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Abstract 

Monitoring vegetation and hydrological dynamics in semi-arid ecosystems is critical for understanding responses to climate 

variability and anthropogenic pressures. This study employs multi-temporal Landsat satellite imagery (1985–2024) to examine 

spatiotemporal changes in the Normalized Difference Vegetation Index (NDVI) and Normalized Difference Water Index 

(NDWI) across three ecologically distinct localities—Al-Kayari, Alidedat, and Elsefia—within the Gadarif State, eastern Sudan. 

Image processing and spectral index computation were performed using Google Earth Engine (GEE) and ArcGIS Pro v3.4.0. 

NDVI analysis revealed a progressive increase in healthy vegetation cover (NDVI ≥ 0.3) in Elsefia (approximately 63 km2 by 

2024) and Alidedat (approximately 105 km2 by 2024), indicating a positive greening trend over the study period. Conversely, 

Al-Kayari maintained comparatively drier conditions with persistently sparse vegetation. Parallel NDWI analysis demonstrated 

enhanced surface moisture and expanded flooded vegetation zones in Elsefia and Alidedat since the mid-1990s, while Al-Kayari 

continued to exhibit relatively low moisture availability. Pearson correlation analysis between NDVI and NDWI yielded a 

moderate positive coefficient (r = 0.63, R2 = 0.40, p < 0.001), confirming coupled vegetation–moisture dynamics. These findings 

suggest a partial ecological recovery consistent with documented Sahel re-greening, potentially driven by rainfall variability, 

land use shifts, and hydrological feedbacks. The results provide a quantitative baseline for evidence-based land management, 

drought early warning, and climate adaptation planning in the semi-arid Gadarif region. 
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1. Introduction 

Semi-arid regions occupy approximately 17.7% of the 

Earth’s land surface and support a disproportionately large 

share of the world’s rural population engaged in rain-fed ag-

riculture and pastoralism [15]. These regions are inherently 

vulnerable to climatic variability, episodic drought, and land 

degradation, making continuous ecological monitoring an 

imperative for sustainable resource management. In sub-Sa-

haran Africa, the Sahel and adjacent semi-arid zones have 

experienced dramatic land cover transitions over recent dec-

ades, driven by fluctuating rainfall patterns, population 
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growth, agricultural expansion, and changing land use prac-

tices [2, 8]. 

Remote sensing (RS) and geographic information systems 

(GIS) have emerged as indispensable tools for the synoptic, 

cost-effective, and repeatable assessment of landscape dynam-

ics [4, 11]. Among spectral indices derived from satellite im-

agery, the Normalized Difference Vegetation Index (NDVI) is 

the most widely applied proxy for vegetation density, biomass, 

and photosynthetic activity [17, 21], while the Normalized Dif-

ference Water Index (NDWI) serves as a reliable indicator of 

vegetation water content and surface moisture [7]. Jointly, these 

indices provide complementary information on both the struc-

tural and hydrological dimensions of terrestrial ecosystems. 

The Gadarif State, located in eastern Sudan, typifies the 

complex socio-ecological challenges confronting semi-arid 

Africa. Situated within the Tekeze-Atbara-Setit sub-basin, the 

region supports a mosaic of rain-fed mechanized agriculture, 

nomadic pastoralism, and remnant savanna woodland, all op-

erating under a highly variable rainfall regime (400–900 mm 

yr⁻1). Despite its ecological and economic importance, sys-

tematic long-term analyses of vegetation and hydrological 

change in Gadarif remain limited in peer-reviewed literature. 

Previous studies in comparable semi-arid contexts have 

demonstrated vegetation recovery in the Sahel following the 

droughts of the 1970s–1980s [2, 5] and have highlighted the 

utility of multi-temporal NDVI and NDWI in delineating 

drought severity and land degradation [3, 16]. 

This study addresses this knowledge gap by conducting a 

four-decade (1985–2024) multi-temporal analysis of NDVI 

and NDWI across three representative localities within the 

Gadarif semi-arid zone. The specific objectives are: (i) to 

quantify spatiotemporal changes in vegetation cover and 

health using NDVI; (ii) to assess temporal shifts in surface 

moisture and flooded vegetation extent using NDWI; (iii) to 

investigate the statistical relationship between NDVI and 

NDWI as coupled indicators of ecosystem status; and (iv) to 

interpret the observed trends in relation to regional climatic 

and anthropogenic drivers. 

2. Study Area 

Gadarif State (latitudes 13°59′–15°N; longitudes 34°04′–

35°02′E) is located in eastern Sudan within the semi-desert 

grassland and low-rainfall woodland savanna ecological zones. 

The state falls within the Tekeze-Atbara-Setit sub-basin, cov-

ering approximately 230,000 km2, a drainage system originat-

ing in the north-central highlands of Ethiopia and comprising 

the Tekeze/Setit river and its tributaries, the Goang/Atbara 

and Angereb. The regional climate is characterised by a uni-

modal rainfall pattern concentrated between June and October, 

influenced by the northward migration of the Inter-Tropical 

Convergence Zone (ITCZ). 

Three agro-ecological zones are recognised: the northern 

zone (rainfall < 500 mm yr⁻1), dominated by pastoral sheep 

production and limited cropping; the central zone (500–600 

mm yr⁻1), supporting mixed farming systems; and the south-

ern zone (600–900 mm yr⁻1), characterised by large-scale 

mechanised rain-fed cultivation of sorghum and sesame. 

Site Selection: Three villages were selected to represent the 

spatial heterogeneity of the Butana landscape: 

(1) Al-Kayari (central Butana; UTM: N 1,691,351 / E 

701,332 to N 1,686,076 / E 714,718): a geomorpholog-

ically homogeneous landscape of mixed tree and shrub 

savanna. 

(2) Alidedat (southern Butana; UTM: N 1,632,707 / E 

688,576 to N 1,632,885 / E 633,364): characterised by 

numerous wadis and seasonal creeks; predominantly 

rangeland with high pastoral significance. 

(3) Elsefia (northern Butana; UTM: N 1,701,878 / E 

686,061 to N 1,701,937 / E 686,010): an important dry-

land grazing area with diverse browsing trees and 

shrubs distributed along seasonal valley systems. 

3. Data and Methods 

3.1. Satellite Data Acquisition 

Multi-temporal Landsat satellite imagery was acquired for 

five time steps (1985, 1995, 2005, 2015, and 2024) from the 

United States Geological Survey (USGS) Earth Resources 

Observation and Science (EROS) Center [14]. All images 

were acquired during the post-rainy season (October) to min-

imise phenological variability and cloud contamination. Im-

agery specifications are summarised in Table 1. 

Table 1. Landsat imagery characteristics used in the study. 

Year Satellite Sensor Acquisition Date WRS Path/Row Bands Used 

1985 Landsat 5 TM 05 Oct 1985 172/50, 171/50, 172/49 Bands 1–7 

1995 Landsat 5 TM+ 09 Oct 1995 172/50, 171/50, 172/49 Bands 1–7 

2005 Landsat 7 ETM+ 13 Oct 2005 172/50, 171/50, 172/49 Bands 1–8, Pan, QA 

2015 Landsat 8 OLI/TIRS 05 Oct 2015 172/50, 171/50, 172/49 Bands 1–11 

2024 Landsat 9 OLI-2/TIRS-2 02 Oct 2024 172/50, 171/50, 172/49 Bands 1–11 
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3.2. Spectral Index Computation 

3.2.1. Normalized Difference Vegetation Index 

(NDVI) 

NDVI is a dimensionless index that exploits the contrasting 

spectral response of healthy vegetation, which absorbs red ra-

diation through chlorophyll while strongly reflecting near-in-

frared (NIR) radiation through its cellular structure [6, 12, 21]. 

It is calculated as: 

NDVI = (NIR − RED) / (NIR + RED) 

For Landsat 8/9 imagery, Band 5 (NIR; 0.85–0.88 μm) and 

Band 4 (Red; 0.64–0.67 μm) were used. For Landsat 5/7, the 

equivalent Band 4 (NIR) and Band 3 (Red) were employed. 

NDVI values range from −1 to +1; values ≤0 indicate non-

vegetated surfaces, 0–0.3 indicate sparse or stressed vegeta-

tion, and values >0.3 indicate moderate-to-dense healthy veg-

etation [16]. For this study, four thematic classes were defined: 

Table 2. NDVI classification scheme applied in this study. 

NDVI Range Class Land Cover Interpretation 

−1.0 to −0.3 Severe drought / bare land Exposed soil, rock, built-up surfaces 

−0.3 to 0.0 Moderate drought / very sparse vegetation Degraded rangeland, dry soil 

0.0 to 0.3 Mild drought / sparse vegetation Open rangeland, shrub savanna 

0.3 to 1.0 No drought / healthy vegetation Agriculture, flooded vegetation, woodland 

 

3.2.2. Normalized Difference Water Index (NDWI) 

The NDWI developed by [7] quantifies the water content of 

vegetation canopies by combining NIR reflectance, which re-

sponds to leaf internal structure, with shortwave infrared 

(SWIR) reflectance, which is sensitive to liquid water absorp-

tion. The index is expressed as: 

NDWI = (ρNIR − ρSWIR) / (ρNIR + ρSWIR) 

For Landsat 8/9, Band 5 (NIR; 0.85–0.88 μm) and Band 7 

(SWIR-2; 2.11–2.29 μm) were employed. Band 7 was pre-

ferred over Band 6 (SWIR-1) because of its greater sensitivity 

to vegetation water content and lower susceptibility to atmos-

pheric scattering at longer wavelengths [18, 22]. NDWI values 

were classified into five drought severity categories following 

established thresholds (Table 3). 

Table 3. NDWI drought severity classification applied in this study. 

NDWI Range Drought Severity Class Landscape Interpretation 

> 0.3 No drought (high moisture) Open water, flooded vegetation 

0.0 to 0.3 Mild drought Moist soils, irrigated cropland 

−0.3 to 0.0 Moderate drought Dry rangeland, sparse cover 

−0.6 to −0.3 Severe drought Degraded land, dry soils 

< −0.6 Extreme drought Bare rock, sand, built-up areas 

 

3.3. Image Processing and Analysis 

All spectral index computations were carried out in Google 

Earth Engine (GEE), leveraging its cloud-computing architec-

ture for automated image selection, atmospheric correction 

validation, and pixel-wise index calculation. Study area 

boundaries were delineated using vector shapefiles in ArcGIS 
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Pro v3.4.0, and classified NDVI and NDWI rasters were ex-

ported for area statistics and cartographic rendering. Linear 

regression and Pearson correlation analysis were conducted to 

quantify the statistical relationship between mean annual 

NDVI and NDWI across the study period. Statistical signifi-

cance was assessed at the α = 0.05 level. 

4. Results 

4.1. NDVI Temporal Dynamics (1985–2024) 

4.1.1. Baseline Conditions (1985) 

In 1985, the landscape across all three study sites was dom-

inated by sparse vegetation (NDVI 0.0–0.3), corresponding to 

open rangeland and shrub savanna. Limited pockets of healthy 

vegetation (NDVI > 0.3) were confined to small patches of 

flooded vegetation and rain-fed agriculture, principally in 

Alidedat, which benefits from its wadi-influenced hydrology. 

Al-Kayari exhibited patches of bare land, reflecting its central 

dryland position. Human settlement footprints were negligible 

at this period. (Figure 1) 

4.1.2. Early Recovery Phase (1995) 

By 1995, a discernible increase in healthy vegetation 

(NDVI > 0.3) was recorded in both Alidedat and Elsefia, co-

inciding with improved rainfall conditions following the pro-

longed Sahelian drought of the 1970s–1980s. Agricultural 

land and flooded vegetation areas expanded moderately. Bare 

land cover in Al-Kayari declined slightly, though overall 

moisture conditions remained constrained. Early settlement 

growth was observable at all three localities (Figure 2). 

 
Figure 1. NDVI, 1985. 

 
Figure 2. NDVI, 1995. 
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4.1.3. Vegetation Expansion (2015) 

The 2015 imagery revealed significant expansion of healthy 

vegetation in Elsefia and Alidedat, with agricultural zones and 

flooded vegetation corridors notably enlarged. Settlement areas 

grew substantially, particularly in Elsefia and Al-Kayari. Sparse 

vegetation (rangeland) remained the dominant land cover type 

but showed a marginal reduction in areal extent relative to 1985 

baseline conditions. (Figure 3) 

 
Figure 3. NDVI, 2015. 

4.1.4. Peak Greening (2024) 

By 2024, healthy vegetation zones had reached their great-

est recorded extent: approximately 63 km2 in Elsefia and ap-

proximately 105 km2 in Alidedat. These areas are associated 

with intensified rain-fed cultivation and expanded flooded 

vegetation along seasonal drainage networks. Al-Kayari re-

tained comparatively lower NDVI values, reflecting its inland 

position and reduced moisture availability. Sparse rangeland 

cover, while still dominant across the combined study area, 

registered its smallest recorded extent over the four-decade 

record. (Figure 4) 

 
Figure 4. NDVI, 2024. 
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4.2. NDWI Temporal Dynamics (1985–2024) 

4.2.1. 1985 Baseline 

NDWI values in 1985 were predominantly negative across 

the study area, indicating dry to moderately stressed vegeta-

tion and soils. Moist conditions were restricted to small wet-

land patches and seasonally flooded depressions around Alid-

edat. Elsefia and Al-Kayari showed largely low-moisture con-

ditions consistent with the regional drought context. Figure 5) 

 
Figure 5. NDWI, 1985. 

4.2.2. 1995 

A modest but measurable improvement in NDWI was de-

tected across Alidedat and Elsefia by 1995, with expanded 

zones of mild-to-moderate moisture. Al-Kayari showed lim-

ited change, remaining characterised by moderate-to-severe 

NDWI drought classes. (Figure 6) 

 
Figure 6. NDWI, 1995. 
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4.2.3. 2015 

The 2015 image captured a clear expansion of water-asso-

ciated landscape features, particularly within the wadi and ri-

parian zones of Alidedat and the drainage valleys of Elsefia. 

Flooded vegetation areas increased markedly, reflecting both 

improved seasonal rainfall and the possible influence of up-

stream agricultural water management. (Figure 7) 

 
Figure 7. NDWI, 2015. 

4.2.4. 2024 

The 2024 NDWI map showed the highest surface moisture 

and flooded vegetation extent recorded across the study period. 

Alidedat and Elsefia displayed extensive zones of high NDWI 

values (> 0.3), while Al-Kayari continued to reflect compara-

tively drier conditions. This pattern corroborates the NDVI 

greening signal and supports the interpretation of enhanced 

hydrological connectivity in the southern and northern sub-

sites. (Figure 8) 

 
Figure 8. NDWI, 2024. 
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4.3. NDVI–NDWI Correlation and Regression 

Analysis 

Time series regression analysis of mean annual NDVI and 

NDWI across the study period yielded a Pearson correlation 

coefficient of r = 0.63 (R2 = 0.40; p = 1.09 × 10⁻⁵), indicating 

a statistically significant moderate positive association be-

tween vegetation greenness and surface moisture availability. 

Approximately 40% of the temporal variance in NDWI is ex-

plained by NDVI, with the remaining variance attributed to 

independent hydrological drivers including seasonal flood 

pulses, soil infiltration dynamics, and inter-annual rainfall 

variability. Both indices exhibited an upward trend from the 

1985 baseline to 2024, consistent with the observed greening 

pattern. (Figure 9; Figure 10) 

 
Figure 9. Time Series of Mean NDVI and NDWI (1985–2024). 

 
Figure 10. Regression and Correlation between NDVI and NDWI. 

5. Discussion 

The multi-temporal NDVI analysis reveals a persistent 

greening trend across the Gadarif semi-arid landscape be-

tween 1985 and 2024, most pronounced in Alidedat and Else-

fia. This finding aligns with the widely documented Sahel re-

greening phenomenon, in which post-1980s vegetation recov-

ery has been attributed to a combination of increased rainfall, 

community-led land restoration, and the expansion of rain-fed 

agriculture [2, 5, 8]. The trajectory observed in this study — 

from sparse, drought-affected rangeland in 1985 to extensive 

healthy vegetation by 2024 — mirrors patterns reported from 

comparable semi-arid systems in the West African Sahel, the 
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Ethiopian highlands fringe, and eastern Sudan’s mechanised 

farming belt. 

However, the spatial heterogeneity of this recovery war-

rants careful interpretation. The contrasting trajectories of 

Alidedat and Elsefia versus Al-Kayari suggest that local hy-

drological context, particularly proximity to seasonal wadis 

and drainage corridors, plays a determinant role in mediating 

vegetation responses to rainfall. Wadi ecosystems act as pref-

erential zones of moisture retention, groundwater recharge, 

and alluvial fertility, rendering them more resilient and re-

sponsive to rainfall improvements [13, 20]. Al-Kayari’s per-

sistently lower NDVI and NDWI values reflect its inland dry-

land character, where recharge pathways are more diffuse and 

interannual moisture variability is amplified. 

The moderate NDVI–NDWI correlation (r = 0.63) is con-

sistent with findings from other semi-arid studies and under-

scores the coupled but not deterministic relationship between 

photosynthetic activity and vegetation water content. A per-

fect correlation would not be expected given that NDWI re-

sponds to surface and canopy moisture inputs that may exceed 

or precede vegetation biomass responses, particularly in areas 

subject to seasonal flooding [7, 22]. The 40% variance ex-

plained by the regression model suggests that additional ex-

planatory variables — including rainfall seasonality, soil type, 

terrain, and land management practices — contribute substan-

tially to NDWI dynamics and should be incorporated in future 

predictive modelling. 

From a process perspective, the recovery trajectory docu-

mented here has important land–atmosphere feedback impli-

cations. Increased vegetation cover in semi-arid regions has 

been shown to reduce surface albedo, enhance evapotranspi-

ration, and potentially increase local moisture recycling 

through changes in the boundary layer, thereby creating posi-

tive feedbacks that reinforce greening [23, 24]. These dynam-

ics may partly explain the progressive nature of the improve-

ments observed beyond simple rainfall recovery, as ecosystem 

rehabilitation itself may amplify hydrological recovery. Sim-

ultaneously, the expansion of agricultural land use observed at 

Alidedat and Elsefia introduces anthropogenic drivers that 

must be monitored carefully, as rain-fed mechanised agricul-

ture in semi-arid Sudan has historically been associated with 

soil degradation, loss of native savanna species, and long-term 

vulnerability to drought when rainfall fails [1, 10]. 

This study’s use of Landsat multi-mission imagery span-

ning nearly four decades offers both strengths and limitations. 

Inter-sensor radiometric differences between Landsat 5 TM, 

Landsat 7 ETM+, Landsat 8 OLI, and Landsat 9 OLI-2 intro-

duce potential inconsistencies in NDVI and NDWI values, 

particularly for the 2005 epoch when Landsat 7’s scan-line 

corrector failure introduced data striping artefacts. While 

GEE’s Surface Reflectance products provide atmospheric and 

BRDF corrections, residual sensor-to-sensor biases may affect 

trend magnitude estimates [19]. Future research should apply 

cross-calibration procedures and consider integration with 

complementary sensors such as MODIS or Sentinel-2 to en-

hance temporal density and cross-validation robustness [9]. 

6. Conclusion 

This study presents the first systematic four-decade (1985–

2024) assessment of NDVI and NDWI dynamics across three 

ecologically representative localities in the semi-arid Gadarif 

State of eastern Sudan. The analysis demonstrates a statisti-

cally significant progressive increase in healthy vegetation 

cover and surface moisture availability in Alidedat and Elsefia, 

contrasting with persistent dryness in the centrally located Al-

Kayari. A moderate positive NDVI–NDWI correlation (r = 

0.63; p < 0.001) confirms coupled vegetation–hydrology dy-

namics, though approximately 60% of NDWI variance re-

mains explained by factors beyond vegetation productivity 

alone. 

The observed greening trend, while encouraging from an 

ecological recovery perspective, must be contextualised 

within broader socio-environmental dynamics, including ag-

ricultural expansion, rainfall variability, and potential land 

degradation risk. These findings provide a quantitative base-

line for landscape monitoring in the Gadarif region and 

demonstrate the utility of freely available multi-temporal 

Landsat archives and cloud-computing platforms such as GEE 

for long-term environmental assessment in data-sparse re-

gions. The results are directly relevant to evidence-based de-

cision-making in drought early warning systems, rangeland 

management, and climate adaptation planning for semi-arid 

Sudan. 

7. Recommendations 

Based on the findings of this study, the following recom-

mendations are proposed for researchers, practitioners, and 

policymakers working on semi-arid land management in the 

Gadarif region and comparable contexts: 

1) Integration of rainfall and climatic data: Future studies 

should incorporate station-based and gridded rainfall da-

tasets (e.g., CHIRPS, ERA5) to disentangle the contri-

butions of rainfall variability versus land use change to 

observed NDVI and NDWI trends. This will strengthen 

causal attribution and improve the predictive value of 

spectral index analyses. 

2) High-resolution and multi-sensor monitoring: The inte-

gration of Sentinel-2 (10 m spatial resolution) imagery 

alongside Landsat (30 m) would enhance fine-scale veg-

etation and moisture mapping, particularly for localised 

wadi ecosystems and smallholder agricultural plots. 

3) Field validation campaigns: Ground-truth data collection, 

including vegetation transects, soil moisture measure-

ments, and biomass sampling, should be conducted to 

validate remotely sensed NDVI and NDWI classifica-
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tions and calibrate thematic classes for the specific eco-

logical context of Gadarif. 

4) Expansion of the study area: Extending the analysis to 

the full extent of Gadarif State and adjacent regions of 

Kassala and Gedaref would allow regional-scale synthe-

sis and support comparison with established Sahel re-

greening studies. 

5) Drought early warning integration: NDVI and NDWI 

time series, maintained on an annual or seasonal basis 

using GEE automation, should be formally integrated 

into Sudan’s national drought early warning frameworks 

and communicated to pastoralist and farming communi-

ties through participatory extension services. 

6) Sustainable land management policy: The documented 

expansion of agricultural land at the expense of native 

savanna should prompt regulatory review of mechanised 

farming concession boundaries, and policy incentives 

should be developed to promote agroforestry, soil and 

water conservation structures (e.g., hafirs, terracing), 

and native species restoration. 

7) Cross-sensor calibration: To ensure the temporal con-

sistency of long-term indices spanning multiple Landsat 

missions, future analyses should apply established cross-

calibration and bidirectional reflectance distribution 

function (BRDF) correction protocols to minimise inter-

sensor artefacts. 
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