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ARTICLE INFO ABSTRACT

Keywords: Understanding drought dynamics in arid and semi-arid regions is essential for climate adaptation and sustainable
Drought resource management. This study assessed multi-decadal drought variability in Darfur, western Sudan, from
SPEI 1981 to 2025 using the Standardized Precipitation-Evapotranspiration Index at a 12-month timescale (SPEI-12).
153:}1; SIT Monthly precipitation and temperature records from North, West, and South Darfur were analysed using
Sudan piecewise linear regression, Bayesian Information Criterion (BIC)-based breakpoint detection, and Breaks for

Additive Seasonal and Trend (BFAST) analysis. A precipitation-temperature proxy was used for climatic water
balance because potential evapotranspiration data were unavailable. Results revealed statistically significant
positive SPEI-12 trends across all regions, indicating a gradual reduction in cumulative drought severity. West
Darfur exhibited the strongest trend (0.0463 yr’l; R? = 0.356), followed by South Darfur (0.0407 yr’l;
R? = 0.277), whereas North Darfur showed a weaker trend (0.0198 yr’l; R? = 0.065) and greater interannual
variability. Although piecewise regression detected no long-term structural breaks, BFAST identified episodic
climatic transitions. Severe drought events persisted, particularly during the early 1980s and in recent years.
Overall, drought evolution in Darfur is consistent with the broader post-1990s Sahelian hydroclimatic recovery
while exhibiting pronounced spatial heterogeneity, providing a basis for drought monitoring and climate
adaptation in arid environments.

Climate variability

1. Introduction

Drought is a complex hydroclimatic phenomenon characterized by
prolonged deficits in water availability resulting from anomalies in
precipitation and atmospheric conditions, including increased temper-
ature and evaporative demand (Dai, 2011; Mishra and Singh, 2010).
Unlike sudden-onset hazards, droughts develop gradually, vary across
spatial and temporal scales, and are often difficult to define in terms of
their precise onset and termination (Liu et al., 2023; Sreeparvathy et al.,
2025). Its cumulative nature complicates impact assessment, particu-
larly in arid and semi-arid environments where even small climatic
deviations can produce substantial ecological and socio-economic con-
sequences (Asfaw et al., 2021; Tirivarombo et al., 2018).

Globally, droughts are among the most economically damaging
natural hazards, affecting agriculture, water resources, energy produc-
tion, and ecosystem services (Alahacoon and Edirisinghe, 2022;
Keshavarz and Karami, 2018). In dryland regions, recurrent drought

constrains primary productivity, reduces rangeland carrying capacity,
and intensifies land degradation processes (Cartwright et al., 2020).
Consequently, robust drought monitoring frameworks are essential for
estimating the intensity, duration, spatial extent, and recurrence pat-
terns of droughts.

Various of drought indices have been developed to quantify meteo-
rological and hydrological deficits. The Standardized Precipitation
Index (SPI) (McKee et al., 1993) is widely used for precipitation-based
drought assessments, whereas the Palmer Drought Severity Index
(PDSI) (Palmer, 1965) incorporates soil moisture accounting. More
recently, the Standardized Precipitation Evapotranspiration Index
(SPEI) has gained prominence because it integrates both precipitation
supply and atmospheric evaporative demand through a climatic water
balance framework (Vicente-Serrano et al., 2010). By incorporating
temperature-driven evapotranspiration, the SPEI is particularly suited
for assessing drought under conditions of climate warming
(Vicente-Serrano et al., 2012).
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Several comparative studies suggest that SPEI may better capture
climate change-induced drought intensification than the SPI, particu-
larly in regions experiencing rising temperatures (Gumus, 2023; Li et al.,
2020). Consequently, the SPEI has been widely applied in global and
regional drought monitoring (Abu Arra and Sisman, 2024; Fuentes et al.,
2022; Mokhtar et al., 2021; Salimi et al., 2021). Drought variability has
been a defining climatic feature of the past century across the African
Sahel. The prolonged Sahelian drought of the late 1960s through the
1980s caused widespread famine, ecological degradation, and popula-
tion displacement (Nicholson et al., 2013). Although rainfall partially
recovered after the 1990s, considerable debate persists regarding the
extent, spatial heterogeneity, and sustainability of this recovery (Lebel
and Ali, 2009; Nicholson et al., 2018). Recent analyses indicate
increased rainfall variability and intensification of extreme events,
rather than a simple return to pre-drought stability (Biasutti, 2019;
Calim Costa et al., 2024).

Sudan represents a critical case within the Sahelian climate system
because of its pronounced north south rainfall gradient and exposure to
rapid climate variability (Alriah et al., 2024; Trummer et al., 2023).
Historically, Sudan has experienced severe drought episodes in 1913,
1940, 1954, and most notably during 1980-1984, when widespread crop
failure and famine affected millions (Atiem et al., 2022; Teklu et al.,
1991). Rainfall declines between the 1960s and the 1980s were
accompanied by increasing interannual variability, particularly in
western Sudan, where the coefficients of variation rose substantially
(Atiem et al., 2022; Siddig et al., 2022). Recent satellite-based studies
have further demonstrated the value of integrating meteorological and
remotely sensed data for drought monitoring across Sudan (Adam et al.,
2026), while climate projections indicate increasing temperatures and
changes in precipitation patterns that may alter future drought charac-
teristics (Mohamed et al., 2024).

Darfur, located in western Sudan, is especially vulnerable to
droughts because of its predominantly rain-fed agricultural systems and
pastoral livelihoods. The region supports approximately 7.5 million
people from diverse ethnic communities (Nagmeldin and Hanna, 2023;
Nweke, 2021). Competition over land and water resources, exacerbated
by environmental degradation, desertification, and weak governance,
has contributed to recurrent conflict and displacement (Attaalmannan,
2019; Schimmer, 2007). Climate variability interacts with
socio-political fragility, intensifying the vulnerability of internally dis-
placed populations and agro-pastoral communities.

Despite the central role of drought in shaping environmental change
and human livelihoods in Darfur, long-term assessments of drought
dynamics are limited. Previous studies in Sudan have primarily focused
on precipitation-based drought indices, agricultural impacts, and
localized analyses (Elagib and Elhag, 2011; Elhag and Zhang, 2018;
Mohmmed et al., 2018b). More recent satellite-based assessments have
improved drought monitoring at the national scale (Adam et al., 2026),
yet the long-term temporal evolution and regime dynamics of drought in
Darfur have received comparatively little attention. In particular, few
studies have combined standardized drought indices with
non-stationary time-series approaches to distinguish gradual climatic
trends from episodic shifts in drought behaviour. Addressing this gap is
important for understanding hydroclimatic variability in one of the most
climate-sensitive and conflict-affected regions of the Sahel.

The novelty of this study lies in the integration of the SPEI with
complementary trend and breakpoint detection techniques to evaluate
both long-term drought evolution and temporal regime shifts across
Darfur. Unlike conventional linear trend analyses, the combined appli-
cation of piecewise regression and the Breaks For Additive Seasonal and
Trend (BFAST) method enables the identification of gradual climatic
changes alongside episodic transitions in drought dynamics. We hy-
pothesize that drought conditions in Darfur have undergone significant
multi-decadal changes consistent with the broader hydroclimatic re-
covery reported for the Sahel, while exhibiting marked spatial hetero-
geneity among North, West, and South Darfur. Accordingly, the
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objectives of this study were to (1) quantify long-term drought vari-
ability across North, West, and South Darfur using theSPEI, (2) detect
temporal breakpoints and regime shifts in drought evolution using
piecewise regression and BFAST analyses, (3) compare drought dy-
namics among the three regions and relate them to broader hydro-
climatic variability across Sudan and the Sahel, and (4) discuss the
implications of long-term drought variability for drought monitoring,
environmental management, and climate adaptation in arid
environments.

2. Methods
2.1. Study area

Darfur is in western Sudan (Fig. 1) between 9°00-18°56' N and
23°54'-27°02 E, covering approximately 531,000 km? and bordering
Chad, Libya, South Sudan, and the Central African Republic (Ahmed
et al., 2025). The region lies within the Sahelian belt and exhibits pro-
nounced north-south climatic and ecological gradients. The climate
ranges from arid desert conditions in the north to semi-arid and
savannah conditions in the south. Rainfall is highly seasonal, occurring
between June and September, with marked interannual variability
(Ahmed et al., 2025). The northern areas receive low and erratic pre-
cipitation, whereas the southern and western sectors experience higher
rainfall. Temperatures are high throughout the year, often exceeding
40 °C during the dry season (Ahmed et al., 2024).

Topographically, Darfur is flat to gently undulating, interrupted by
the Jebel Marra volcanic massif, which rises above 3000 m above sea
level (Hegazy et al., 2018). This highland system acts as a climatic and
ecological divide, enhancing orographic rainfall and supporting cooler
and wetter microclimates than the surrounding lowlands. Soil varies
from sandy and nutrient-poor desert soils in the north to more fertile
clay and loamy soil in central and southern areas (Hegazy et al., 2021).
Vegetation follows a climatic gradient, with sparse xerophytic shrubs in
the north, transitioning to woodland and savannah vegetation in the
south. Dominant woody species include Vachellia tortilis, Vachellia seyal,
Senegalia senegal, Balanites aegyptiaca, Ziziphus spina-christi, and Com-
bretum glutinosum, while the Jebel Marra highlands support localized
montane vegetation with relatively high floristic diversity (Hegazy
et al., 2018). The regional economy is largely based on rain-fed agri-
culture and pastoralism, making it highly sensitive to drought vari-
ability, rainfall fluctuations, and land degradation.

2.2. SPEI-12 computation, trend analysis, and breakpoint detection

2.2.1. Data preparation

Monthly climatic records for the North, West, and South Darfur
meteorological stations were compiled from structured spreadsheet
datasets containing the year, month, precipitation (P), and air temper-
ature (T). To ensure temporal consistency, each observation was
assigned to the first day of the corresponding month, thereby stan-
dardizing the dataset to regular monthly time steps. The records were
chronologically ordered and subjected to quality control procedures,
including verification of valid month entries (1-12), removal of dupli-
cate timestamps, and screening for temporal discontinuities. These steps
ensured the construction of a continuous monthly time series suitable for
drought index computation and subsequent time-series analyses. All
preprocessing and analytical procedures were conducted using R sta-
tistical software.

2.2.2. SPEI calculation and conceptualization

Drought conditions were quantified using the SPEI, which was
originally developed to represent standardized anomalies in the climatic
water balance (Vicente-Serrano et al., 2010). The SPEI integrates both
precipitation supply and atmospheric evaporative demand, making it
particularly suitable for assessing drought under conditions of climate
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Fig. 1. Map of the study area shows (a) location of Sudan within Africa, and (b) location of Darfur region within Sudan.

variability and warming trends. Under a physically consistent formula-
tion, SPEI is computed from the climatic water balance defined as pre-
cipitation minus potential evapotranspiration (P-PET). However, owing
to the limited availability of PET data for the study area, the climatic
water balance was approximated using Equation (1):

D;=P-Tt M

Where D; represents the monthly proxy water balance at time t; Py is the
monthly precipitation, and T; is the monthly mean temperature. This
formulation is explicitly treated as a proxy and interpreted cautiously,
recognizing that temperature alone does not fully capture the evapora-
tive demand. The methodological limitations are acknowledged in line
with the recommendations from (Begueria and Vicente-Serrano, 2023).
The monthly water-balance series were converted into regular
time-series objects and standardized using the SPEI package in R,
applying a 12-month aggregation window (SPEI-12). Aggregation was
performed using a rolling accumulation procedure to capture cumula-
tive moisture deficits over annual timescales. The leading and trailing
missing values introduced by the accumulation window were removed
to preserve statistical consistency. Although multiple accumulation
scales were explored to capture different drought processes, SPEI-6
(short-to medium-term agricultural drought) and SPEI-12 (long-term
hydrological and ecological drought), the present analysis emphasizes
SPEI-12 because of its relevance to vegetation dynamics, water re-
sources, and broader socio-environmental systems.

2.2.3. Drought classification

Drought events were classified according to the standardized
thresholds proposed for SPEI (Abu Arra and Sisman, 2024;
Vicente-Serrano et al., 2010). Based on these thresholds, drought fre-
quency was defined as the number of occurrences in which SPEI values
were < —1.0, corresponding to at least moderate drought conditions in
the study area. The drought classes used in this study were near-normal
(SPEI > —0.5), moderate drought (—1.5 < SPEI < —1.0), severe drought
(—2.0 < SPEI < —1.5), and extreme drought (SPEI < —2.0). These
thresholds are commonly used because they represent progressively
increasing moisture deficits and facilitate comparison among regions
and studies using standardized drought indices (Begueria et al., 2014). A
drought event was considered to commence when SPEI decreased below
—1.0 and to terminate when the index returned to a zero or positive
value. Drought duration was calculated as the number of consecutive
months with SPEI below —1.0, and drought severity was quantified as
the cumulative SPEI deficit during each event (Bae et al., 2018;
Serkendiz et al., 2024; Tirivarombo et al., 2018). Given the widespread
application of these thresholds in recent drought studies across Sudan
and other semi-arid regions, they provide a consistent basis for evalu-
ating the temporal characteristics and intensity of climatic drought

(Adam et al., 2026).
2.2.4. Trends analysis and breakpoint detection
(a) Structural Break Analysis

To detect non-stationarity and regime shifts in drought evolution,
structural breakpoints were identified using the strucchange framework
in R. A piecewise linear regression model was fitted, allowing for mul-
tiple slope changes over time, following Equation (2):

SPEL, =, + Byt + et )

Candidate models with varying numbers of breakpoints were eval-
uated using the Bayesian Information Criterion (BIC), which balances
the model fit against complexity (Zeileis et al., 2024). The model with
the lowest BIC value was selected as the optimal model. To prevent the
detection of spurious short-term fluctuations, a minimum segment
length (expressed as a fraction of the total series length) was imposed.
This penalized likelihood approach is widely applied in climate
time-series analysis to objectively identify structural regime shifts.

(b) BFAST Decomposition

Complementary breakpoint detection was conducted using the
Breaks For Additive Seasonal and Trend (BFAST) method (Verbesselt
et al.,, 2010). BFAST decomposes a time series into seasonal, trendy,
and residual components using Equation (3):

Y, =S, + T, +e(t=1,2,3,...n) 3)

Where:

Y, is the observed SPEI-12 value at time t;.

S represents the seasonal component.

T; denotes the long-term trend component, potentially containing
structural breaks.

e; captures residual variability.

The iterative BFAST procedure identifies statistically significant
changes in the trend and seasonal components, enabling the detection of
abrupt drought regime shifts. In this study, BFAST was applied to the
SPEI-12 series to detect long-term structural changes in drought dy-
namics in Darfur.

2.2.5. Piecewise trend estimation and uncertainty

Following breakpoint detection, ordinary least squares (OLS) linear
regression models were fitted to each temporal segment to quantify the
direction and magnitude of drought trends. Piecewise regression was
selected because it provides a simple and interpretable estimate of the
average rate of change within relatively homogeneous periods while



A. Ahmed and K. Czimber

allowing changes in trend between successive segments. Rather than
assuming that the entire climatic record follows a single linear trajec-
tory, this approach permits different linear relationships to be estimated
where structural changes occur (Zeileis et al., 2003). For each segment,
the slope (change in SPEI units yr‘l), coefficient of determination (Rz),
and associated p-value were calculated. Predicted trend values together
with their 95% confidence intervals were used to quantify the uncer-
tainty associated with each fitted trend.

Because hydroclimatic time series often exhibit non-linear and non-
stationary behaviour, piecewise regression was complemented with the
BFAST method. Whereas piecewise regression quantifies long-term
directional changes within each temporal segment, BFAST decomposes
the time series into trend, seasonal, and remainder components and
identifies abrupt temporal shifts that cannot be adequately represented
by a single linear model (Verbesselt et al., 2010). The combined appli-
cation of these approaches therefore enables both gradual long-term
trends and episodic changes in drought dynamics to be characterized.
Overall, the integration of SPEI-12, breakpoint detection, piecewise
regression, and BFAST provides a robust framework for analysing
drought variability in data-scarce dryland environments. All analyses
were performed using R statistical software (R Core Team, 2020). and
the complete analytical workflow is summarized in Fig. 2.

3. Results
3.1. Long-term piecewise trend in SPEI (1981-2025)

Piecewise linear regression identified a single long-term trend
segment (1981-2025) for North, West, and South Darfur, with no
structural break detected by the piecewise regression model during the
study period (Table 1).

Positive slopes were observed in all three regions, although their
magnitudes differed considerably (Table 1; Fig. 3). West Darfur recorded
the highest rate of increase in SPEI-12 (0.0463 yr—1), followed by South
Darfur (0.0407 yr’l), whereas North Darfur exhibited the lowest rate of
increase (0.0198 yr~!). The proportion of variance explained by the
linear trend also varied spatially, with the highest coefficient of deter-
mination in West Darfur (R? = 0.356), followed by South Darfur
(R? = 0.277) and North Darfur (R* = 0.065).
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Table 1

Piecewise linear trend analysis of SPEI-12 (1981-2025).
Region Slope (yr™) P-value R?
North Darfur 0.0198 <0.001 0.065
West Darfur 0.0463 <0.001 0.356
South Darfur 0.0407 <0.001 0.277

The temporal evolution of SPEI-12 differed among the three regions
(Fig. 3). North Darfur (Fig. 3A) experienced severe drought episodes in
1983, 1984, 1991, 2004, and 2017, while moderate drought occurred in
1986, 1989, 1994, 1997, 2002, 2003, 2009, and 2011. West Darfur
(Fig. 3B) experienced prolonged severe drought conditions between
1983 and 1991, interrupted by near-normal conditions in 1987, fol-
lowed by another severe drought in 1998 and moderate drought in
1997, 2004, and 2011. South Darfur (Fig. 3C) recorded severe drought
conditions during 1982-1987, interrupted by near-normal conditions in
1983 and 1985, with additional severe drought events in 1997 and
2017. Moderate drought persisted from 1988 to 1996 and reappeared in
2003 and 2010.

Across the three regions, drought conditions were concentrated
during the 1980s and early 1990s, whereas the frequency of severe
drought events decreased after the late 2000s. North Darfur recorded the
largest number of isolated severe drought years during the later part of
the study period, while West and South Darfur showed longer periods
characterized by near-normal and wet conditions after approximately
2007.

3.2. Regional patterns of drought intensity at multiple timescales

Heatmaps of SPEI-6 and SPEI-12 illustrate temporal and regional
differences in drought intensity across Darfur (Figs. 4 and 5). At the 6-
month timescale (Fig. 4), North Darfur exhibited the highest fre-
quency of moderate to severe drought conditions throughout the study
period. South Darfur showed intermediate drought intensity, whereas
West Darfur generally experienced fewer short-term drought events.
Severe drought conditions occurred simultaneously across all three re-
gions during the early 1980s, although their duration and intensity
varied.

Data acquisition Data quality Control
P! - Checking missing values [—P Data aggregation Compute g Compute
- Monthly rainfall ' : : to monthly scale PET SPEI
] Nionih}- Hemperaions - Chech inconsistency y
- Homogenity chech
. Drought
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Interpretation and Implications
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Fig. 2. Processing workflow.
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Fig. 3. SPEI-12 trends and drought classification for (A) North Darfur, (B) West Darfur, and (C) South Darfur during 1981-2025.
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The 12-month SPEI (Fig. 5) showed similar regional differences but
with greater persistence of drought episodes. West Darfur experienced
extreme drought conditions between 1983 and 1988, while North and
South Darfur were predominantly characterized by severe drought
during the same period. From approximately 2007 onwards, West and
South Darfur were dominated by near normal and positive SPEI values,
whereas North Darfur continued to experience recurrent moderate and
severe drought episodes.

3.3. Breakpoint detection using BFAST

BFAST analysis identified multiple breakpoints in the SPEI-12 time
series across the three regions (Fig. 6). North Darfur exhibited five
breakpoints (1990, 1998, 2005, 2014, and 2018), whereas West Darfur
showed four breakpoints (1988, 1999, 2009, and 2018). South Darfur
exhibited five breakpoints in 1988, 1995, 2007, 2009, and 2018. The
timing of several breakpoints was common among the regions,

BFAST Trend & Breaks — North Darfur
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particularly those occurring during the late 1980s and around 2018,
although the intermediate breakpoints differed spatially. North Darfur
displayed more frequent fluctuations throughout the study period,
whereas West and South Darfur showed comparatively longer periods of
uninterrupted trends between successive breakpoints. Following the
breakpoints identified after the late 2000s, the SPEI-12 series in West
and South Darfur was characterized by predominantly positive values,
while North Darfur continued to exhibit alternating wet and dry
conditions.

4. Discussion
4.1. Multi-decadal drought variability across Darfur
The SPEI-12 analysis revealed a significant positive trend across

North, West, and South Darfur during 1981-2025, although the
magnitude and persistence of the trend differed among the three
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Fig. 6. BFAST decomposition of the SPEI-12 time series showing detected breakpoints for North, West, and South Darfur during 1981-2025.
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regions. West Darfur exhibited the strongest increase in SPEI, followed
by South Darfur, whereas North Darfur showed the weakest trend and
the lowest proportion of the explained variance. These differences are
consistent with the pronounced climatic gradient across Darfur, where
annual rainfall increases from the hyper-arid northern plains toward the
relatively wetter western and southern sectors influenced by the Jebel
Marra highlands (Ahmed et al., 2025; Hegazy et al., 2021). Despite the
positive long-term trend, severe drought events continued to occur
throughout the study period, particularly in North Darfur. This persis-
tence demonstrates that long-term changes in the climatic water balance
do not necessarily translate into reduced drought occurrence at shorter
temporal scales. Similar patterns have been reported for other dryland
regions where gradual hydroclimatic recovery coexists with pronounced
interannual variability (Abu Arra and Sisman, 2024). The comparatively
low coefficient of determination observed in North Darfur further sug-
gests that drought variability remains strongly controlled by
year-to-year climatic fluctuations rather than long-term directional
change. The BFAST analysis complements these findings by identifying
several temporal breakpoints across the three regions, particularly
during the late 1980s, late 1990s, and around 2018. These breakpoints
likely represent shifts in climatic conditions superimposed on the
long-term trend rather than persistent changes in the overall drought
trajectory. Similar behaviour has been reported in non-stationary
drought analyses where gradual climatic trends coexist with episodic
hydroclimatic disturbances (Badawy et al., 2026; Granata and Di Nunno,
2025; Verbesselt et al., 2010).

4.2. Comparison with previous drought studies in Sudan

The observed multi-decadal evolution of drought conditions in
Darfur agrees with previous studies conducted in Sudan, although
important regional differences were evident (Elagib and Elhag, 2011).
identified persistent drought conditions across large parts of Sudan
associated with declining rainfall and increasing temperature during the
second half of the twentieth century. Similarly (Mohmmed et al.,
2018a), reported that North Darfur remains among the most
drought-vulnerable regions because of recurrent rainfall deficits, land
degradation, and limited adaptive capacity. The present study confirms
the continued vulnerability of North Darfur while demonstrating that
the region has also experienced a modest long-term increase in SPEI
since the early 1980s.

Recent satellite-based drought assessments also support the spatial
variability observed in this study. Using remotely sensed drought in-
dicators (Elhag and Zhang, 2018), found considerable differences in
drought severity across Sudanese agricultural regions, with western
Sudan exhibiting substantial temporal variability. Likewise (Adam et al.,
2026), demonstrated that satellite-derived drought indices capture
regional differences in drought evolution across Sudan's rain-fed agri-
cultural systems, reinforcing the importance of integrating climatic and
spatial analyses for drought monitoring. Projected climate scenarios
further suggest that rising temperatures and increasing rainfall vari-
ability will continue to influence drought conditions across Sudan
(Mohamed et al., 2024). Consequently, the gradual increase in SPEI
observed in the present study should not be interpreted as evidence of
declining drought risk because increasing evaporative demand may
offset future rainfall gains (Ahmed and Musa, 2020). The drought evo-
lution observed in Darfur is consistent with the broader hydroclimatic
recovery reported across Sahel (Biasutti, 2019; Nicholson, 2005;
Sanogo, 2015).

4.3. Climate variability, environmental stress, and conflict dynamics

Darfur has been widely recognized as a region where climate vari-
ability interacts with socio-political vulnerabilities. Although climate
change alone does not cause conflict, drought-related resource scarcity
can exacerbate pre-existing tensions over land, water, and grazing
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corridors (IPCC, 2022; UNEP, 2024). The severe droughts of the 1980s
contributed to large-scale environmental degradation, southward
migration of pastoralists, and increased competition for fertile land,
particularly along the Jebel Marra foothills. The clustering of extreme
drought events in the early 1980s identified in this study coincides with
the broader Sahel drought crisis that reshaped livelihood systems and
settlement patterns across Sudan (Batterbury and Warren, 2001; Brooks,
2004). Subsequent partial moisture recovery since the 1990s may have
moderated some ecological pressures, particularly in West and South
Darfur. However, the persistence of episodic drought and high vari-
ability, especially in North Darfur, suggests that environmental stress
remains structurally embedded in the region. Conflict climate linkages
in arid environments operate through indirect pathways, drought re-
duces pasture productivity and crop yields, livelihood stress increases
mobility and competition over limited water points, and weak gover-
nance and land tenure systems amplify disputes. Therefore, even under a
long-term wetting trend, the recurrence of severe drought events can
trigger localized stress in already fragile socio-ecological systems.

4.4. Policy implications for arid environment

The spatial differences observed among the three Darfur regions
suggest that drought adaptation strategies should be geographically
differentiated rather than being uniformly implemented. North Darfur is
characterized by recurrent drought episodes and high interannual
variability, indicating the need to prioritize water harvesting, rangeland
restoration, and drought-resilient livelihood programs. Conversely, the
comparatively stronger recovery observed in West and South Darfur
provides opportunities for ecosystem restoration and sustainable agri-
cultural intensification in these regions. These findings support recent
recommendations advocating for integrated drought monitoring sys-
tems that combine climatic indices, satellite observations, and early
warning information to strengthen resilience in crisis-affected drylands
(Adam et al., 2026; Bogale et al., 2025; Mafi-Gholami and Jaafari,
2024).

4.5. Limitation and future research

This study has several limitations that should be considered when
interpreting the results. First, the climatic water balance was approxi-
mated using a precipitation-temperature (P — T) proxy because poten-
tial evapotranspiration (PET) data were unavailable. Although this
approach provides a useful indication of long-term drought variability,
it may underestimate the influence of increasing atmospheric evapora-
tive demand on drought severity under a warming climate.

Second, the analysis was based on station-derived meteorological
observations, which provide robust temporal information but have
limited spatial coverage. Consequently, the results characterize drought
variability at the representative station locations rather than providing
continuous spatial estimates across the entire Darfur region. Generating
spatial drought probability maps or interpolated drought surfaces would
require a denser observation network or the integration of gridded
climate and remote sensing datasets, which was beyond the scope of the
present study.

Future research should therefore integrate PET-based drought
indices with satellite-derived products, including vegetation indices (e.
g., NDVI), soil moisture, and land-use/land-cover datasets, to enable
spatially explicit drought mapping and improve assessment of
ecosystem responses to climate variability. The incorporation of gridded
climate products and geostatistical or machine-learning approaches
would further facilitate the development of drought probability maps
and regional drought risk assessments. In addition, combining climatic
indicators with remotely sensed observations and socio-economic
datasets would improve understanding of the interactions among
drought, vegetation dynamics, land degradation, livelihoods, and con-
flict in climate-sensitive drylands such as Darfur.
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5. Conclusion

This study evaluated multi-decadal climatic drought variability in
Darfur, Sudan, using SPEI-12, piecewise trend analysis and BFAST
breakpoint detection. The results showed a long-term increase in SPEI
across North, West, and South Darfur, indicating a gradual reduction in
cumulative drought severity since 1981. However, the magnitude of
change differed among regions, with West and South Darfur exhibiting
stronger recovery than North Darfur, where drought variability
remained relatively high.

Although the long-term trend was positive, severe drought episodes
continued to occur throughout the study period, demonstrating that
gradual hydroclimatic recovery has not eliminated the occurrence of
extreme drought events. Breakpoint analysis further showed that
drought evolution was characterized by episodic temporal shifts super-
imposed on an overall long-term trend.

These findings are consistent with the broader hydroclimatic re-
covery reported across the Sahel while emphasizing the considerable
spatial variability that exists within Darfur. The results suggest that
drought adaptation strategies should be tailored to regional conditions,
with particular attention to North Darfur, where recurrent drought and
high climatic variability continue to pose substantial environmental and
livelihood challenges.

The integrated application of SPEI and non-stationary trend analysis
provides a useful framework for monitoring drought dynamics in arid
and semi-arid environments and can support climate adaptation,
drought early warning, and sustainable natural resource management in
Sudan and other drought-prone regions worldwide.
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