficient decreased with increase in timescale with the
coefficients ranging between 0.66 and 0.71. Other studies have also
found high correlation between SPI and SPEI (Vicente-Serrano et al.,
2010; Jiang et al., 2015).

3.2. Spatial evaluation of drought

Drought identification was done for all stations using the runs the-
ory. For geographic locations, drought characteristics including count
and severity were determined. A total of 14,820 drought occurrences
were extracted. On average there are about 76 drought occurrences for
each geographic location with a mean duration of 2.53 months and a
mean severity of —1.42. Fig. 5 (a) shows the spatial distribution of SPEL
locations in Somalia. Fig. 5(b) and (c) and 5 (d) shows spatial
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Fig. 4. (A) Variation of SPI 1 with time.
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Fig. 5. Spatial distribution of drought characteristics over Somalia: (a) SPEI locations, (b) drought count, (c) drought severity and (d) drought duration.
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distribution of drought characteristics in terms of drought count, mean
duration and mean severity respectively. Fig. 5 (b) shows remarkable
variations of drought count in space; The northern parts of Somalia
recorded high (76-100) drought occurrences while the central parts
have counts ranging from low (51-75) to extremely low (39-50).
However, the southern parts presented between high (71-100) and
extremely high (100-125) drought counts.

Drought severity is almost uniformly distributed throughout the
country as shown in Fig. 5 (c); Drought ranges between moderately dry
(—1.42 to —1.33) to severely dry (—1.53 to —1.43) conditions. Fig. 5 (d)
shows spatial variation of mean duration; A small section of the central
parts of Somalia experienced extremely short drought duration (1.3-1.6
months). North West and south west Somalia experienced between long
(2.5-3.2 months) and extremely long droughts (3.3-4.0 months).
However, the larger part of central Somalia experienced short (1.7-2.4
months) drought durations. A negative relationship between drought
count and drought duration can be deduced from these results as shown
in Fig. 5(b) and (d).

It is evident that there are a lot of differences in drought character-
istics regionally within the country. The North West and South West
parts are more prone to have high frequencies of droughts with short
duration. Drought prevention and management in these areas should
therefore focus efforts on short and moderate droughts to reduce the
impacts of these droughts on crops. The central parts are more prone to
low frequencies of droughts which last for long durations. In these
places, drought prevention and management should focus on mini-
mizing their impacts on water availability within the country.

4. Conclusion

Drought is one of the most destructive natural phenomena in the
Horn of Africa and Somalia has always been the unfortunate recipient of
their detrimental consequences. These droughts often develop gradually
and unnoticed. This necessitates drought characterization in terms of
frequency, severity and duration for informed drought management by
the relevant governmental and non-governmental agencies. In this
study, SPEI at the 1-, 3-, 6- and 12-month timescales were used to
evaluate temporal characteristics of drought for the period between
1980 and 2015. SPEI 3 was however selected for spatial evaluation of
drought distribution. Results presented in this study are in line with
findings reported in other studies, and enhance the knowledge and un-
derstanding of drought phenomena in Somalia. Based on the results,
following conclusions can be made:

1. SPEI was successfully used to identify and characterize historical
drought events. Based on SPEI 12, three major drought events
occurred during the study period. The longest drought occurred from
March 1989 to July 1992, lasting for a period of 41months. The other
two occurred from December 2004 to May 2007 and from May 2011
to January 2013 lasting for 30 months and 21 months respectively.

2. The SPEI-based drought evaluation in Somalia reveals no specific
spatial and temporal pattern of drought events. However, higher
frequencies and severity of drought events were observed in recent
years. This is likely to have detrimental impacts on water availability
and crop productivity in the country. It can also result in destructive
effects on the environment and a negative impact on both social and
economic sectors.

These results being the first in the country are useful to policy and
decision makers in furthering the understanding of drought and for
future preparedness.
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