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Abstract

Somalia's arid and semi-arid climate makes it highly vulnerable to drought, posing
serious challenges to water resource management and agricultural productivity.

This study investigates pasture resilience and the spatiotemporal variability of
meteorological drought in northwestern Somalia, focusing on spring and autumn
rainy seasons. The Standardized Precipitation Evapotranspiration Index (SPEI)

was used to assess drought frequency, severity, and intensity from 1981 to 2020,
while the sequential Mann-Kendall test detected significant temporal shifts. A
resilience matrix was applied to quantify drought resistance and recovery capacity

in pasturelands. Our analysis shows a significant increase in drought severity over
the last four decades, with extreme and severe droughts occurring more frequently,
particularly in the spring season. The decade from 2001 to 2010 recorded the highest
occurrence of extreme droughts. Eastern Somaliland experienced more frequent and
intense droughts than western areas, with a sharp decline in annual SPEI (- 1.08) and
a notable shift in 2002. Although moderate droughts were common, it is the rise in
extreme droughts that poses the greatest risk to livelihoods and ecosystems. These
findings underscore the urgent need for region-specific drought mitigation strategies,
especially during the primary growing seasons in eastern Somaliland.

Highlights

Moderate droughts were more prevalent than other classes across research sites and
seasons (65-80%).

The study found a considerable rise in meteorological drought frequency, severity,
and intensity during the wet seasons.

From 1981 to 2020, droughts increased in both seasons across three research sites,
with coefficients of variation ranging from — 0.016 to — 0.0.

Keywords Meteorological drought, SPEI, Resilience, Biomass production, Resilience
matrix, Somalia
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1 Introduction

Climate change has emerged as a defining global challenge, with far-reaching implica-
tions across ecological, social, and economic systems. The intensification of extreme
weather events—such as heatwaves, floods, storms, and droughts—threatens liveli-
hoods, food security, and sustainable development. Among these events, drought
remains particularly insidious due to its gradual onset, extensive spatial coverage, and
long-lasting effects. Unlike other rapid-impact disasters, droughts unfold slowly over
time, making them difficult to detect early and respond to promptly [4, 17, 32]. Their
impacts are multi-dimensional, influencing hydrology, agriculture, biodiversity, and
human well-being. Although droughts are naturally occurring phenomena, their fre-
quency, severity, and spatial extent are increasingly shaped by anthropogenic climate
change and land-use modifications. Warming temperatures accelerate evapotranspira-
tion, alter precipitation patterns, and intensify dry spells, especially in semi-arid and arid
regions. Drylands—which encompass approximately 41% of the Earth’s land surface—
are particularly vulnerable to the effects of prolonged water deficits. These regions are
home to over two billion people who depend heavily on climate-sensitive sectors such
as agriculture and livestock production [48]. As global temperatures continue to rise,
drought risk is projected to increase in both magnitude and duration, exacerbating envi-
ronmental degradation and social vulnerability.

East Africa is one of the regions most affected by recurrent and intensifying drought
events. Countries in the Horn of Africa, such as Somalia, Ethiopia, and Kenya, have
experienced a rise in both the frequency and intensity of droughts over the past sev-
eral decades [5, 14, 58]. Somalia, in particular, remains acutely vulnerable due to its
strong reliance on rain-fed agriculture and spastoralism, limited infrastructure, and pro-
longed political instability. The country’s natural and human systems are deeply inter-
twined with seasonal rainfall patterns, which have become increasingly erratic in recent
decades. Somalia’s drought history highlights the magnitude of the problem. The 2010-
2012 drought, followed by severe events in 2016—-2017 and the more recent 2020-2023
multi-season drought, have resulted in large-scale crop failure, massive livestock losses,
and widespread displacement [24, 25]. These events collectively displaced over a mil-
lion people, worsened acute malnutrition, and pushed millions toward food insecurity.
They underscore not only the immediate humanitarian toll of droughts but also the
long-term developmental setbacks and resilience gaps facing Somalia and the broader
East African region. Within the Somali context, pastoral systems are the backbone of
rural livelihoods, especially in dryland and semi-arid areas [62]. These systems depend
on the availability and condition of rangelands for grazing. Drought disrupts this delicate
balance by reducing pasture biomass, depleting water sources, and increasing livestock
mortality. With climate shocks expected to grow more frequent, building resilience
within these systems is both a local necessity and a policy imperative [13, 15]. Under-
standing how these systems respond to drought events—particularly in terms of veg-
etation productivity—is critical for informing sustainable rangeland management, early
warning systems, and drought preparedness planning. In this regard, historical analy-
ses of drought characteristics, such as frequency, intensity, and duration, can provide
essential insights. These attributes reveal how often and how severely dry conditions
have affected the landscape, and help identify periods of ecological stress. Moreover,
assessing vegetation responses over time allows researchers and policymakers to gauge
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ecosystem sensitivity and capacity for recovery. This is particularly relevant for dryland
regions where climatic variability is the norm, and where even slight shifts in precipita-
tion can trigger cascading impacts on productivity and food systems [24, 25].

The concept of resilience plays a central role in drought impact studies. Resilience, in
ecological terms, refers to the ability of a system to absorb disturbances and reorganize
while undergoing change, so as to retain essentially the same function, structure, and
feedbacks [18]. In the context of pastoral systems, resilience has two primary compo-
nents: resistance and recovery. Resistance refers to the system's ability to maintain pro-
ductivity during a drought, while recovery reflects the speed and extent to which it can
bounce back once the drought has passed [33]. Together, these metrics help quantify the
stability of rangeland ecosystems and their capacity to support livelihoods in the face of
recurring climatic stress [28, 61].

Despite the increasing relevance of drought resilience research, studies that integrate
both meteorological drought indices and ecological outcomes—particularly in data-
scarce regions such as Somalia—remain limited. This study seeks to bridge that gap by
analyzing historical drought events and corresponding vegetation responses in north-
western Somalia. Specifically, we assess meteorological drought trends between 1981
and 2020 using the Standardized Precipitation Evapotranspiration Index (SPEI) at mul-
tiple time scales, including seasonal and annual levels. Concurrently, we evaluate vegeta-
tion productivity using remote sensing-derived indicators to detect changes in pasture
biomass over time. By coupling drought metrics with ecological responses, we aim to
capture a more holistic picture of how dryland ecosystems behave under stress. Further-
more, we identify patterns of resistance and recovery across different drought events to
characterize the stability of the pasture system. This approach not only contributes to
the scientific understanding of dryland resilience but also provides actionable informa-
tion for local stakeholders. It allows the development of targeted strategies that reinforce
the adaptive capacity of pastoral communities, including interventions in grazing prac-
tices, land-use planning, and early warning dissemination.

Overall, this study aims to provide a comprehensive assessment of drought dynamics
and pasture system resilience in northwestern Somalia. Through an integrated analysis
of historical drought characteristics and ecological responses, we generate insights that
are both academically rigorous and practically relevant. The findings have the potential
to inform decision-makers, donors, and local communities working to mitigate drought
impacts and build long-term resilience in dryland pastoral systems.

2 Methods

2.1 Study area

The current study was conducted in Somaliland, the northwestern part of Somalia,
which lies between 9.987° E (latitude) and 45.299° N (longitude) in the far east of East-
ern Africa. Three stations: Beer (9.9367° N, 45.749° E), Wajaale (9.603° N, 43.341° E),
and Odwayne (9.350° N, 44.966° E) were selected for the present study and distributed
across Somaliland (Fig. 1). The selection of these sites was based on two primary factors:
firstly, they are the main areas for fodder production and livestock transport routes in
Somalia, and secondly, these areas are geographically diverse, allowing them to serve as
representative samples of the entire Somaliland region in terms of climatic conditions.
Farmers in the area are agro-pastoralists who heavily rely on livestock and commercial
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Study Area Map
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Fig. 1 Map of the geographical location including the three study stations (Beer, Wajaale, and Odwayne)

Table 1 Characteristics of meteorological stations within the study area

No Region Districts Areasin  Average el- Mean Lat Lon
km? evation (m)  rainfall
(mm)
1 Togdheer Beer 10,000 927 315 9.3676°N 45.7497° E
2 Togdheer Odwayne 7500 1008 355 9.3501°N 44.9661°E
3 Wagoyi-Galbed Wajaale 5000 s 1588 450 9.6030°N 433415°E

fodder production for their livelihoods. Their agricultural production is limited to small
terraces, and they primarily use grass for sheep and goats and maize stalks for cattle and
camels as their primary source of fodder [35]. The climate in the region is characterized
by a combination of wet and dry conditions, with an average annual rainfall of 300 mm
that varies between 200 and 400 mm. The average daily temperature ranges between 25
and 35 °C, with four distinct seasons in the year. Gu (the main rainy season) and Hagaa
(the short rainy season) correspond to spring and summer. In contrast, Dayr (the dry
season) and Jiilaal (the major dry season) correspond to autumn and winter, respectively
[46]. The mean elevation of the region is 410 m, with the lowest point being the Indian
Ocean at 0 m and the highest point being Shimbiris at 2416 m. The region is exposed to
both climate-related and non-climate-related hazards, including factors such as fluctu-
ating rainfall patterns, diminishing soil quality, limited water availability, delicate soils,
unrestricted grazing, soil erosion, and land fragmentation [11, 16], scarcity of animal
feed, livestock illnesses, deforestation, and soil degradation [7] (Table 1).

2.2 Data acquisition

Real-time meteorological data were obtained from https://power.larc.nasa.gov/data-ac
cess-viewer, which is satellite-driven observation and measures the amount of multiple
meteorological parameters at a global scale to calculate the SPEI indicator. Minimum
meteorological data input was obtained, including daily precipitation and minimum and
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maximum temperature between 1981 and 2020, to compute the SPEI The data sourced
from NASA was selected for four reasons: first, the data is reliable and correlates with
the ground meteorological data. Second, it provides CHIRPS data, which is a standard
accepted form of precipitation. Third, it provides a high-resolution data set ranging
daily, monthly, and annually, and most importantly, it can extract a single-point data-
set using the corresponding coordinates (latitude and longitude) of the study locations.
Hence, it provides the flexibility to perform temporal analysis. Based on the locations
of the meteorological stations, we interpolated the SPEI data at a resolution of 5 km by
means of the inverse distance weighted (IDW) interpolation method to obtain the spa-
tial distribution of drought [29].

2.3 Data processing and analysis

The analysis of drought conditions involves using a comprehensive methodology that
employs both temporal and spatial analysis of drought conditions. For the temporal
assessment, the Standardized Precipitation-Evapotranspiration Index (SPEI) was uti-
lized, with calculations performed using the R programming language and Excel using
validated daily meteorological data from the satellite arranged monthly, comprising
precipitation and the mean temperature of the study period. The Standardized Precip-
itation-Evapotranspiration Index (SPEI), a well-reviewed meteorological drought index
recommended by the World Meteorological Organization (WMO), was proposed as
an improved drought index applicable to the analysis of the impacts of climate change
and drought conditions [6]. The minimum input data was combined into one by using
the concatenate function and then exported in plain notepad, specifying location name,
coordinates, start and end date. The meteorological data file, plain notepad, and SPEI
application setup were merged into one common working directory. Command prompt
codes were then employed to calculate the time-series SPEI data across the three loca-
tions and 40'years' timeframe. The computed SPIE is based on physically based meth-
ods of the Penman—Monteith method [38]. The unbiased probability weighted moment
(ub-pwm) method has been used for fitting the log-logistic distribution. Given that the
research cantered on a seasonal, annual, and decadal timeframe, we made use of a 3-
and 12-month SPEI scale for the current analysis. To model and understand the trend of
droughts, we employed a linear logistic regression model to determine whether drought
categories as identified by SPEI at various timescales were significantly different.

For the spatial analysis, the Inverse Distance Weighted (IDW) interpolation method
[6, 22] was employed using ArcGIS 10.8.1 software. This method enabled the creation of
spatial maps representing the distribution and severity of drought across the study area.
The spatial maps, derived from the calculated meteorological station data, provided
insights into the spatial patterns of drought and its potential impact on fodder produc-
tion. The combination of spatial-temporal analysis of SPEI presents a comprehensive
understanding of drought conditions and their implications for fodder production.
This methodology allowed for the identification of areas and periods most vulnerable
to drought, including frequency, duration, intensity, and severity, facilitating informed
decision-making and the development of appropriate mitigation strategies in the context
of fodder production. To examine the quarterly temporal patterns, a linear regression
analysis was conducted. Additionally, a 5-year moving average technique was employed
to reduce fluctuations in the time series data and emphasize the underlying trends. In
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this study, we focused on the seasonal, annual, and decadal variation characteristics of
drought; thus, the 3- and 12-month SPEI were calculated (Table 2).

2.3.1 Meteorological drought characterization

Numerous meteorological drought indices have been utilized since the beginning of
drought analysis research. Rainfall anomaly index [21], Standardized Precipitation Index
(SPI) [31], and Palmer Drought Severity Index (PDSI) [2] were the most common ones.
However, the Standardized Precipitation Evapotranspiration Index [6] was chosen to be
employed in the current study. Drought events are usually recognized by observing a
drought index value () that drops below 0, indicating the beginning of the drought, and
ceases when the index value rises above 0, signifying the end of the drought. The time
span between the onset and termination, or the consecutive periods where the index
value remains below zero, is considered the duration of the drought. The cumulative
sum of index values during this duration is referred to as drought severity. The average
of the index values provides the average intensity of the drought, while the lowest index
value represents the maximum of the drought event.

2.3.2 Standardized precipitation evapotranspiration index (SPEI)

The Standardized Precipitation-Evapotranspiration Index (SPEI), a well-reviewed mete-
orological drought index recommended by the World Meteorological Organization
(WMO), was proposed as an improved drought index applicable to the analysis of the
impacts of climate change and drought conditions [6]. It is represented as a standard-
ized Gaussian variable with an average of zero and a standard deviation of one, calcu-
lated as the difference between precipitation and potential evapotranspiration. What
sets SPEI apart from earlier drought calculation methods is its capability to incorporate
the impact of evaporative demand into its calculations [6]. Furthermore, it enables the
examination of how global warming influences the frequency of drought occurrences
[42]. It's interesting to notice the difference between the long- and short-term SPEI
values, as they reveal the trend of the drought conditions over a given region. In the
current study, 3-month, and 12-month SPEI were used to classify and identify seasonal
and annual trends, spanning from short-term to long-term analysis. This study does not
incorporate the use of the 1-month SPEIL as"it's not useful in evaluating drought trends
in Somalia [39]. The decreasing trend in the frequency of moderately severe droughts
and the long-lasting droughts in Somalia could be plausible causes. The SPEI method
uses rainfall and evapotranspiration for the identification of droughts. The availability
of the potential evapotranspiration PET parameter is limited in some areas, which is the
second most important variable in the hydrological cycle after precipitation. SPEI is like
SPI but considers the function of temperature, and because of its application to a water

Table 2 Drought classification based on SPEI value [57]

Category of drought SPEI values
Extremely wet SPEI>=20
Severe wet 1.50-1.99
Moderate wet 1.00-1.49

Near normal —0.99-0.99
Moderate drought —1.00to (- 1.49)
Severe drought —1.50to (—1.99)

Extreme drought SPEI<—20
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balance, it can be compared to the Palmer Drought Severity Index (PDSI). Under warm-
ing conditions, the three time series indices were compared, and only SPEI and PDSI
were able to depict an increase in drought severity due to higher water demand [57].

Several temperature, radiation, and mass transfer-based empirical methods are avail-
able to estimate PET [55]. One of which is the use of the Thornthwaite method [52],
because it only requires average temperature and is potentially widely applied in regions
with limited data availability [44]. Some other researchers proposed physically based
methods such as the Penman—Monteith methodas the main and best method [38], fol-
lowed by models based on empirical relationships, including Hargreaves [26], and the
Thornthwaite method for the calculation of the SPEI Their limitations are site-specific
(subject to local climatological conditions) and require calibration procedures. However,
the data requirement is basic and can be accessed everywhere. Hence, for the purpose of
this study, we selected the “Penman—Monteith method that was adopted by the Interna-
tional Commission on Irrigation and Drainage (ICID), the Food and Agriculture Orga-
nization (FAO), and the American Society of Civil Engineers (ASCE) as the conventional
method for computing PET, even though in our literature, the reason for considering
PET in the drought index calculations is merely to attain a relative timely estimation,
and hence the method utilized for calculations is not substantial. Generally, a log-logistic
distribution is required to standardize the accumulation of D k n to estimate the SPEI as
follows (Eq. 1).

k—1
Dy =) (Px_1—PET n—1i) (1)
=0

where D is the monthly water difference between precipitation P and potential evapo-
transpiration PET in month “n” when the time scale is “K’, whereby the monthly PET is
calculated by the Thornthwaite equation.

107\ “
PET =16 (3) ,00C < =T < 26.50C 2)
12 T
I=Y =1514,T>00C
; 5ot 3)
A =0.49239 4+ 1.792 x 10721 — 7.71 x 10 °I?> + 6.75 x 10713 (4)

2.3.2.1 Resilience of pasture-livestock systems and recovery of drought The most severe
drought in the last four decades and corresponding seasons were observed to compare the
resilience systems of pasture to drought events. Resistance was determined by assessing
the impact of a disturbance on the system, specifically how much productivity decreased
during the drought compared to a typical weather condition. This was calculated by com-
paring the state of the response variable during the drought with a previous season under
normal conditions, such as comparing the herbage mass during the drought season with
the herbage mass during the same season of the preceding year with normal weather.
Resistance to drought was calculated for variables like herbage accumulation rate and
animal live weight gain by comparing the average values of the spring and autumn peri-
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ods in 2008-2009 (the drought period) with the average values of the spring and autumn
periods in 2007—2008 (the pre-drought period).

Resistance = RVd/RVb

where RVd: Response rate during drought period, RVb: Response rate before drought
period.

Moreover, recovery was determined by calculating the slope of the variable over time
after the disturbance, such as the increase in herbage mass between the drought sea-
son and the season immediately following the drought, divided by the time period. This
refers to the rate at which the system returns to a previous stable state following a disrup-
tion. While resistance is dimensionless, recovery is measured in the units of the variable
per unit of time (e.g., per season or per year). To calculate recovery from drought, the
slope of the regression line was determined by comparing the averages of the spring dur-
ing the drought year with the winter following the drought for each measured variable.

Recovery = RVa—RVd /ta—td

where
RVa = Response variable after drought period.
RVD = Response variable during drought period.
Ta =Time after drought period.
Td = Time during drought period.

3 Results

3.1 Analysis of seasonal drought prevalence

Table 1 shows the drought frequency trends and chi-square test for meteorological
droughts, as determined by the 3-Month SPEI, across the three study sites from 1981 to
2020. Meteorological droughts are detected using the Standardized Precipitation Evapo-
transpiration Index (SPEI), with values below zero indicating drought periods and values
above zero indicating wet conditions. Moderate droughts were found to be more fre-
quent compared to other classes of droughts across the study sites and seasons, ranging
from 65 to 80%. The occurrence rate of moderate drought in all the sites and both sea-
sons exceeded 70%, except for the autumn season in Wajaale, with 65%. In Beer (B), both
the spring and autumn seasons show a higher trend in wet seasons than in dry seasons.
Conversely, Odwayne exhibits a drier trend in spring and autumn compared to wet sea-
sons, with percentages ranging from 10 to 12.5% in spring and 12-13% in autumn, indi-
cating a transition from wet to dry conditions. However, no wet and dry seasonal trend
is observed in Wajaale, with 10% in spring and 17% in autumn. The occurrence rates
of Wajaale (G) and Odwayne (O) both showed that autumn seasons exhibit higher wet
and dry conditions than spring seasons. Conversely, the spring seasons of Beer showed
more wet conditions than the autumn season, with 18% and 13%, respectively, while dry
conditions showed similar conditions. The drought frequencies of all three study sites
were analyzed in relation to different seasons. The findings revealed that both Wajaale
and Odwayne experienced more drought periods during the autumn than in the spring,
with percentages ranging from 10 to 18% and 12-13%, respectively. Conversely, Beer
had an equal occurrence of drought incidents in both seasons. Drought frequency was
the lowest in Beer but more severe, and the highest was in Wajaale but less severe. The
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results overall point to a strong correlation between the seasons and the frequency of
conditions in each of the three locations (p-values <0.0001). This suggests that there are
significant variations in these locations for the occurrence of extreme wet, severe wet,
moderate wet, normal, moderate dry, severe dry, and extreme dry conditions. We also
computed a multiple linear regression model to examine the relationship between the
drought classes and seasons (spring and autumn). The results indicated that approxi-
mately 12.5% of the variance in the drought classes can be explained by the seasons
(spring and autumn). This explains why the drought classes decrease by 0.5 when the
season changes from autumn to spring. Therefore, there was no significant difference in
the drought classes between spring and autumn (p = 0.179) (Table 3).

3.2 Drought onset, cessation, duration, and recurrence

Seasonal drought onset, cessation, duration, and recurrence intervals were analysed. The
results revealed that the duration, severity, and intensity of meteorological droughts in
rainy seasons (spring and autumn) have dramatically increased over the last 10 years
(Table 4). The findings showed that drought incidents were highly recurrent, with an
average frequency of every 2 years over the 40 years. The most severe drought period
was recorded from 2000 to 2004 across all sites during the spring season. According to
the temporal analysis, Odwayne experienced the most intense droughts during the rainy
seasons of both spring and autumn, with severity indices of - 2.2 and — 1.82, respec-
tively. In general, spring consistently exhibited higher drought intensity than autumn
across all sites, except for Beer, where no significant difference was observed between
the two seasons. The drought intensity in spring and autumn was more pronounced in
the last ten years across all sites and seasons except for 2002 (Fig. 3, Table 5).

Table 3 Drought Frequency Trends and Severity for three agro-ecological zones in Somalia from

1981 to 2020
Drought Frequencies %
Stations  Seasons Ex- Se- Mod- Near Mod- Severe  Extreme X2 test
treme vere erate normal erate drought drought (p-
wet wet wet drought value)
Beer Spring N 1 1 5 29 0 2 2 <0.0001
% 25 2.5 125 72.5 0 5 5
C% 175 725 10
Autumn N 0 2 3 31 0 2 2 <0.0001
% 0 5 7.5 775 0 5 5
C% 125 78 10
Wajaale Spring % 1 3 0 32 2 1 1 <0.0001
N 25 75 0 80 5 25 25
C% 10 80 10
Autumn N 5 2 0 26 5 2 0 <0.0001
% 125 5 0 65 12.5 5 0
C% 17 65 17
Odwayne  Spring % 2 2 0 31 3 1 1 <0.0001
N 5 5 0 77.5 7.5 2.5 25
C% 10 7.5 125
Autumn N 2 3 0 30 2 3 0 <0.0001
% 5 7.5 0 75 5 7.5

C% 12 75 13

N: Represents to the number of drought regularities. C% stands for cumulative percentage categorized into the wet period,
near normal and drought periods (Fig. 2)
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Fig. 2 The drought frequency levels between the three stations and the two seasons. Note: We only show here
for the drought classes

Table 4 Analysis of meteorological drought onset (0), cessation ©, maximum duration (md),
recurrence interval (RI), and intensity (1)

Study sites Onset Cessation Md (Year) Recurrency Interval Intensity Level Severity (Yr)
Beer Spring 2000 2004 5 22 -0.82 2019
2017 2019 3
Autumn 2005 2009 5 1.96 —-0.66 2002
2016 2018 3
Wajaale Spring 2000 2004 5 20 -0.75 2019
2006 2009 4
Autumn 2005 2009 5 2.1 -0.75 2011
2015 2018 4
Odwayne  Spring 2000 2004 5 19 -22 2019
2017 2019 3
Autumn 2005 2009 5 19 -1.82 2017
2015 2018 4

The SPEI value corresponds to the severity of the drought; the smaller the SPEI value,
the more severe the drought, and vice versa. In this study, the SPEI was calculated at a
3-month timescale (SPEI-3), corresponding to the duration of the two main rainy sea-
sons in the study area.the two rainy seasons in the study sites were explicitly selected for
assessment, with spring being the main rainy season and autumn being the shorter rainy
season. The results of the seasonal analysis show that all study sites exhibit an increas-
ing trend of drought across the 40 years in both seasons. However, there are some dis-
parities within the seasons, with the drought trend in the spring season being higher in
all locations compared to the autumn season, with coefficients of variation (- 0.0317,
- 0.04, - 0.03) and (- 0.16, — 0.027, — 0.022), respectively (Fig. 4a—c). These results are
consistent with the findings of Musei et al. [39], who found an increasing trend in the
frequency of dry periods on a 3-month SPEI time scale (herein referred to as seasonal).
This implies that the impact of drought is more pronounced on a seasonal scale than
in an annual analysis. In summary, for both the spring and autumn seasons, Wajaale
consistently has the highest r? values (0.287 and 0.115, respectively) among the three
locations, indicating a better fit of the regression model to the data compared to Beer
and Odwayne. Beer consistently has the lowest r? values (0.158 and 0.046, respectively),
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Fig. 3 Seasonal comparison of 3-month SPEI timescale and their respective stations from 1981 to 2020

Table 5 Resilience: The resistance of climate variability and recovery from drought

Drought events Drought years Resistance % Recovery (Kg/Dm/ha/y)
Beer 1st Drought 2001-2003 30 5328

2nd Drought 2008-2010 75 4928

3rd Drought 2016-2018 75 1673
Wajaale 1st Drought 2001-2003 77 1203

2nd Drought 2008-2010 73 1668

3rd Drought 2016-2018 68 2341
Odwayne 1st Drought 2001-2003 46 2343

2nd Drought 2008-2010 79 2951

3rd Drought 2016-2018 66 2113

suggesting a weaker fit. Odwayne falls in between, with a moderately better fit compared
to Beer but a lower fit compared to Wajaale (Fig. 4b).

3.3 Annual and decadal drought analysis

The SPEI value corresponds to the severity of the drought; the smaller the SPEI value,
the more severe the drought. Hence, 12-month SPEI is a more useful way to analyse
the annual variation of droughts, and the mean of 12-month SPEI provides the same
on a decadal basis. The trend curve of the annual SPEI value in Fig. 5 depicts that the
annual SPEI value has shown a varying trend across the studied sites (Beer, Wajaale, and
Odwayne). Increasing drought trends were observed with coefficients of variation of
- 0.033 and - 0.018 per year in Beer and Odwayne, respectively. Conversely, Wajaale has
shown a decreasing drought trend with 0.007 over the study period (1981-2020). This
means that droughts are tremendously increasing in Beer and Odwayne, which lie in
the eastern regions, compared to Wajaale on the western side of Somaliland. The study
was also analyzed at a decadal scale, as shown in Fig. 4. We have considered the middle
year for each decade to present the average and illustrate them in the graph: 1985 (1981-
1990), 1995 (1991-2000), 2005 (2001-2010), and 2015 (2011-2020). In Beer, the 1980s
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Fig. 4 Seasonal 3- Month SPEI analysis at three agroecological zones from 1981 to 2020. a Beer, b Wajaale and ¢
Odwayne

were a relatively wet period from 1981 to 2020, with an average SPEI value of 0.23. The
1990s were similarly wet but drier than the 1980s, with an average SPEI value of 0.06.
In contrast, apart from 2001, 2007, 2008, and 2009 had SPEI values <0, with an average
value of -0.26, which indicates a moderate likelihood of drought conditions during 2001—
2010. However, the drought tendency increased to -0.69, suggesting a higher intensity of
drought from 2011 through 2020. Almost all years 2011-2020 show drought except 2013
and 2014. It was also found that the 1980s (1981-1990) were the wettest periods, and
the 2010s (2011-2020) were the driest periods for Beer. A similar increasing drought

Page 12 of 21
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Fig. 5 The statistical time series of the curve was denoted by UF, while the inverse statistical time series was den
oted by UB. Note: The significance level of 0.05 corresponds to a threshold value of +1.96 for UF and UB curves, and
the data sequence exhibits and upward trend if UF>0 and vice versa.

decadal trend was observed in Odwayne but with little discrepancy. The 2010s decade,
spanning from 2010 to 2020, has shown a dramatic and significant increase in drought
levels, as shown in Fig. 4c. The first and second decades show wet conditions, while the
third decade of 2000 (2001-2010) shows massive drought incidents all the years around,
except 2008, with an average SPEI value of — 0.23. Nonetheless, in Wajaale, the decadal
drought trend fluctuated across the four decades with no linear increase or decrease.
Figure 4b. The drought trend has decreased from the first decade to the second, with a
dramatic increase in drought in the third decade with an average SPEI value of — 0.45
and then a dramatic decrease in drought trends in the last decade with an average SPE
value of 0.18.

Furthermore, the sequential Mann-Kendell test method was applied to identify the
abrupt changes in the temporal annual SPEI trend. As a result, a forward (UF) and
backward (UB) curve was plotted in Fig. 5. The statistical time series of the curve was
denoted by (UF), while the inverse statistical time series was denoted by (UB). The sig-
nificance level of 0.05 corresponds to a threshold value of + — 1.96 for the UF and UB
curves, and the data sequence exhibits an upward trend if UF>0 and vice versa. The
results indicate 2002 as the point of intersection between the UF and UB curves and
hence are considered the abrupt change point. After 2022, the UF curve decreases sig-
nificantly and crosses the threshold value of + - 1.08. It is concluded that the annual SPEI
exhibited a pronounced change in 2002, and drought events were evident (Fig. 6).

3.4 Spatio-temporal pattern of drought changing trends

The spatial interpolation of droughts was performed using the Inverse Distance
Weighted Method (IDW) to understand the spatial distribution of droughts across the
three Somalia’s and the 40 years.

3.5 Resistance and recovery of pasture to drought variability

The resistance and recovery rates of biomass production to drought were evaluated
across three drought events in Beer, Wajaale, and Odwayne. Regarding resistance to
drought, Wajaale consistently demonstrated the highest rates among the three locations
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Fig. 6 Spatial distribution of drought categories across three different stations and two seasons (Spring and Au-
tumn) from 1981 to 2020
in all three drought events. Wajaale had resistance rates of 77%, 73%, and 68% during
the first, second, and third droughts, respectively. This indicates a strong ability to with-
stand the adverse effects of drought. Beer had lower resistance rates, ranging from 30 to
75% across the three drought events, while Odwayne's resistance rates ranged from 46 to
79%. These results suggest that Wajaale was consistently more resilient to drought con-
ditions compared to Beer and Odwayne.

Regarding recovery from the drought, Wajaale also exhibited notable performance.
During the first drought, Wajaale had a recovery rate of 1203 kg/dm/ha/y, which
increased to 1668 kg/dm/ha/y in the second drought. Most notably, during the third
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Fig. 6 (continued)

drought, Wajaale had the highest recovery rate of 2341 kg/dm/ha/y, indicating a faster
and more substantial recovery compared to Beer and Odwayne. Beer showed a decrease
in recovery rates across the three drought events, ranging from 5328 to 1673 kg/dm/
ha/y. Odwayne, on the other hand, maintained consistent recovery rates, ranging from
2343 to 2951 kg/Dm/ha/y. These findings highlight Wajaale's ability to recover effec-
tively from drought events, showcasing its resilience in biomass production compared
to the other two locations. In Beer, the resistance of herbage accumulation to drought
was significantly higher for the second and third drought incidents, with 75%, than the
first drought incident, with 30%. This indicates that the herbage accumulation of the
first drought incident has less resistance to climate variability than the other two inci-
dents and requires the highest recovery rate of herbage accumulation (5328 kg/dm/



Hussein et al. Discover Sustainability (2025) 6:686 Page 16 of 21

44°00"E  45°0'0"E  46°0'0"E
1 1 1

10°0'0"N
)

T~
L

o
-

/

B
>z

/m
AR
o
./
3
- >

@

3 Study Area

G

€3 study Area -

Autumn_SPEI 2014
g 0.473

9°0'0"N
Y
@
s
g
:n/
/

'S
/

: Autumn_SPEI 2013 Spring_SPEI 2014 < 4
Spring_SPE1 2013 AT S0 B 2h 0 500 ~
L 0 a0
Low:-0.319 Low : -0.649 o LenE0290 St
o . N
% &
. QA
(3 - G e\ | {c
L / o i H
\ o 5 \
€23 Study Area [ ] < swayarea €3 Study Area . [ ]| cosuyace
Spring SPEI 2015 | L | Autymn_sper 2015 Spring_ SPE| 2016 —L_ | [ Autumn_spErzote
E™ oma wo—~ | & o - S oma s} |mRIT080T 6 0 o
Low : -0519 % = Low : -0.769 Low : 0.030 e al Cowib T kot .
> G N N - N
o g A '* gl ak
< e | — 5 - Q o |
H \ / i y H |
° | o & . o \
) ! \ B \ 8 \
3 Study Area [ | o stuay area ]| o suayares { | e stuy acea—
Spring_SPEI 2017 Autumn_SPE| 2017 Spring SPE| 2018 < 4 \utymn, 4
R e N L, R T et
Low :-1.090 bt R Low :-0929 et

Lowirse Mg

Low :-0.439 Kb

T
10°0'0"N

\

X H

PAas

T
9°00"N

C3 Study Area—.__
Spring SPEI2020

0 . e High 1,719 - HIgh : 0,669

b o ?
N (H / H
o
D

€3 Study Are: ( €3 Study Area™~__
PEL201 n 19

Sering. SPEL 3010 | | Autumn_spe) 2010
\ i

<

Low : -2.370 Low : 0.670 Low : 0.280

Fig. 6 (continued)

ha/y. Although the resistance rates of the second and third drought periods are similar,
there are discrepancies between their recovery rates. The second drought period exhib-
its a much higher recovery rate than the third drought incident, with 4929 kg/ha and
1673 kg/ha, respectively.

4 Discussions

Our analysis examined the spatial and temporal variations in meteorological drought
patterns at fodder production sites in Somaliland, northwestern Somalia, from 1980
to 2020 using SPEIL The comprehensive assessment of drought occurrence in dryland
areas, such as Somalia, necessitates the concurrent analysis of precipitation [9, 53], tem-
perature [47]and evapotranspiration [41], making SPEI the most effective means for
evaluating and understanding drought conditions [3, 6]. The results generally revealed a
consistent upward trend in drought occurrences across the spring and autumn seasons
and the three sites under investigation. This outcome suggests a growing concern for
drought-related challenges in the study area. The increasing frequency and intensity of
drought events can have significant implications for agriculture [63] and food security.
Reduced water availability during critical growth stages can decrease crop yields and
livestock productivity [8]. This, in turn, can threaten the livelihoods of farmers and pas-
toralists who heavily rely on rain-fed agriculture [40] and grazing [58]. These findings
are consistent with the global drought assessment study conducted by [64], which indi-
cated that the increase in frequency, duration, and severity is very significant in Africa.
In general, the autumn season tends to be more persistent in drought than the spring
across the study sites. According to the findings reported by [23, 65] there is an upward
trend in drought occurrences in autumn compared to the spring. The study supports the
notion that the most severe drought, which typically occurs during the summer, persists
and extends into autumn. This suggests that it is crucial to address severe droughts in
the summer, as this period is critical for vegetation growth. Another study by Guy et al.
[19] insists that autumn droughts are attributed mainly to ENSO regime shifts, and as
a result of this, there are increasing incidents of drought. Wajaale and Odwayne had a
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higher frequency of drought periods during autumn compared to spring, unlike Beer,
which experienced an equal number of drought incidents in both seasons. Specifically,
since Beer is situated in a region known for fodder production [24, 25, 35], the implica-
tions of drought on fodder production can be severe [64] since droughts affect both the
main and short rainy seasons similarly in Somalia. Moderate droughts were found to
become more frequent compared to other classes of droughts.

The study findings indicate a consistent upward drought trend across all study sites
over 40 years, regardless of the season. However, disparities exist within the seasons,
with the spring season showing a higher drought trend in all locations than in autumn.
These results are consistent with the findings of Musei et al. [39], who found an increas-
ing trend in the frequency of dry periods on a seasonal scale. The frequency, duration,
and severity of droughts increased, with the most intense and severe droughts occurring
in the last decade of the study period, from 1981 to 2020. This is consistent with many
studies worldwide [34, 36, 59]. However, a study from Nigeria by [12, 60] exclusively
found significant drying trends in recent times compared to the past four years. He also
added that the frequency and severity of drought in Nigeria are increasing in both the
SPI and SPIE drought indices. Beer experiences the lowest frequency of drought, but it is
more severe when it does occur.

In contrast, Wajaale has the highest drought frequency, but the severity is less. This
difference can be attributed to the geographical locations of Beer, which are character-
ized by flat terrain with abundant sloping areas that can retain a significant amount of
rainfall for a long time [24, 66]. Additionally, beer benefits from distant mountain rain-
fall, enabling it to retain significant amounts of water for extended periods. Another
plausible explanation is the elevated temperature in Wajaale. A study by Shiru et al. [45]
supports this notion, revealing that higher temperatures are linked to a reduction in the
SPEL As a result, this decrease in the SPEI leads to an increased frequency of droughts.
In contrast, Wajaale is disadvantaged by its soil's limited capacity to retain water [56].
Spring consistently exhibited higher drought intensity than the autumn season across all
sites, except for Wajaale, where no significant difference was observed between the two
seasons.

The analysis of seasonal droughts reveals that drought incidents were highly recurrent
every 2 years over the 40 years, with a maximum duration of 5-year moving droughts.
This indicates that droughts occurred frequently, with a high likelihood of experienc-
ing a drought event every two years during the study period. These drought events were
found to have large-scale impacts in the Horn of Africa on environmental aspects and
society [20] and have a detrimental impact on agricultural production [30]. Even though
some studies contradict these results [27, 50], most of the studies on drought concur
that there has been an increasing trend of drought incidents over the past few years [37,
43, 51], and the same trend is also projected for the future [45, 57].

In contrast to Wajaale, Beer and Odwayne experienced an upward trend in annual
drought occurrences. This means that droughts are tremendously increasing in Beer and
Odwayne, which are in the eastern regions, compared to Wajaale on the western side of
Somaliland. These findings concur with the study of Abdulkadir et al. [1], who insist that
western regions receive more rainfall and are less vulnerable to drought incidents than
eastern regions of Somaliland. Another study by Helming et al. (2009) insists that veg-
etation cover and soil conditions, particularly water-holding capacity, are much better



Hussein et al. Discover Sustainability (2025) 6:686 Page 18 of 21

in western regions than the eastern side of Somaliland. In addition, a different study that
looked at Somaliland's agro-ecological zones said that the western regions grew cash
crops, while the eastern regions mainly were pastoralist, with places like the Burao live-
stock market and major livestock transport routes [10, 20, 49]. To this point, it can be
concluded that Wajaale is a better site for fodder production concerning the changing
climate and the subsequent droughts associated with it. Hence, the study recommends
that more sites for fodder production to be initiated in the western regions of Somalil-
and. All the locations exhibited an increased drought trend at the decadal level, except
Wajaale. These results accept the findings of Tong et al. [54], which found that 1990 was
the wettest period and 2010 was the driest period in the study area. This is presumed to
be a location-wise discrepancy and hence indicates that the results of SPEI cannot be
generalized on a regional or global level but are better off location-wise.

5 Conclusion

In conclusion, analysing meteorological drought patterns in Somaliland and northwest-
ern Somalia from 1980 to 2020 using the Standardized Precipitation Evapotranspiration
Index (SPEI) revealed several important findings. First, there was a consistent upward
trend in drought occurrences across the spring and autumn seasons in all three study
sites. This suggests a growing concern for drought-related challenges, which can have
significant implications for agriculture and food security. Decreased water availability
during critical growth stages can lead to reduced crop yields and livestock productivity,
threatening the livelihoods of farmers and pastoralists. The findings also indicated that
the autumn season tends to be more persistent in drought than in spring. This high-
lights the importance of addressing severe droughts during the summer, as this period is
critical for vegetation growth. Autumn droughts were attributed to ENSO regime shifts,
and their increasing incidence can cause concern. There were variations in drought fre-
quency and severity among the study sites. Beer experienced the lowest frequency of
drought but had more severe drought events. This can be attributed to its geographical
characteristics, including a flat terrain with sloping areas that retain rainfall for more
extended periods. Wajaale, on the other hand, had a higher frequency of drought events,
which can be attributed to higher temperatures and limited soil water retention capac-
ity. The analysis of seasonal drought patterns revealed that drought events occurred fre-
quently, with a high likelihood of experiencing a drought event every two years during
the study period. These recurrent drought events have significant impacts on the envi-
ronment and society and detrimental effects on agricultural production. Furthermore,
there were differences in drought trends between the western and eastern regions of
Somaliland. Western regions, such as Wajaale, were less vulnerable to drought incidents
than the eastern regions, such as Beer and Odwayne. This can be attributed to differ-
ences in rainfall patterns, vegetation cover, soil conditions, and the classification of agro-
ecological zones. Considering these findings, we recommended that drought challenges
in the study area, particularly in the western regions, be prioritized, as they show poten-
tial for fodder production. Initiating more fodder production sites in these regions can
help mitigate the impacts of changing climates and associated droughts. It is important
to note that the results of the SPEI analysis should be interpreted at a location-wise level
and cannot be generalized on a regional or global scale.
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