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Abstract: The Darfur conflict, which emerged in the early 21st century, represents a multi- 

faceted crisis driven by socio-political and environmental factors, with resource scarcity, 

exacerbated by climate change, playing a pivotal role in intensifying tensions between 

agricultural and pastoral communities. While climate change is typically associated with 

adverse environmental outcomes, an analysis of data spanning four decades (1980–2023) 

reveals a contrasting trend of increased precipitation, enhanced vegetation, and decreased 

drought frequency in recent years. This research explores the potential of these positive 

environmental changes to mitigate resource-based conflicts and foster political stability 

in Darfur as improved environmental conditions are posited to create a foundation for 

conflict resolution and sustainable peacebuilding. The present study integrates trends in the 

Enhanced Vegetation Index (EVI) and the Standardized Precipitation Evapotranspiration 

Index (SPEI) to examine these shifts. EVI data, derived from the Moderate Resolution 

Imaging Spectroradiometer (MODIS) at a 250 m resolution, was used to assess large-scale 

vegetation patterns in arid and semi-arid landscapes. The Autoregressive Integrated Mov- 

ing Average (ARIMA) model was employed to forecast future precipitation scenarios up to 

the year 2034, enhancing the understanding of long-term climatic trends. Data processing 

and analysis utilized advanced tools, including Google Earth Engine (GEE), ArcGIS Pro 

(version 3.4), and R software (version 4.3.2). The findings reveal a significant (33.19%) 

improvement in natural vegetation cover between 2000 and 2023, with degraded and 

unchanged areas accounting for 1.95% and 64.86%, respectively. This finding aligns with 

a marked increase in annual precipitation and a reduction in drought intensity over the 

study period. Historical SPEI analysis showed persistent drought events between 1980 and 

2012, followed by a notable decline in drought frequency and severity from 2013 to 2024. 

Precipitation projections suggest a stable trend, potentially supporting further vegetation 

recovery in the region. These environmental improvements are preliminarily linked to 

climate-change-induced increases in precipitation and reductions in drought severity. This 

study’s findings contribute to a nuanced understanding of the interplay between environ- 

mental dynamics and socio-political stability in Darfur, offering actionable insights for 

policy interventions aimed at fostering sustainable peace and resilience in the region. 

Keywords: climate variability; enhanced vegetation index; environmental recovery; 

drought frequency; Darfur 

(https://creativecommons.org/   

licenses/by/4.0/). 
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1. Introduction 

Global climate change has emerged as a significant force reshaping natural and social 

systems worldwide, manifesting through intensified droughts, floods, famine, political 

instability, and disease outbreaks [1–4]. These challenges underscore the critical need 

for targeted interventions to support the nations which are most vulnerable to climate- 

induced crises, as emphasized during the 27th Conference of the Parties to the United 

Nations Framework Convention on Climate Change (COP27) [5]. Africa, identified as one 

of the most climate-vulnerable continents, faces pronounced risks in regions mapped by 

climate security models like those in [6]; these models highlight nations such as Sudan, 

South Sudan, Chad, Somalia, Congo, and Niger, along with localized hotspots in Ethiopia, 

Mauritania, Sierra Leone, Guinea, and Burkina Faso, as acutely susceptible to climate- 

related threats due to factors such as physical exposure, population density, community 

resilience, and political violence [7]. 

Sudan, characterized by its rapid climate variability [8,9], serves as a case study in 

the interconnectedness of environmental degradation and socio-political challenges. The 

accurate monitoring of deforestation and land degradation is a key component of global 

initiatives like the Reducing Emissions from Deforestation and Forest Degradation (UN 

REDD+) program and the United Nations Convention to Combat Desertification (UNCCD) 

“Zero Net Land Degradation” strategy, which is critical for mitigating these challenges [10]. 

Persistent monitoring in regions like Sudan is essential to inform effective interventions 

aimed at reducing environmental deterioration. 

Sudan stands out as particularly susceptible to climate stressors, with internally 

displaced persons (IDPs) experiencing compounded vulnerabilities due to armed conflict, 

food insecurity, and extreme weather events [7,11]. Over the past two decades, Sudan has 

recorded the world’s highest IDP numbers, with figures surpassing 10.4 million by late 

2024 owing to escalating conflict and environmental degradation. 

Darfur exemplifies the compounded effects of climate stressors and socio-political 

instability. Geographical and historical factors contribute to Darfur’s susceptibility to 

intermittent conflicts, stemming from its incorporation into Sudan in 1917 by the British 

Empire, transforming it from a sultanate into a marginalized region largely overlooked 

by Sudan’s central powers in Khartoum [12]. The conflict’s root cause, as pointed out 

by, extends beyond historical marginalization and includes struggles over control of an 

environment strained by severe water and food shortages due to climatic changes, lead- 

ing to displacement [13,14]. Most of Darfur’s population resides in the south due to the 

arid conditions in the north [15]. As of 2024, Sudan has one of the highest numbers of 

internally displaced persons (IDPs) globally, surpassing 10.4 million due to escalating 

conflict and environmental challenges [16,17]. This displacement crisis, which has claimed 

over 5000 lives, is further exacerbated by the degradation of the environment surrounding 

IDP camps [18]. High population concentrations in these camps intensify anthropogenic 

impacts on local vegetation, further straining the livelihoods of displaced communities 

reliant on natural resources. The interplay of persistent drought, rainfall variability, and 

socio-economic instability has established Darfur as a critical hotspot for land degrada- 

tion and environmental vulnerability [2,19–23]. These environmental challenges intersect 

with socio-political dynamics, amplifying vulnerabilities and increasing conflict risks as 

communities compete for dwindling natural resources [24–26]. Addressing these issues 

requires a comprehensive understanding of vegetation dynamics, climate variability, and 

their interactions with conflict-induced displacement. 

Remote sensing has proven indispensable for monitoring degradation and desertifica- 

tion, particularly in data-scarce regions [27,28]. This technology enables the retrospective 

and near-real-time analysis of environmental trends, offering critical insights into vegeta- 
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tion changes and their correlation with climatic drivers [29]. Satellite-derived vegetation 

indices, such as the Enhanced Vegetation Index (EVI), combined with climate metrics like 

the Standardized Precipitation Evapotranspiration Index (SPEI), are instrumental in linking 

vegetation dynamics with precipitation patterns [30,31]. These tools are essential for assess- 

ing vegetation coverage, monitoring drought, and informing strategies for sustainable land 

management [32,33]. 

Drought commonly originates from a deficiency of precipitation, and, as a result, most 

meteorological drought indices rely primarily on precipitation data [34]. Many of these 

indices, including the SPI, are widely used in drought assessments due to their simplicity 

and standardized nature [35–37]. However, the SPI does not account for temperature effects 

on drought, despite growing evidence of the significant role temperature plays in exacer- 

bating drought conditions [38,39]. To address this limitation, ref. [40] developed the SPEI, 

which integrates Potential Evapotranspiration (PET) and provides a more comprehensive 

measure of drought severity. Compared to the SPI, the SPEI retains the multi-temporal 

flexibility of the SPI while improving drought monitoring capabilities by incorporating 

temperature-driven atmospheric demand for moisture [41]. Comparative performance 

studies [42,43] indicate that the SPEI is generally more effective than the SPI in detecting 

drought in regions with high temperature variability, such as Darfur. Given these advan- 

tages, the SPEI was selected as the primary drought index for this study. However, future 

research should consider integrating complementary indices such as the Evaporative Stress 

Index (ESI) and the Flash Drought Index (FDI) to enhance the detection of extreme climate 

events, particularly flash droughts. 

In this study, we applied non-stationary and nonlinear approaches to analyze drought 

trends using the Breaks For Additive Seasonal and Trend (BFAST) method [44]. BFAST 

enables the simultaneous detection of non-stationary trends and breakpoints in drought 

time series, providing insights into long-term variability and structural changes. While 

other methods, such as DBEST, can efficiently detect breakpoints and estimate the timing 

and magnitude of changes, they do not account for seasonal variations in time series 

data [45]. In contrast, BFAST not only identifies long-term trends and breakpoints, but also 

effectively captures seasonal components, making it a robust tool for analyzing climatic 

and environmental changes. In recent years, BFAST has been widely used to assess drought 

dynamics, vegetation trends, phenological shifts, and ecosystem disturbances [46,47] 

In the broader context of environmental peacebuilding, the relationship between 

resource availability, conflict, and cooperation has been extensively studied. Scholars 

such as [48] highlight the role of social institutions in regulating natural resource use 

in conflict-affected regions, while [49] emphasizes the importance of integrating diverse 

stakeholder perspectives into sustainable development strategies. This research builds upon 

these frameworks by exploring the potential of climate-change-induced environmental 

improvements to foster peacebuilding in Darfur. It addresses a critical gap in the literature 

by examining how long-term environmental trends, driven by increased precipitation and 

reduced drought intensity, can influence conflict dynamics and promote sustainable peace. 

Through a multidisciplinary approach integrating remote sensing and climate anal- 

ysis, this research aims to contribute to a nuanced understanding of the interconnected 

factors shaping peace and stability in Darfur. By analyzing vegetation trends and their 

implications for resource dynamics, this study provides actionable insights into the role of 

environmental restoration in mitigating resource-based conflicts and fostering resilience in 

vulnerable regions. 
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2. Materials and Methods 

2.1. Study Area 

Darfur is an expansive region in western Sudan, situated between 9◦0′–18◦56′ north 

and 23◦54′–27◦2′ east, sharing borders with Chad, Libya, and the Central African Republic 

(Figure 1) [50]. Darfur has a total area of approximately 531,304.25 km2, comparable to the 

size of Thailand. Darfur is divided into five administrative states, namely North Darfur, 

West Darfur, Central Darfur, South Darfur, and East Darfur (Figure 1). 

 

Figure 1. Map of the study area. (a) Location of Sudan in Africa. (b) Location of Darfur in Sudan and 

the states of Darfur. 

Darfur has a highly variable climate, transitioning from an arid desert climate in the 

north to a semi-arid and tropical savannah climate in the south. The region experiences a 

seasonal climate, with the rainy season typically occurring from June to September, peaking 

between August and September [51]. Rainfall patterns vary significantly across Darfur, 

with the northern areas receiving considerably less precipitation compared to the southern 

parts [52]. This variation is strongly influenced by the region’s diverse topography and 

climate zones. The region is also characterized by high temperatures, often exceeding 40 ◦C 

in the dry season, with substantial seasonal and diurnal variations. The elevation of Darfur 

is diverse, with the Jebel Marra volcanic massif reaching elevations of over 3000 m above 

sea level (asl) serving as the dominant topographical feature, while the southeastern parts 

have a low elevation of about 394 m asl (Figure 2b). This mountainous region acts as an 

important climatic divide, influencing local precipitation patterns. The northern part of 

Darfur consists of vast desert plains, while the central and southern areas are characterized 

by rolling savannah landscapes. The soil composition varies across the region, ranging 

from sandy and nutrient-poor desert soils in the north to more fertile clay and loamy soils 

in the central and southern areas (Figure 2a). In the Jebel Marra region, volcanic-derived 

soils are found, which support relatively higher agricultural productivity. However, soil 

degradation, erosion, and desertification pose significant challenges across the region, 

particularly in areas with intense land use pressures. The vegetation cover in Darfur 
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reflects the climatic gradient, with sparse desert vegetation in the north, transitioning 

into acacia woodlands and mixed shrublands in the central region [53]. The southern 

parts, receiving more rainfall, support savannah grasslands and scattered forests, which 

play a crucial role in local livelihoods [54,55]. The Jebel Marra highlands host unique 

montane vegetation, including evergreen forests and high-altitude grasslands, contributing 

to regional biodiversity [56,57]. 

 

Figure 2. (a) Soil map and (b) elevation map of Darfur. 

 

Darfur is home to an estimated 7.5 million people residing across the five states. The 

population is highly diverse, comprising over 160 tribes, each with distinct languages, 

cultures, and traditions. The Fur, Masaalit, and Zaghawa are among the largest ethnic 

groups [58]. The region has a long history of conflict, often driven by competition over 

scarce resources such as land and water. These challenges are exacerbated by political 

marginalization, weak governance, and environmental pressures, including desertification 

and recurring droughts [59]. This interplay of factors has led to significant population 

displacement and humanitarian crises [60]. 

Despite these adversities, the people of Darfur have demonstrated remarkable re- 

silience, adapting to harsh environmental conditions and striving to build sustainable 

livelihoods [61]. The economy of Darfur is primarily dependent on agriculture and live- 

stock rearing. Rain-fed agriculture dominates, with key crops including millet, sorghum, 

and groundnuts [62]. 

2.2. Data Source and Preprocessing 

2.2.1. Vegetation Index 

This study utilized the MOD13Q1 (V6.1) vegetation index product, accessed via the 

Google Earth Engine (GEE) platform (Google LLC, Mountain View, CA, USA) [63]. This 

product, derived from the Terra Moderate Resolution Imaging Spectroradiometer (MODIS) 

(NASA, Washington, DC, USA), offers a spatial resolution of 250 m and a temporal resolu- 

tion of 16 days. The dataset spans the years 2000–2023, with 2000 chosen as the starting year 

due to the launch of MODIS-EVI, and 2023 as the endpoint due to the availability of the 

most recent data [64]. The MODIS data includes two bands: Normalized Difference Vegeta- 

tion Index (NDVI) and Enhanced Vegetation Index (EVI). The EVI band, which minimizes 
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canopy background variations and maintains sensitivity in dense vegetation conditions, 

was extracted and analyzed to build a mean annual time series using ArcGIS Pro 3.4 (Esri, 

Redlands, CA, USA). EVI also incorporates the blue band to reduce atmospheric contami- 

nation caused by smoke and sub-pixel-thin clouds. The data, atmospherically corrected 

for bi-directional surface reflectance and masked for water, clouds, heavy aerosols, and 

shadows, provided a reliable dataset for assessing vegetation dynamics [65]. Elevation data 

were obtained from the United States Geological Survey (USGS) Earth Explorer (SRTM 30 m 

resolution) https://earthexplorer.usgs.gov/ (accessed on 10 December 2024), while soil 

data were sourced from the ISRIC-World Soil Information Database https://www.isric.org/ 

(accessed on 10 December 2024). Both datasets were processed and analyzed using ArcGIS 

Pro for spatial assessment and mapping. 

2.2.2. Vegetation Trend Analysis 

To monitor vegetation health and ecosystem dynamics [66], EVI values were classified 

into defined ranges: <0 (no vegetation), 0–0.2 (low vegetation), 0.2–0.4 (moderate vege- 

tation), and 0.4–0.5 (high vegetation), based on established NDVI and EVI classification 

frameworks [67]. Considering the previous studies in Darfur [21,23,68,69], the analysis 

used mean EVI values from 2000 to 2023 to identify vegetation patterns and health across 

the study area. 

2.2.3. Rainfall and Temperature Dataset 

Rainfall data were sourced from the Climate Hazards Group Infra-Red Precipitation 

with Station (CHIRPS) data, a quasi-global dataset integrating 0.05◦ resolution satellite 

imagery with in situ station data for the period 1980–2024 [70]. CHIRPS data enabled the 

trend analysis and seasonal monitoring of rainfall anomalies. 

Temperature data were obtained from the MERRA-2 reanalysis dataset of NASA’s 

POWER project, which provides 0.5◦ × 0.625◦ grid resolution data at 2 m height [71,72]. 

Covering the years 2000, 2005, 2010, 2015, 2020, and 2024, MERRA-2 integrates modern 

hyperspectral radiance, GPS radio occultation, and aerosol interaction observations. The 

dataset facilitated comprehensive assessments of surface air temperature trends, contribut- 

ing to the analysis of climatic conditions in the study area [73,74]. 
 

2.2.4. Drought Analysis 

This study utilized the Global 0.5◦ gridded SPEI database (SPEI-base), which offers a 

robust measure of drought conditions by combining precipitation and PET data calculated 

using the FAO-56 Penman–Monteith method [75]. SPEI datasets, accessed via the GEE 

platform, allowed for the quantification of precipitation deficits at various timescales 

(monthly to 48 months). The datasets were processed and analyzed using R software 

to evaluate historical and recent drought patterns in the study area. To capture diverse 

drought characteristics, this study employed three SPEI timescales. SPEI-6 (Six-Month Scale) 

represents short- to medium-term droughts, primarily affecting agricultural activities, crop 

yields, and pastoral systems; SPEI-9 (Nine-Month Scale) reflects prolonged dry periods, 

influencing groundwater recharge, soil moisture availability, and overall hydrological 

conditions; and SPEI-12 (Twelve-Month Scale) captures long-term climatic drought trends 

and their cumulative impacts on ecosystems, resource availability, and socio-economic 

conditions, including conflict dynamics. Drought frequency, in this study, is defined as the 

number of drought occurrences over a given period, determined by instances where SPEI 

values fall below a threshold of −1.0 (moderate drought threshold). This study focuses on 

moderate-to-extreme droughts and the SPEI index scale is categorized as extreme drought 

(>−2.0), severe drought (−2.0 to −1.5), and moderate drought (−1.5 to −1.0), as shown 

in Table 1. A drought event is considered to be ended once SPEI values return to zero or 

https://earthexplorer.usgs.gov/
https://www.isric.org/
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transition into positive territory. The duration of drought is measured by the number of 

consecutive months in which SPEI remains below the threshold, while the magnitude of 

SPEI values indicates the severity of the drought event [76–78]. 

Table 1. Classification of drought intensity based on the SPEI drought index. 
 

Drought Category Normal Mild Drought Moderate Drought Severe Drought Extreme Drought 

SPEI Value <−0.5 −0.5 to −1.0 −1.0 to −1.5 −1.5 to −2.0 >−2.0 

 

2.2.5. Innovative Trend Analysis (ITA) 

The Innovative Trend Analysis (ITA) technique [79] was employed to characterize 

trends in precipitation data without assumptions of normality or serial correlation. Pre- 

cipitation time series data were divided into two halves (first half = 1980–2022, second 

half 2002–2024), sorted in ascending order, and plotted on x- and y-axes to assess trend 

directions. Data aligning along the 1:1 line indicated no trend, while deviations signified 

upward or downward trends. The ITA calculations were conducted using R software 4.3.2, 

providing a non-monotonic approach suited to complex climate change contexts [80,81]. 

2.2.6. Rainfall Time Series Forecasting 

Time series forecasting involves analyzing a sequence of observations recorded at 

consistent intervals to develop models that effectively represent the data’s underlying 

structure. These models enable accurate predictions, monitoring, and control of the ob- 

served phenomena [82]. Various methodologies exist for modeling time series with single 

seasonal patterns, including ETS (Winters, 1960), ARIMA [83], state-space models [84], and 

innovation state-space models [85]. The ARIMA model is particularly notable for its ability 

to forecast time series by utilizing a combination of its past values, previous errors, and, 

where applicable, current and past values of related variables. It is designed to explain 

autocorrelation within the data and can be applied to both stationary and non-stationary 

time series [86]. 

In this study, ARIMA models were applied using R Statistical Software to predict 

rainfall patterns in the study area up to the year 2034. ARIMA combines three mathematical 

components: autoregressive, integrated, and moving-average processes, allowing it to 

capture complex temporal dependencies [83]. This model provided a robust forecast, 

supporting the analysis of future climatic conditions in the region. 

2.2.7. Breaks for Additive Seasonal and Trend (BFAST) Method 

The BFAST method decomposes time series data into three components: seasonality, 

trend, and residuals, iteratively identifying breakpoints that indicate significant shifts in the 

data [44]. This approach is widely used to detect long-term trends and structural changes 

in time series data. The BFAST model is represented in Equation (1): 

Yt = St + Tt + et (t = 1, 2, 3, . . . n) (1) 

 

where t is the observation time. Yt is the observation value at time t. St is a seasonal 

component, which can be used to monitor the periodic variation of the time series on the 

annual time scale. Tt is a long-term trend component, which is generally used to detect 

the gradual change in time series data for more than one year, and there may be some 

discontinuities in the change process. et denotes the residual component, accounting for 

random variability due to observation methods and environmental factors. In this study, 

BFAST analysis was performed using R software to evaluate the SPEI-12 index trends and 

identify key breakpoints indicating significant shifts in drought conditions in Darfur. 
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3. Results 

3.1. Rainfall 

3.1.1. Rainfall Distribution 

Figure 3 illustrates the spatial distribution of precipitation across Darfur, classified into 

three distinct rainfall zones (North, Center, and South) based on the CHIRPS dataset. The 

North Zone is characterized by low annual rainfall (11–103 mm), the Central Zone receives 

moderate rainfall (103–220 mm), and the South Zone experiences the highest precipitation 

amounts (220–650 mm). 
 

Figure 3. Rainfall zones of Darfur. 

3.1.2. Rainfall Trends 

Figure 4 shows the rainfall trends across the three study area zones from 1980 to 

2024. The mean annual rainfall in the North Zone shows a gradual increase over the 

observed period (1980–2024), as evidenced by the positive slope of the trend line (Figure 4). 

Inter-annual variability is high, with significant peaks in rainfall observed around 1988, 

1996, 2002, and 2023. Notably, recent years (post 2015) show more frequent occurrences 

of above-average rainfall, suggesting an intensification of rainfall events in this region. 

Rainfall in the Center Zone demonstrates a clear upward trend over the study period, with 

the trend line showing a steady increase. Like the North Zone, this region also exhibits 

significant inter-annual variability, with pronounced peaks in rainfall during the early 

2000s and 2015. This trend suggests a gradual increase in average rainfall, indicating a shift 

in precipitation patterns in this zone. The South Zone shows a less pronounced increase in 

rainfall compared to the North and Center Zones. While the trend line indicates a slight 

upward slope, the inter-annual variability is substantial, with several years experiencing 

extreme rainfall events (1988 and 2002). Unlike the North and Center Zones, the South 

Zone appears to have more stable rainfall levels, with fewer noticeable changes in the 

magnitude of peaks and troughs over time (Figure 4). 
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Figure 4. Rainfall trends across the three zones of Darfur (1980–2024). The solid blue lines represent 

the actual mean annual rainfall trends while the dashed black lines indicate the linear trend in annual 

rainfall over the study period. 

The increasing trends in all three zones highlight a regional rise in annual rainfall. 

However, the degree of variability and the steepness of the trend differ across zones, with 

the North and Center Zones showing more pronounced upward trends compared to the 

South Zone. 

3.1.3. Spatio-Temporal Variability in Rainfall Pattern 

The spatial variability in rainfall patterns for the first half of the study period (1980– 

2002) and the second half (2002–2024) in Darfur were performed using the ITA method 

for the three rainfall zones, and are displayed in Figure 5. Both the North and Center 

rainfall zones show a stronger increasing trend in rainfall in the second half of the study 

period (2002–2024), with a noticeable shift away from balanced distributions over time. 

On the other hand, the South Zone’s rainfall distribution appears to be more stable across 

the first and second half of the study years, showing an increasing trend in low rainfall 
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amount (400–600 mm) in both halves, with only a slight decrease in high rainfall amount 

(700–750 mm) (Figure 5). 
 

Figure 5. Spatio-temporal analysis of rainfall patterns in Darfur (1980–2002; 2002–2024). The blue 

dots represent annual rainfall values, black diagonal line represents the 1:1 line while the red trend 

lines show the overall trend in rainfall changes across the study period. 

3.1.4. Rainfall Forecast 

The rainfall forecast for 2025–2034 reveals distinct trends across the North, Center, and 

South rainfall zones (Figure 6). In the North Zone, rainfall is projected to stabilize around 

130–140 mm annually, with moderate uncertainty suggesting potential variations between 

110 mm and 175 mm. This aligns with the observed historical upward trend, highlighting 

sustained high rainfall levels. The Center Zone forecast indicates a more predictable 

pattern, with annual rainfall stabilizing near 500 mm and a narrower uncertainty range 

of 400–700 mm. In contrast, the South Zone is characterized by significant variability, 

with projected averages around 650 mm, but a wide uncertainty interval ranging from 
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500 mm to 750 mm. Across all zones, rainfall averages appear to stabilize near recent 

historical peaks, though extreme events remain a concern, particularly in the North and 

South Zones (Figure 6). 
 

Figure 6. Rainfall forecasts (2025–2034) in the three zones of Darfur. The blue line represents historical 

annual rainfall trends from 1980 to 2024, the red line indicates the predicted mean rainfall for the 

period 2025–2034 and the shaded grey area represents the forecast uncertainty intervals, with darker 

grey indicating higher confidence and lighter grey showing wider uncertainty ranges. 

3.2. Temperature Trends 

Analysis of temperature trends across the North, Center, and South Zones of Darfur 

from 1980 to 2024 reveals distinct but consistent warming patterns (Figure 7). In all three 

zones, maximum temperatures (red line) exhibit a gradually increasing trend, with the 

highest values recorded in the South Zone, reaching approximately 45 ◦C in recent years 

(2024). The Center Zone follows closely with a maximum temperature of around 43 ◦C, 

while the North Zone records slightly lower peak temperatures, hovering around 42 ◦C. 



Climate 2025, 13, 63 12 of 26 
 

 

 

Figure 7. Temperature trends in the North, Center, and South Zones of Darfur from 1980 to 2024. 

The dotted lines indicate the overall trend for each temperature type, showing long-term changes in 

temperature patterns. 

Mean temperature trends (blue line) display a relatively stable pattern across all zones, 

with minor fluctuations over the years. However, a slight warming trend is observed, 

particularly in the South Zone, where mean temperatures approached 30 ◦C. The Center 

and North Zones follow a similar trend, with mean temperatures remaining between 24 ◦C 

and 27 ◦C. 

Minimum temperatures (green line) vary significantly across the zones, but also 

indicate a gradual warming trend. The North Zone experiences the lowest minimum 

temperatures, occasionally dropping below 0 ◦C, particularly in 2015. The Center and 

South Zones show relatively higher minimum temperatures, with the South Zone exhibiting 
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the least variability. Notably, the trend suggests a general reduction in extreme cold events, 

particularly after 2010, aligning with broader regional warming trends. 

Overall, temperature trends indicate a warming climate across all zones, with maxi- 

mum temperatures rising steadily, mean temperatures showing moderate increases, and 

minimum temperatures experiencing fewer extreme cold events (Figure 7). 

3.3. Drought Analysis Results 

Figure 8 illustrates the SPEI values over 6-month, 9-month, and 12-month timescales, 

highlighting patterns of drought and wet conditions in the study region from 1980 to 

2024. SPEI is a measure used to assess drought conditions, with positive values (blue 

bars) indicating wetter-than-average conditions and negative values (red bars) indicating 

drier-than-average conditions. The SPEI analysis reveals a pronounced alternation between 

periods of drought and wet conditions across all three timescales, with some key patterns 

emerging over the decades. From 1980 to the early 2000s, negative SPEI values (red bars) 

dominated the study area, indicating persistent and severe drought conditions, especially 

during the 1980s and 1990s. 
 

 
Figure 8. SPEI trends over 6-month, 9-month, and 12-month timescales in Darfur showing variation 

in duration, severity, and intensity of dry and wet conditions. The red bars represent negative SPEI 

values (drought periods) while the blue bars represent positive SPEI values, indicating wet conditions 

(above-average moisture availability). The variations in bar length and frequency across different 

timescales illustrate fluctuations in drought and wet periods over time. 
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Post 2000, there is a visible increase in positive SPEI values (blue bars), reflecting a shift 

toward wetter conditions. However, this recovery is intermittent, with drought episodes 

continuing to recur (2002, 2009), albeit less intensely than in earlier decades. The frequency 

and magnitude of wet events become more pronounced in the later years, particularly 

from 2010 onward, suggesting a potential trend of climatic variability leaning toward more 

balanced or wetter conditions. 

The consistency of these patterns across the 6-month, 9-month, and 12-month 

timescales indicates the robustness of the findings. The longer timescale (12-month SPEI) 

captures more prolonged trends, reinforcing the observation of a gradual decrease in 

drought severity over recent decades. 

3.3.1. Drought Intensity 

Drought intensity in the study area was classified into five categories based on the 

SPEI values: no drought, mild drought, moderate drought, severe drought, and extreme 

drought. Analysis using the SPEI index revealed that mild drought was the most prevalent 

drought category on both an annual and seasonal basis. This was followed by normal 

conditions, with recent years showing a reduction in drought severity. The most intense 

drought events occurred between 1982 and 1993, with frequent occurrences of severe and 

moderate droughts. These dry periods were intermittently interrupted by wet conditions, 

particularly in 1989, as shown in Figure 9. 

 

Figure 9. Intensity of drought events in Darfur (1980–2024). 

3.3.2. Temporal Variation of Drought 

The BFAST decomposition of the SPEI-12 index identified four significant breakpoints 

in the Darfur drought time series, occurring in 1987, 2002, 2009, and 2017 (Figure 10). 

This indicates that drought conditions in the region are non-stationary. Between 1980 and 

1987, a downward trend in SPEI values was observed, indicating an intensification of 

drought conditions. From 1987 to 2002, a substantial increase in SPEI values was noted, 

suggesting a gradual weakening of drought intensity and improved moisture availability. 

Between 2002 and 2009, there was a slight increase in SPEI values, indicating a transition 

toward relatively humid conditions, but with sudden drought events in 2002 and 2009. 

From 2009 to 2017, there was a substantial increase in SPEI values, reaching the highest 

levels recorded, indicating a long-term trend toward reduced drought severity and a 
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shift toward stable climatic conditions. Overall, the SPEI breakpoints reveal a general 

increase in moisture availability over time, except for the initial period (1980–1987), which 

exhibited an intensification of drought. However, sudden drought events in 2002 and 2009 

indicate the influence of climate variability, requiring further investigation into short-term 

climatic drivers. 
 

Figure 10. BFAST analysis results of drought in Darfur from 1980 to 2024. Yt (top panel, black 

line) = The original time series of the SPEI-12 index, showing overall drought variability; St (Second 

panel, red line) = seasonal component, which appears constant, indicating no significant seasonal 

pattern in the data; Tt (third panel, red line with dashed vertical lines) = the trend component, 

capturing long-term changes. The dashed vertical lines indicate breakpoints, where significant shifts 

in the trend occurred; et (bottom panel, red bars) = The residual component, representing unexplained 

variations or noise in the data. 

3.4. Vegetation Cover 

3.4.1. EVI Classification Statistics and Maps 

Table 2 shows the EVI statistics for the different vegetation classes over the study years 

(2000–2023). The EVI classification results revealed notable temporal changes in vegetation 

cover over the 23 years. The no-vegetation class exhibited a substantial decline in area, 

reducing from 262,131.31 km2 (49.34%) in 2000 to 205,242.44 km2 (38.63%) in 2023. Areas 

with low vegetation fluctuated over the study years, starting at 147,671.25 km2 (27.79%) in 

2000 and decreasing to 132,593.88 km2 (24.96%) in 2023. Conversely, moderate vegetation 

showed a marked increase from 95,478.63 km2 (17.97%) in 2000 to 133,160.88 km2 (25.06%) 

in 2023, while high-vegetation areas similarly expanded from 26,023.06 km2 (4.90%) in 2000 

to 60,307.06 km2 (11.35%) in 2023. Between 2000 and 2010, the proportion of moderate 

and high vegetation fluctuated, with noticeable increases by 2023. The most pronounced 

improvements in vegetation occurred between 2015 and 2023, coinciding with a consistent 

reduction in no-vegetation and low-vegetation areas (Table 2). 
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Table 2. EVI statistics for the different vegetation classes in Darfur from 2000 to 2023. 
 

Class No Vegetation Low Vegetation Moderate Vegetation High Vegetation Total 

 
% 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 11 illustrates the spatial distribution of EVI classes across Darfur for the years 

2000, 2005, 2010, 2015, 2020, and 2023. It provides a visual representation of the temporal 

changes in vegetation cover in Darfur over the study period. The no-vegetation class 

predominates across northern Darfur, but its extent visibly decreases over time. Low 

vegetation is concentrated in transitional zones, with a mixed pattern of stability and 

slight reductions by 2023 (Figure 11). Moderate vegetation showed a noticeable expansion, 

particularly in southern Darfur and the eastern parts of Darfur, indicating progressive 

recovery in vegetation cover, while high vegetation is primarily found in the southern 

regions, with marked growth over time, reflecting improvements in dense vegetation. 

Overall, the visual patterns corroborate the quantitative findings of this study (Table 2), 

emphasizing a clear greening trend in Darfur over the past two decades. 
 

Figure 11. Spatial distribution of vegetation cover classes across Darfur from 2000 to 2023. 

2000 
km2 262,131.31 

49.34 
147,671.25 

27.79 
95,478.63 

17.97 
26,023.06 

4.90 
531,304.25 

100.00 

2005 
km2 

259,526.13 136,294.38 113,795.13 21,688.63 531,304.25 

% 48.85 25.65 21.42 4.08 100.00 

2010 
km2 

255,493.88 145,958.00 102,094.00 27,758.38 531,304.25 

% 48.09 27.47 19.22 5.22 100.00 

2015 
km2 

261,514.63 150,476.06 99,293.50 20,020.06 531,304.25 

% 49.22 28.32 18.69 3.77 100.00 

2020 
km2 

233,420.94 150,028.25 105,196.13 42,658.94 531,304.25 

% 43.93 28.24 19.80 8.03 100.00 

2023 
km2 

205,242.44 132,593.88 133,160.88 60,307.06 531,304.25 

% 38.63 24.96 25.06 11.35 100.00 
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3.4.2. Spatial Distribution of Vegetation Cover Change 

Figure 12 visualizes the spatial patterns of vegetation change in Darfur from 2000 to 

2023. It categorizes the study area into three distinct classes based on vegetation changes: 

improved areas (green), degraded areas (red), and unchanged areas (blue). These classifica- 

tions reflect the dynamics of vegetation cover over the 23 years. Improved areas, which 

account for 33.19% of the total land area, are predominantly concentrated in southern 

Darfur. These regions exhibit significant recovery in vegetation, attributed to increased 

precipitation and reduced drought severity during the study period. The observed greening 

aligns with the EVI trends, indicating enhanced vegetation health and density. In contrast, 

degradation areas represent 1.95% of the total area and are mainly scattered across the 

southwestern and localized northern parts of Darfur. These regions are characterized by 

reduced vegetation cover, likely driven by persistent anthropogenic pressures, such as 

overgrazing, land mismanagement, and localized climatic stressors. Unchanged areas con- 

stitute the majority, covering 64.86% of the study area, primarily in the central and northern 

regions of Darfur (Figure 12). These areas exhibit minimal to no significant changes in 

vegetation over the two decades, reflecting relatively stable environmental conditions or 

limited human activity. 
 

Figure 12. Spatial patterns of vegetation cover change in Darfur from 2000 to 2023. 

4. Discussion 

4.1. Climate Change in Darfur 

Different trends in climatic conditions were observed in Darfur in the present study. 

There was varied rainfall distribution with an increasing trend from the north to the south 

in the study area. This finding is in line with earlier findings by [52], who noted significant 

variations in precipitation across Darfur, with the northern areas receiving considerably less 

precipitation compared to the southern parts. Low rainfall in the North Zone aligns with 

arid desert landscapes and is predominantly unsuitable for significant crop and vegetation 

growth. The Center Zone transitions into semi-arid conditions due to moderate rains 

supporting sparse vegetation and pastoral activities, while the South Zone fosters relatively 

dense vegetation cover and agricultural activities because of the high rainfall. The spatial 

variability of rainfall highlights the critical role of precipitation in shaping land cover and 

ecological processes in Darfur’s arid and semi-arid environments. 
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The CHIRPS data facilitated trend analysis and the seasonal monitoring of rainfall 

anomalies, providing critical insights into precipitation patterns influencing vegetation 

dynamics and drought severity. The increasing rainfall trends in all three zones highlight a 

regional rise in annual rainfall amounts, consistent with broader climatic shifts in the study 

region. Significant variations in the rainfall patterns in some parts of Darfur and Sudan 

have previously been reported by earlier researchers [23,87]. 

The ITA analysis showed an increasing rainfall trend in the second half of the study 

period compared to the first half. These findings corroborate with the SPEI drought analy- 

sis results, which depicted severe droughts between 1980 and 2002. The first-half period 

corresponds to known historical drought events in the region, which likely had signifi- 

cant socio-economic and ecological impacts. A decrease in the frequency and severity of 

drought episodes since 2011 has been similarly noted in other studies. For instance, ref. [88] 

documented a reduction in drought severity and frequency in recent years, consistent with 

the observed trends in the current study. These findings collectively underscore the inter- 

connected nature of precipitation patterns, vegetation recovery, and broader environmental 

and socio-economic dynamics in Sudan. 

Although drought is not a direct cause of conflict, its impact on resource availability, 

particularly water and arable land, can intensify tensions among competing groups. Histor- 

ical evidence and previous studies on Darfur’s conflict dynamics related to drought severity 

indicated that the moderate drought events tend to cause localized resource scarcity, but 

are often managed through traditional coping mechanisms [20,89]. Severe drought events 

have been associated with increased migration, heightened tensions between farmers and 

pastoralists, and growing pressure on IDPs [90–92]. Extreme drought events correlate 

with large-scale displacement, intensified competition over resources, and an increased 

risk of violent conflict, as witnessed in previous drought-induced crises [93–95]. These 

findings align with [96], who conducted a study on drought patterns in Sudan and South 

Sudan using the SPEI. Their research identified mild drought as the dominant drought 

category, like our findings. They also reported that, while Sudan has experienced rising 

temperatures and decreasing precipitation, the frequency of drought events has declined 

in recent years. Additionally, ref [9] used the SPI to assess drought characteristics and 

vegetation dynamics in arid and semi-arid regions of Sudan. Their study highlighted that 

dry periods were most frequent in the 1980s, with extreme droughts occurring between 

1982 and 1987. In contrast, wetter conditions became more prevalent after the mid-1990s, 

which aligns with the decreasing drought severity observed in our study. These findings 

reinforce the need for long-term monitoring and adaptive management strategies to miti- 

gate the socio-economic impacts of drought and minimize its potential role in exacerbating 

resource-based conflicts in Darfur. Long-term trends in SPEI indicate prolonged periods 

of drought or wet conditions, leading to delayed responses in vegetation growth, soil 

health, and water resources. Different regions experience varying trends in SPEI, with some 

areas becoming drier, while others become wetter. These shifts influence local ecosystems 

differently, resulting in diverse lag effects based on specific environmental conditions [97]. 

The temperatures in Darfur showed a region-wide warming trend, consistent with 

regional and global climate change projections. Previous research [23] reported a steady 

increase in temperature in the Zalingei and Zam Zam regions of Darfur over the past three 

decades, with an estimated 0.4 ◦C temperature rise per decade. The observed temperature 

increases may impact agricultural productivity and vegetation growth, and influence 

regional hydrology, especially when combined with rainfall variability. 

As for the vegetation cover in Darfur, there was an observed reduction in the no- 

vegetation and low-vegetation classes in Darfur. This reduction suggests a gradual transi- 

tion from sparse to denser vegetation classes in parts of the study area. The sharp growth in 
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areas under high vegetation cover further underscores substantial ecological recovery and 

vegetation densification in some regions of Darfur. The rainfall forecast suggests sustained 

high rainfall levels in the study area, which can further improve the vegetation cover in the 

study area. 

The existing literature provides valuable context for understanding the interplay be- 

tween environmental changes and socio-economic factors in Sudan. Ref. [98] explored land 

rehabilitation efforts across various regions of Sudan, offering comparative insights into 

vegetation recovery. Similarly, ref. [5] identified climate-induced security vulnerabilities 

across Africa, highlighting how environmental shifts interact with socio-political factors 

to exacerbate overall vulnerability. Ref. [49] provided a relevant perspective on the transi- 

tion from fragility to sustainable development in Darfur, emphasizing the socio-economic 

implications of environmental recovery. 

This study’s findings were further corroborated by [99], who examined interdecadal 

variations in precipitation and their influence on vegetation recovery in agricultural zones, 

demonstrating a strong correlation between rainfall distribution and vegetation indices. 

Similarly, ref. [100] assessed the long-term effects of climate variability, revealing positive 

NDVI–precipitation correlations in arid and semi-arid regions, consistent with the results 

of this research. Observed temperature distribution patterns in the study area also align 

with [101], further substantiating the identified climatic trends. 

Darfur’s climatic variability is not solely driven by temperature and precipitation 

influences, but is also shaped by its topography and geomorphology. Variations in elevation 

and landform structure influence orographic rainfall, with higher elevations like the Jebel 

Marra volcanic mountain receiving more precipitation, supporting greater vegetation 

cover and diversity compared to the lower elevations [53]. Additionally, soil types and 

drainage patterns impact water retention, affecting drought severity [102]. The presence of 

sandy soils in the north versus clayey soils in the south of Darfur, for instance, determines 

groundwater recharge rates and vegetation resilience. These localized factors further help 

to explain spatial differences in vegetation recovery and drought persistence within the 

study area. 

4.2. The Potential of Climate-Change-Induced Environmental Recovery in Mitigating 
Resource-Based Conflict in Darfur 

The findings of this study illuminate the intricate relationship between climate change, 

environmental conditions, and conflict dynamics in Darfur. The observed trend of in- 

creased vegetation, coupled with reduced drought intensity and higher precipitation levels, 

offers a promising avenue for mitigating resource-based conflicts. By alleviating resource 

scarcity, a primary driver of tension between agricultural and pastoral communities, these 

environmental improvements may contribute to reducing the pressures that often escalate 

into violence. However, while these positive environmental shifts provide opportunities, 

they are not a standalone solution to achieving peace in Darfur. The region’s conflict is 

deeply rooted in socio-political factors, such as historical grievances, political marginal- 

ization, and weak governance [103,104]. Addressing these underlying causes is essential 

for ensuring that environmental improvements translate into sustainable peace. Environ- 

mental changes, if not managed equitably, could introduce new challenges. For instance, 

shifts in land use patterns arising from increased vegetation might lead to new sources 

of conflict if access to these resources is not distributed fairly. Climate variability directly 

impacts agro-pastoral livelihoods, shaping resource availability, migration patterns, and 

intercommunal relations [105]. Increased precipitation in recent years has led to improved 

pasture conditions and water access, reducing pressure on pastoralist migration routes and 

potentially mitigating resource-based conflicts. However, some historical drought periods 

(2002, 2009) coincided with intensified competition over land and water, highlighting the 
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fragile balance between environmental recovery and conflict recurrence. Favorable climatic 

conditions may encourage cropland expansion into traditional grazing zones, leading to 

renewed disputes between farmers and herders [106]. Enhanced vegetation cover could 

alter traditional migratory routes, creating new patterns of land use tension. Climate recov- 

ery alone therefore does not guarantee stability; government policies on land tenure and 

resource management will determine whether these changes reduce or exacerbate conflicts. 

The sustainability of these positive environmental trends is also uncertain. Continued 

monitoring and adaptive management are vital to prevent the reversal of gains made in 

vegetation recovery and precipitation levels [48]. Policymakers must prioritize integrat- 

ing environmental considerations into peacebuilding efforts, which include promoting 

sustainable land management practices, equitable resource distribution, and robust local 

institutions for conflict resolution [49]. 

The results align with the existing literature emphasizing the critical role of envi- 

ronmental factors in exacerbating resource-based conflicts in Darfur. Numerous studies 

highlight the impact of climate change on desertification, declining rainfall, and increased 

resource competition, all of which have fueled instability and tension. Climate-induced 

resource scarcity disrupts traditional coexistence between sedentary farmers and nomadic 

tribes, increasing tensions and competition over arable land and water [107]. Drought and 

desertification exacerbate vulnerabilities, intensifying ethnic tensions and fueling political 

instability. Erratic rainfall and prolonged droughts reduce agricultural productivity, un- 

dermining societal resilience and heightening the risk of armed conflict [108]. Economic 

shocks and forced displacement due to climate-induced food and water insecurity further 

destabilize the region [26,109]. Resource scarcity undermines cooperative trade and fosters 

competition over dwindling resources, particularly between farmers and herders [110]. 

These studies collectively underscore the importance of addressing climate change as a crit- 

ical driver of conflict while recognizing its intersection with socio-political vulnerabilities. 

Global climate scenarios such as Shared Socioeconomic Pathways (SSPs) [111] and 

Representative Concentration Pathways (RCPs) [112] offer critical insights into potential 

future climate trajectories and their implications for vegetation dynamics in arid regions 

such as Darfur. Under low-emission scenarios (SSP1-2.6 and SSP2-4.5), climate projections 

suggest stable or slightly increasing precipitation patterns, which could support and further 

enhance the observed vegetation recovery. Conversely, under high-emission scenarios 

(SSP3-7.0 and SSP5-8.5), rising temperatures, increased evapotranspiration, and shifting 

precipitation regimes may counteract recent vegetation gains, accelerate land degradation, 

and intensify resource competition. While ARIMA-based forecasting effectively captures 

short-term and medium-term precipitation trends, long-term climate projections indicate 

the need for continuous monitoring and adaptive management to mitigate the potential ad- 

verse effects of climate variability on Darfur’s ecosystems. This underscores the importance 

of integrating climate scenario analyses into future research to develop targeted strategies 

for sustaining vegetation recovery and enhancing climate resilience in the region. 

5. Conclusions 

This study provides critical insights into the complex interrelationship between en- 

vironmental changes, climate dynamics, and conflicts in Darfur. The observed trends 

of increased vegetation, higher precipitation, and reduced drought intensity present an 

opportunity to address the region’s longstanding resource-based conflicts. These positive 

environmental shifts hold the potential to alleviate resource scarcity, a significant driver 

of tensions between agricultural and pastoral communities. However, the findings also 

emphasize that environmental improvements alone cannot resolve Darfur’s deep-rooted 

socio-political challenges, including historical grievances, political marginalization, and 
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weak governance. To build sustainable peace in Darfur, an integrated approach is required, 

one that combines environmental restoration with socio-political reforms. Policy interven- 

tions must prioritize sustainable land management and equitable access to resources, and 

strengthen local institutions to mediate conflicts. Addressing underlying socio-political 

issues, such as inclusive governance and equitable development, is equally vital. 

By highlighting the intricate interplay between environmental changes and conflict, 

this research contributes to a nuanced understanding of the pathways to resilience and 

stability in Darfur. It provides a foundation for policymakers and stakeholders to develop 

comprehensive strategies that address both the immediate and systemic drivers of instabil- 

ity, fostering sustainable peace in the region. This study also underscores the importance 

of adaptive management and continuous monitoring to sustain environmental gains and 

respond effectively to emerging challenges. 

Future research should focus on understanding the long-term impacts of climate- 

induced environmental changes, tailoring interventions to the diverse needs of Darfur’s 

communities, and exploring the role of international cooperation in addressing inter- 

connected environmental and socio-political challenges. Future studies should consider 

integrating Sentinel-2 NDVI/EVI to enhance the spatial resolution of vegetation analysis 

while maintaining MODIS EVI for long-term trend continuity. Additionally, incorporat- 

ing NASA POWER climate data alongside existing datasets could improve the precision 

of climate assessments, providing finer-scale insights into temperature and precipitation 

variability. This multi-source approach would enhance the accuracy of environmental 

monitoring and support more detailed analyses of vegetation–climate interactions in arid 

and semi-arid regions. 
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