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Abstract 

 

 

Desertification is a significant global environmental challenge, historically affected arid 

and semi-arid Sudan within the vulnerable Sahel region. Driven by climatic variability and human 

activities, prior research on Sudan had limitations regarding temporal/spatial coverage and 

integrated factor analysis. This study comprehensively analyzed the spatial distribution and extent 

of LULC in Sudan between 2003 and 2022, evaluated spatiotemporal variations in vegetation 

cover, and assessed the relationships between NDVI, climatic factors (precipitation, temperature), 

and population density. Utilizing readily available remote sensing data, the research employed 

MODIS (MOD13Q1, MCD12Q1), CHIRPS precipitation data, ERA5 Land Surface Temperature 

data, and WorldPop population density data. The findings of the study revealed a complex 

environmental narrative for Sudan, balancing persistent challenges with encouraging signs of 

vegetation growth. A notable shift toward increased vegetation cover was observed across 

significant portions of the country. The study also found rainfall to be a highly statistically 

significant positive predictor of vegetation health. While extreme maximum temperatures in the 

northern regions act as a dominant limiting factor for vegetation, high population densities, 

particularly around urban centers like Khartoum, were found to exert pressure on surrounding land 

resources. The findings of the study underscore the need for spatially differentiated and integrated 

land management strategies that leverage natural regeneration, implement smart water 

management, and address human pressures for sustainable development and resilience in the face 

of ongoing climate change. 
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Chapter 1: Introduction 

1.1 Background 

Globally, it is estimated that about 41% of the earth’s surface has been engulfed by aridity 

(Bauer & Stringer, 2009), and more than 2 billion people are reported to reside in these areas 

(Johnson et al., 2007). The global demography of people living in extreme poverty corresponds 

with people living under harsh conditions in arid regions, especially in developing countries 

(Cornet, 2002). According to Ibrahim et al. (2022), desertification aggravates poverty and further 

exposes inhabitants of arid communities to discomfort by limiting their adaptability to harsh 

environmental conditions.  

The United Nations Convention to Combat Desertification (UNCCD) defines desertification 

as land degradation in arid, semi-arid, and dry sub-humid areas resulting from many factors, 

including natural processes and human activities (Sivakumar, 2007). Desertification occurs in 

drylands, areas that get less precipitation than is evaporated or consumed by plants throughout part 

or the entire year. Drylands have very limited water and soil moisture.  According to Huang et al. 

(2020), the global distribution of aridity zones indicates that semi-arid, arid, and hyper-arid regions 

are particularly susceptible to desertification. In the recent past, Africa has been notably affected, 

with vast portions of the continent, including the Sahara Desert and the adjacent Sahel region, 

classified within the hyper-arid and arid zones, underscoring its vulnerability to land degradation. 

Africa has about 10 million km2 of drylands, and much of the continent is experiencing or is at 

risk of desertification according to the United Nations Food and Agriculture Organization  (UN 

FAO (2021). FAO (2021) found that up to 64% of Africa’s productive land is degraded, and 

desertification affects 45% of the total land on the continent. Over 7.5 million km2 of land in Africa 
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is at high risk of desertification, and about 400 million people live in drylands in Africa, and 22 

million people live at high risk of desertification (Reich et al., 2004). According to Mandal (1990), 

the Sahara Desert is encroaching southwards at a rate of 5-6 km per year. Research conducted by 

Thomas & Nigam (2018) showed that the Sahara Desert has expanded over the 20th century, 

notably southward in summer, indicating the retreat of the northern edge of the Sahel rainfall belt. 

The term Sahel (an Arabic word for shore) is used to refer to the semi-arid zone of the Sahara 

Desert (Le Houérou & LeHouérou, 1989). Pu & Cook (2012) reported that the Sahel is one of the 

world’s warmest regions, with a short summer rainy season of three months. According to (Abdi 

et al., 2013), climatologically, the Sahel is characterized by frequent droughts; low, poorly 

distributed, and highly variable monthly and seasonal unpredictable rainfall and varying 

vegetation, from sparse grasslands to more wooded areas. The Sahel has suffered several extreme 

droughts that have been related to climate change since the 1960s and have, in turn, caused large 

losses of livestock and brought famine to millions of people (Hein & De Ridder, 2006). 

 Temperatures in the Sahel are rising rapidly at a much faster rate than the global average, and 

the Sahel will experience higher degrees of warming sooner than the rest of the world (UNFCCC, 

2020). The Sahel region is known for its semi-arid climate, stretching across the African continent 

just south of the Sahara Desert, from the Atlantic Ocean in the west to the Red Sea in the east. The 

countries in the Sahel experience a transitional climate between the arid Sahara to the north and 

the more humid savannas to the south.  

Desertification in Africa is not limited to the Sahel region but even countries farther from the 

Sahara such as Ethiopia has at least 70% of land threatened and 80% of land in Kenya is vulnerable 

to desertification as well,  while the assessment done by FAO and UNEP suggests that the desert 

is moving at an annual rate of 5 km in the semi-arid areas of West Africa (DTE, 2016). 
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The Sahel is one of the world’s regions that is most affected by degradation and desertification. 

To address the diverse impacts of desertification that many countries in the Sahel regions were 

faced with, 11 countries within the region and the international community implemented a land 

restoration program known as the African Union strategy on the Great Green Wall (GGW) in 2007 

(UNCCD, 2020). One of the objectives of the UNCCD was to reach Land Degradation Neutrality 

(LDN) by 2030, which is also included in Sustainable Development Goal (SDG) 15. SDG 15 

aimed to protect, restore, and promote sustainable use of terrestrial ecosystems, sustainably 

manage forests, combat desertification and halt and reverse land degradation, and halt biodiversity 

loss. According to Goffner et al. (2019), the initiative progressively expanded to include 21 

countries on the African continent. 

Sudan, which is located in the semi-arid (Sahel) region, has been severely affected by climate 

variability, leading to reduced agricultural productivity and increased vulnerability of local 

populations (Iizumi et al., 2021). According to Mohamed et al. (2016), the expansion of desert 

conditions in Sudan is driven by both natural and anthropogenic factors, including overgrazing, 

deforestation, and unsustainable farming practices. Sudan has experienced frequent episodes of 

drought and land degradation, with desertification being a significant environmental concern.  

Previous research, exemplified by the work of  Yagoub et al. (2017), employed MODIS 

(MOD13Q)1 to detect vegetation cover change in Sudan. However, that analysis only covered the 

period from 2001 to 2013. Moreover, Yagoub et al. (2017) conducted their analysis on the 

combined territory of Sudan and South Sudan, thus providing a less focused investigation for 

present-day Sudan. In addition, this study incorporates Land Use and Land Cover (LULC) data to 

look at from and to changes (LULC in 2003 versus 2022) and develops a statistical model to 

attempt to explain the changes. These datasets, offering crucial LULC classification information  
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(Friedl et al., 2010a), are integrated to provide a more precise evaluation of vegetation changes 

beyond the exclusive use of NDVI trends. 

Additionally, prior analyses largely concentrated on mapping NDVI trends and did not 

comprehensively incorporate climatic (temperature and precipitation) and population (population 

density) variables to enhance the explanatory power of the research. Despite considerable research, 

much of the existing work focused either on climatic factors such as rainfall variability or on 

human-induced land degradation, often ignoring the potential for a holistic approach that integrates 

both aspects (Geist & Lambin, 2002; Herrmann & Hutchinson, 2005).  

The overall objective of this study is to ascertain whether the desertification trends observed 

in that period had persisted, reversed, or intensified in the subsequent years up to 2022, considering 

the rapid rate at which climate change is occurring over the past decade. Therefore, a more 

comprehensive, higher-resolution, and methodologically robust assessment of land cover trends in 

present-day Sudan was conducted to help understand the status of vegetation in Sudan over the 

past two decades. 

1.2 Research Objectives  

The goal of the research was to explore and apply GIS and remote sensing-based change 

detection methodology, utilizing readily available remote sensing data to analyze land use and land 

cover changes, as well as assess vegetation health over time. The specific objectives are as follows: 

• To analyze the spatial distribution and extent of LULC and vegetation changes in Sudan 

over the past two decades (2003-2022).  

• Evaluate the spatiotemporal variations in vegetation cover over the past twenty years using 

NDVI and LULC data obtained from satellite imagery. It is hypothesized that there is a 

significant temporal fluctuation in NDVI values that indicate seasonal and inter-annual 
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vegetation changes, with overall declining trends in areas affected by land degradation and 

desertification. 

• Analyze the relationships between NDVI, climatic factors (precipitation and temperature 

variations), and population density in Sudan. NDVI assessment of vegetation in Sudan is 

hypothesized to be negatively correlated with increasing temperature and population 

density and positively correlated with precipitation. 

To help achieve the above objectives, the researcher answered the following questions: 

1) Which areas in Sudan have experienced the most significant changes in LULC using 

change detection techniques in GIS from 2003 to 2022? 

2) What are the spatiotemporal trends in vegetation cover in Sudan over the past two 

decades as indicated by NDVI and land cover data from satellite imagery? 

3) Are there substantial variations in precipitation, temperature, and population density 

that influence the patterns and extent of desertification in Sudan? 

1.3 Significance of the Study  

According to Field & Barros (2014) and also as reported by Olorunfemi et al. (2022), there 

have been changes occurring in the distribution and dynamics of all types of terrestrial ecosystems 

in Africa, including deserts, grasslands and shrublands, savanna and woodlands, and forests. After 

this, there was an observation that there was an expansion of the desert and a contraction of the 

total vegetation areas. As revealed by Thomas & Nigam (2018), the Sahara Desert has expanded 

by about 10 percent from 1920- 2013. 

This study investigates the trends of desertification in Sudan over the past two decades, 

contributing significantly to the existing body of literature. By analyzing land cover and vegetation 
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changes, the research provided evidence-based insights into whether desertification in Sudan was 

persisting, reversing, or intensifying during the study period of 2003 to 2022. This was crucial, 

considering the ongoing climate change and the documented expansion of the Sahara Desert in 

previous decades. 

Furthermore, this research would contribute to the achievement of Sustainable Development 

Goal (SDG) 13 (Climate Action), (Mortimer et al., 2023), and Goal 15 (Life on Land) which focus 

on the protection, restoring and promoting sustainable use of terrestrial ecosystems, sustainably 

manage forests, combat desertification, and halt and reverse land degradation and halt biodiversity 

loss (UNCCD 2020). The delayed and weakened northward shift of the rainbelt (Intertropical 

Convergence Zone, ICZ) over the Horn of Africa has historically driven drought and famine 

episodes, particularly during the 1983-1985 and 1999-2000 crises in Ethiopia and Sudan (Issa Lélé 

& Lamb, 2010; Mera, 2018; Nicholson, 1985). These events illustrate how changes in seasonal 

rainfall patterns are often tied to shifts in the ICZ, which can lead to widespread crop failure and 

humanitarian disasters (Nicholson, 2001). Understanding this climatic mechanism is essential in 

contextualizing contemporary desertification and land degradation, as such anomalies continue to 

threaten food security in these drought-prone regions (“FEWS NET’s Integrated Analytical 

Areas,” 2008; Hammond & Maxwell, 2002). The monitoring and understanding of desertification 

dynamics provided critical insights necessary for mitigating and adapting to climate change in 

Sudan. The knowledge generated from this study can inform policies and strategies aimed at 

combating desertification and its detrimental impacts on vulnerable communities, thereby aiding 

sustainable land management efforts in the future. 

The study would also contribute valuable knowledge on the interplay of climate and population 

factors in driving land cover change in Sudan. By examining both natural processes and human 
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activities, the research would illuminate their combined effects on land degradation. Specifically, 

the integration of climatic (temperature and precipitation) and socioeconomic (population density) 

variables could allow for a more comprehensive identification of the underlying drivers of 

vegetation health and LULC changes associated with desertification regeneration. Understanding 

of these drivers is essential for guiding the development of effective strategies for adaptation and 

resilience in the affected regions.  

1.4 Organization of Study 

 The thesis is organized into five chapters. Chapter 1 provides the background, an overview 

of the study area, objectives, and significance of the study, as well as the organization of the 

research study. Chapter 2 presents an in-depth explanation of existing literature in the study area. 

Chapter 3 provides detailed information on the study area, research data, and methodology. 

Chapter 4 discusses the analysis and results of the Sudan. Chapter 5 presents the general summary 

of the findings of the research study.  
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Chapter 2: Literature Review 

2.1 Introduction 

 Desertification remains one of the most pressing environmental challenges facing arid and 

semi-arid regions across the globe. This has been characterized by persistent degradation of 

dryland ecosystems due to climatic variations and human activities. Desertification has far-

reaching implications for food security, water availability, biodiversity, and the livelihoods of 

millions. As climate change intensifies and population pressures grow, it is very important for the 

understanding of the spatial and temporal dynamics of desertification. To monitor this situation, 

researchers have increasingly turned to geospatial technologies such as Geographic Information 

Systems (GIS) and remote sensing. These tools offer a comprehensive framework for monitoring 

land use and land cover, assessing vegetation health, and climatic conditions worldwide. One of 

the most widely used indicators for monitoring vegetation dynamics is the  Normalized 

Difference Vegetation Index (NDVI), which is derived from satellite imagery. This chapter reviews 

the existing body of literature related to the historical background of desertification in Sudan, 

drivers of desertification, the impacts on livelihoods, and the application of GIS and remote 

sensing in desertification studies. 

 2.2 Historical perspective of desertification in Sudan 

Sudan is among the countries that are most affected by desertification, and is likely to worsen 

in the future (Rahamtalla, 2018). According to Khairalseed (2015), over 500,000 km2 in Sudan are 

affected by desertification, and about 1.78 million km2 of Sudan is considered arid or semi-arid, 

which makes up to 75% of the country’s total land area.  Sudan is characterized by low, 

unpredictable, and highly variable rainfall, while temperature and evaporation rates are high. In 

dry and semidry areas in Sudan, the variability of rainfall can be extremely high to the extent that 
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the daily maximum may reach the annual average  (El Gamri et al., 2021). This has led to almost 

half of the population living in areas affected by desertification. It has been reported by Ahmed et 

al. (2018) that natural disasters in the contrasting forms of drought and flooding have historically 

occurred frequently in Sudan and have contributed significantly to population displacement, 

poverty, diseases, and the under-development of the country.  

Desertification has been an ongoing process for thousands of years, but it was not until the 

20th century that governments and people realized that it was a threat to their future (Maliva & 

Missimer, 2012). A report by the Sudan Soil Conservation Committee in 1944 stated that land 

degradation is primarily caused by human activities such as deforestation, over-cultivation, 

overgrazing, and frequent fires, rather than climatic variations (Ahmed et al., 2018). Beginning in 

the 1930s, Sudan began keeping records of rainfall and vegetation. Since that time, the boundary 

between the semi-desert and the desert has moved south between 50 and 200 km (UNEP, 2007). 

Desertification is Sudan's most significant environmental challenge, and it is also considered a 

major contributing factor to rural populations migrating to urban centers, leading to environmental 

refugees (UNEP, 1992). 

Between 1950 and 1990, Sudan experienced three prolonged periods of drought, and there is 

a link between drought and armed conflict. The most severe drought took place from 1980–1984, 

resulting in widespread displacement and localized famine. Rainfall data for the period was 

retrieved from the Annual Rainfall Reports (1955-1989) published by the Meteorological 

Department, Sudan, providing critical insights into precipitation trends and drought patterns  

(Suliman, 2008). The 1982-1984 drought led to famine, armed conflicts, livestock losses, and 

economic collapse. Between 1973 and 2006, Darfur lost one-third of its forested area, as 
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documented in the UNEP Post-Conflict Environment Assessment, which used consultations, 

fieldwork, and remote sensing to analyze environmental degradation (UNEP, 2007). 

2.3 Drivers of Desertification 

Desertification results from multiple interactions between physical, biological, political, social, 

cultural, and economic factors (Rastgoo & Hasanfard, 2022). Desertification is not just the 

existence of deserts extended within the territory, but means the destruction of vital productive 

potential, leading to the emergence of conditions of the desert environment on these lands 

(Mabbutt, 1978).  

Desertification is driven by both natural processes and human activities, though scholars debate 

their relative significance. Some researchers, like Huang et al. (2015), emphasized climate change 

as the primary cause, while others, such as Mercuri (2008), attributed it mainly to human activities. 

Bestelmeyer et al. (2015) and D’Odorico et al. (2013) consider both factors equally responsible. 

Climate change contributes through rising temperatures, altered precipitation patterns, and 

increased aridity, leading to further desert expansion (Kröpelin et al., 2008). 

However, human activities play a dominant role in desertification, particularly in the Sahara. 

Agricultural practices such as land clearing, over-cultivation, inappropriate soil management, and 

water misuse accelerate land degradation (AbdelRahman, 2023). Overgrazing and herd 

concentration further degrade rangelands, while deforestation for construction, fuelwood, and 

charcoal exposes soil to erosion and climate extremes (Glantz & Orlovsky, 1983). These human-

driven factors intensify desertification, often surpassing the effects of climate change. 
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2.4 Socio-economic Impact of Desertification 

Within the context of defining desertification, many words are used to describe the 

phenomenon, some of which complement each other, while others appear to be contradictory. 

Nevertheless, a fact on which they all agree is that desertification is viewed as an adverse 

environmental process. As an important global ecological and socioeconomic problem, 

desertification not only causes the deterioration of the ecological environment but also reduces 

agricultural productivity and income (Sterk & Stoorvogel, 2020). According to Dregne. (2002), 

desertification negatively impacts agriculture and water resources, leading to food insecurity and 

economic challenges.  

Studies have shown that prolonged droughts significantly reduce water availability and 

agricultural productivity, leading to competition over scarce resources. According to Saad et al. 

(2018), drought in Sudan has caused desertification, reduced grazing lands, and increased conflicts 

between farmers and pastoralists. This is particularly evident in areas where livelihoods are heavily 

dependent on rain-fed agriculture. 

Ahmed et al. (2018) analyzed historical climate and conflict data and found a correlation 

between periods of extreme drought and spikes in violent clashes. Their study indicated that when 

traditional water sources dry up, migratory pastoralist groups move into farming areas, leading to 

disputes over land use. 

In Darfur, the effects of prolonged drought have intensified ethnic and tribal tensions. 

According to Gray & Kevane (2008), competition for water and arable land was a key driver of 

the Darfur conflict, with environmental degradation exacerbating existing grievances. Olsson 
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(1993) noted that the severe famine during 1984 directly affected half the population of 25 million, 

and the death rate reached 3% of the population per month.  

Additionally, desertification has a significant impact on ecological sustainability, energy 

security, national security, air quality, etc (Adeagbo et al., 2021; Balima et al., 2022). 

Desertification is one of the main factors that causes the migration of rural populations to urban 

centers (Rahamtalla, 2018). Thus, it drives human migration patterns and can contribute to social 

unrest (Femia & Werrell, 2012). That is, desertification can erode the economic base of 

communities heavily reliant on agriculture and natural resources, where reduced agricultural 

output and employment opportunities can lead to income losses and increased poverty, which 

causes human migration from the affected area (Reynolds et al., 2007). 

2.5 Remote sensing and GIS as tools for monitoring and assessing climate change and 

desertification 

According to Mason & Schmetz (1992), remote sensing is the science of deriving information 

about an object from measurements made at a distance from the object, where the focus is on the 

systems that measure electromagnetic energy. In a broad sense, remote sensing is concerned with 

detecting and recording electromagnetic radiation from the target areas in the field of view of the 

sensor instrument. The reflection may be directly from separate components of the target area, 

such as solar energy emitted from the area, or it may be reflections of energy transmitted to the 

target area from the sensor itself (Ouchra et al., 2022). 

Desertification, as a process of land degradation in arid, semi-arid, and dry sub-humid areas, 

is often driven by climatic variations and human activities. Remote sensing, with its ability to 

collect data from a distance, has become an invaluable tool for monitoring, assessing, and 
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understanding these complex phenomena. According to Dawelbait & Morari (2012), remote 

sensing is one of the most effective tools for desertification assessment, and it has long been 

suggested as it is a time and cost-efficient method for observing dryland ecosystems.  

Geographic Information Systems (GIS), on the other hand, are indispensable tools in 

environmental monitoring that offer a solid basis for capturing, storing, analyzing, and visualizing 

spatial data. According to Burrough et al.(2015), GIS is defined as computer-based systems for 

handling geographically referenced data, providing the analytical framework necessary to 

understand complex interactions between natural processes and human activities across space and 

time. In environmental studies, particularly those focused on desertification and land degradation, 

GIS facilitates the mapping of vegetation trends, land use or cover changes, and ecological risk 

assessments (Lambin et al., 2003). GIS enables researchers to analyze the spatial datasets 

alongside other layers such as climatic, topographic, or socio-economic data, to detect patterns and 

drivers of land degradation (Lillesand et al., 2015).  According to Jensen (1996), remote sensing 

delivers the raw spectral information, while GIS adds spatial intelligence and contextual 

interpretation, making the two technologies highly complementary.  

According to Pettorelli et al. (2014), satellite-based remote sensing is often used to monitor 

changes in climate, land cover, and vegetation. Advanced satellite sensors, such as those on the 

Moderate Resolution Imaging Spectroradiometer (MODIS) and Landsat platforms, provide 

important data for assessing climate change and desertification. Moreover, Normalized 

Differential Vegetation Index (NDVI) and Advanced Very High-Resolution Radiometer (AVHRR) 

derived from remote sensing data are used to monitor vegetation health and changes, providing 

valuable insights into desertification processes (Pettorelli et al., 2014). 
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Yagoub et al. (2017) analyzed land cover changes in Sudan (2001-2013) using MODIS data, 

linking NDVI trends to climate factors. The study found NDVI improvement in the southern Sudan 

(0.9% of the area) and degradation in the middle and east (0.5%), with seasonal variations. NDVI 

correlated positively with precipitation and negatively with temperature, highlighting the climate’s 

role in vegetation dynamics. Gezahagn (2016) utilized remote sensing and GIS to conduct a spatial 

assessment of NDVI as an indicator of desertification in Ethiopia, a Sahelian country located in 

the Horn of Africa. Similarly, Lamqadem et al. (2018) employed the Normalized Difference 

Vegetation Index (NDVI) to map desertification in Morocco.  

Additionally,  Yang et al. (2022) analyzed changes in NDVI across the Sahel region of Africa 

(2000-2020) using MODIS data as the primary source for monitoring desertification, with Landsat 

imagery via Google Earth for direct verification and accuracy assessment of 86.78%. Their study 

highlighted the significant influence of temperature and precipitation on NDVI, particularly within 

the desert/grassland biome of the Sahel transition zone. 

2.6 Sustainable Efforts in Combating Desertification 

The Sudan government formed the National Committee for Combating Drought and 

Desertification, led by the National Research Council and the Ministry of Agriculture, between 

1972 and 1976. In 1977, the committee published a report on desertification in Sudan, along with 

suggestions for projects to solve the problem (Ahmed et al., 2018). In 1991, the International 

Convention to Combat Desertification was put into effect, and Sudan launched numerous projects 

to combat desertification, including programs to restore the Gum Arabic Belt and promote 

grassland development (Sudan National Action Programme, 2006). The term gum arabic belt is 

used to indicate a zone of mainly 520,000 km2 in an area which extends across central Sudan 

between latitudes 10° and 14° N, accounting for one-fifth of the country’s total area (Adam, 2011). 
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Desertification is still regarded as a serious threat to sustainable development and human life in 

Sudan, despite efforts to combat it (Ahmed et al., 2018). 

Apart from the previous initiatives to combat desertification in the 1970s in Sudan, the United 

Nations Convention to Combat Desertification also launched the Great Green Wall (GGW) 

initiative in 2007 across 11 countries, including Djibouti, Eritrea, Ethiopia, Sudan, Chad, Niger, 

Nigeria, Mali, Burkina Faso, Mauritania, and Senegal. The GGW was a Pan-African initiative to 

restore and sustainably manage land in the Sahel-Sahara region to address both land degradation 

and poverty (UNCCD, 2020). In Sudan, the GGW intervention zones focused on six drought-

affected states, including North Darfur, Kordofan, Kassala, River Nile, Northern State, Khartoum 

State, and integrating afforestation, sustainable land and water management, and community-led 

restoration strategies Consultative Group on International Agricultural Research (CGIAR), 2022). 

According to the UNCCD, country-specific reviews highlight progress in restoration but 

emphasize ongoing challenges of financing, institutional capacity, climate variability, and the need 

for more interdisciplinary monitoring. 

In summary, our capacity to assess and monitor desertification and climate change has been 

transformed by the application of GIS and remote sensing. It gives researchers and policymakers 

an important way to gather regional-scale data, which they can use to better understand these 

intricate environmental issues and create mitigation and adaptation plans.  
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Chapter 3: Study Area and Research Methodology 

3.1 Introduction  

Understanding the dynamics of LULC changes, climatic variations require a critical 

analysis of both the spatial environment as well as the analytical procedures. This chapter gives an 

overview of the research area, delineating its geographic, climatic, and socio-economic 

characteristics that make it a focus point to study environmental changes that contribute to 

desertification. This chapter also describes the data, and the methodology employed to analyze 

LULC, vegetation health, and climatic variability over the past two decades in Sudan. 

3.2 Study Area 

Sudan was historically the largest country in Africa until 2011, when South Sudan seceded, 

forming an independent nation (Mohamed Nour, 2015). Sudan is in the northeastern part of Africa 

and is bordered by the Central African Republic to the southwest, South Sudan to the south, 

Ethiopia to the east, Egypt to the north, and Chad to the west. To the northeast, it has a coastline 

along the Red Sea. Geographically, Sudan lies between latitudes 8° and 23° N and longitudes 22° 

and 38° E. It is divided into four distinct climatic zones: arid, semi-desert, savannah, and 

subtropical (Osman & Shamseldin, 2002). The country features diverse landscapes, including vast 

deserts, mountain ranges, and the Nile River, which flows from south to north, serving as a critical 

water source for both agriculture and human settlements. 

Sudan is divided into 18 provinces, also referred to as states or wilayat (Figure 3.1). These 

administrative units play a crucial role in local governance and resource management. 
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Figure 3.1. Map of Study Area. 

Agriculture plays a vital role in Sudan's economy, employing or sustaining up to 80% of 

the population (Mahgoub, 2014). The sector contributes significantly to food production, raw 

materials, and foreign exchange earnings. Sudan possesses vast expanses of cultivated land, 

primarily located between the Blue Nile and White Nile rivers, as well as between the Blue Nile 

and the Atbara River. Additional arable areas are found in valley plains where irrigation is widely 

practiced, along with the narrow Nile Valley. 

Over 40% of Sudan’s total land area is covered by pastures and forests (Mahgoub, 2014). 

Livestock rearing is a major socioeconomic activity, particularly in the regions of Kordofan and 
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Darfur. The country has an estimated livestock population of 134 million, including 3 million 

camels, 40 million cattle, 49 million sheep, and 42 million goats, with more than 90% raised under 

traditional pastoral systems (Babiker, 2015). Livestock herding remains a key economic activity 

and a major source of livelihood for nomadic and semi-nomadic communities, but it can also have 

an adverse impact on the land.  

Sudan’s vast natural resources have made it susceptible to internal conflicts and 

environmental challenges. Urbanization, coupled with prolonged civil wars, has caused significant 

demographic shifts and pressure on land resources. Civil disturbances began in western Sudan in 

1985, following the last of five major droughts in the 20th century (Alredaisy, 2024). The Darfur 

conflict, which escalated in the early 2000s, resulted in a humanitarian disaster, with many 

Sudanese refugees fleeing to Chad. The conflict has been largely attributed to competition over 

natural resources, particularly grazing lands and water (Robinson, 2005). 

The Great Green Wall (GGW) initiative in Sudan is part of a larger African Union-led effort 

to combat desertification and land degradation across the Sahel region (UNCCD, 2020). In Sudan, 

the project focuses on restoring degraded lands in arid zones by planting drought-resistant trees, 

promoting agroforestry, and supporting natural regeneration.  Efforts such as the FAO–Turkey 

Boosting Restoration, Income, Development, Generating Ecosystem Services (BRIDGES) project 

have restored approximately 5,000 hectares of degraded land in areas like Kassala State by 

engaging local communities in activities such as farmer-assisted natural regeneration, water 

harvesting, soil fertility management, and native species planting. These interventions aim to 

improve soil fertility, enhance vegetation cover and support livelihoods, and build resilience 

against climate change (Food and Agriculture Organization of the United Nations, 2017). Despite 

challenges like limited funding and harsh climatic conditions (Ganawa, 2022), Sudan’s role in the 
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GGW highlights the importance of localized ecological restoration in tackling environmental 

degradation. 

3.3 Materials and Methods 

Monitoring desertification as a function or the presence or the absence of vegetation using 

remote sensing and GIS requires a comprehensive and spatially explicit approach that integrates 

multisource datasets and advanced analytical techniques. Given the increasing concern over land 

degradation in arid and semi-arid regions, particularly in the Sahel zone, this study employs 

geospatial technologies to identify, map, and analyze patterns and drivers of desertification or 

vegetation reestablishment across Sudan over the past two decades. 

Satellite remote sensing plays a central role in this research by enabling the observation 

and measurement of electromagnetic radiation reflected or emitted from the Earth’s surface. This 

facilitates the detection of vegetation health and changes, land cover transitions, and climate-

related variables that influence desertification dynamics (Pettorelli et al., 2014). Geographic 

Information System (GIS) complements remote sensing by allowing spatial integration, 

visualization, and analysis of various environmental and socioeconomic datasets. This section 

describes the data sources, tools, and methodological procedures that were employed to assess and 

analyze vegetation trends in Sudan. 

3.3.1 Data 

To achieve the research objectives, the study utilized a range of remotely sensed and 

geospatial datasets to assess the long-term changes in LULC, vegetation health, precipitation, 

surface temperature, and population distribution in Sudan. Specifically, the Moderate Resolution 

Imaging Spectroradiometer (MODIS) products, MOD13Q1 (Terra Vegetation Index) and 
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MCD12Q1 (Land Cover Product) (Friedl et al., 2010b),  were obtained via Google Earth Engine 

(GEE). GEE is a cloud-based geospatial platform that provides global access to time-series satellite 

imagery, analytical tools, and scalable computing capabilities (Gorelick et al., 2017). 

In addition to MODIS data, the study employed precipitation data from the Climate 

Hazards Group Infrared Precipitation with Station (CHIRPS) (Ghozat et al., 2022), Land Surface 

Temperature data from the European Centre for Medium-Range Weather Forecasts (ECMWF) 

ERA5 (Yilmaz, 2023), and population density from the WorldPop dataset. These datasets were 

selected for their consistency, spatial and temporal coverage, and relevance to vegetation analysis. 

Table 3.1. provides a comprehensive overview of all datasets used in the study, including their 

sources, spatial resolutions, temporal ranges, and geographic coverage.  

Table 3.1: An overview of datasets and their characteristics. 

Dataset Source Spatial 

Resolution 

Temporal 

Coverage 

Geographic 

Coverage 

NDVI 

MOD13Q1  

Google Earth 

Engine 

250 sq meters 2000 - Present Global 

LULC 

MCD12Q1 

Google Earth 

Engine 

500 sq meters 2001 - Present Global 

CHIRPS Google Earth 

Engine 

0.005 x 0.005 sq 

meters 

1981 - Present 50º S to 50º N 

latitude globally 

WorldPop 

Population  

Density Data 

WorldPop Project 100 sq meters Varies by  

region, 

typically  

Global 
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2000 – Present 

ERA 5 Google Earth 

Engine 

0.25º x 0.25º sq 

meters 

1950 - Present Global 

 

3.3.2 Data Processing 

The study utilized Google Earth Engine as the primary platform for extraction and initial 

preprocessing. GEE is a cloud-based geospatial computing platform launched by Google in 2010, 

designed for large-scale environmental data analysis and satellite imagery processing (Amani et 

al., 2020; Zhao et al., 2021).  It enabled efficient access to multi-temporal satellite datasets and 

facilitated the computation of vegetation indices and LULC classification for the study area. For 

further spatial analysis and the production of thematic maps, ArcGIS Pro version 3.4 was 

employed. This desktop GIS software provided the necessary tools for advanced spatial analysis, 

visualization, and map creation. In addition, Microsoft Excel was used for performing basic 

statistical analyses, including data cleaning, summary statistics, and preparation of inputs for 

interpretation. 

3.3.3 Analytical Approaches / Methods 

The study employed the International Geosphere-Biosphere Programme (IGBP) land cover 

classification scheme to categorize LULC types within the study area. This classification scheme, 

developed by  Friedl et al. (2002), consists of 17 distinct LULC categories for Level 1 Type 1, 

including various forms of vegetation, urban areas, water bodies, and barren or sparsely vegetated 

land. The use of this standardized and globally recognized scheme provided a comprehensive 
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framework for detecting and analyzing LULC changes over time. By adopting the IGBP 

classifications, the study was able to systematically assess ecological transformations and better 

understand the dynamics of vegetation change across Sudan. This approach served as a 

foundational method for capturing complex land surface patterns and evaluating the environmental 

impacts associated with desertification processes.  

In assessing vegetation health and coverage across the study area, the Normalized 

Difference Vegetation Index (NDVI) was employed for the period from 2003 to 2022. NDVI is 

one of the most widely used indices in remote sensing studies for detecting and quantifying 

vegetation cover (Marzen et al., 2011). NDVI has also been used in several studies as a key 

indicator for monitoring desertification, particularly in arid and semi-arid environments (Gillespie 

et al., 2018). It is derived from the red (R) and near-infrared (NIR) reflectance values captured by 

satellite sensors. The NDVI was calculated using the formula: 

NDVI = (NIR - R) / (NIR + R) 

Where NIR represents the reflectance in the near-infrared band, and R represents the reflectance in 

the red band. 

The NDVI values range between -1 and +1. A positive value close to 1 indicates healthy vegetation 

cover, while values close to 0 indicate less or no vegetation coverage over the study region. This 

index provided a reliable measure of vegetation vigor, with values indicating healthier and denser 

vegetation. In this study, NDVI served as a primary metric for evaluating vegetation trends and 

detecting areas of land degradation over the study period. 
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To examine the relationship between vegetation and the posited desertification factors, 

Ordinary Least Squares (OLS) was employed as a statistical modeling technique. OLS is a 

commonly used linear regression method that estimates the relationship between a dependent 

variable and one or more independent variables by minimizing the sum of the squared differences 

between observed and predicted values (Montgomery et al., 2013). This method is appropriate for 

identifying and quantifying the extent to which climatic and socio-economic variables influence 

vegetation changes, as captured by NDVI. Researchers have employed Normalized Difference 

Vegetation Index data to analyze the relationship between human activities, rainfall variability, and 

vegetation cover to desertification over an extended period of  20 to 30 years (Dardel et al., 2014; 

Herrmann et al., 2005). In this study, the dependent variable was the Normal Difference Vegetation 

Index (NDVI), while the independent variable included precipitation, temperature, and population 

density data. These independent variables have been considered in literature as some of the 

variables that impact vegetation growth. OLS is calculated using dependent and independent 

variables. This is calculated as, 

y = ꞵ0 + ꞵ1 X1 + ꞵ2 X2 + …… ꞵn Xn + Ꜫ 

where y is the dependent variable, ꞵ is the coefficient, X represents the explanatory or independent 

variable, and Ꜫ also represents the random error term or residual.  

In this study, random sampling was conducted in ArcGIS Pro prior to running OLS 

regression to ensure validity and spatial representativeness. Given the spatial heterogeneity nature 

of Sudan, and the varying nature of both dependent and explanatory variables, generating a set of 

randomly distributed sample points, each location within the study area had an equal chance of 

selection, reducing sampling bias among observations. The dependent variable was NDVI, serving 
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as an indicator of vegetation density, while the independent variables included population density, 

maximum temperature, and precipitation. To ensure comparability among variables measured on 

different scales, the study further applied Min-Max normalization to independent or explanatory 

variables. Normalizing the variables allowed the coefficients to be interpreted on a common, 

unitless scale, making it easier to compare their relative influence on NDVI. The Min-Max 

normalization technique transforms each variable X to a scale between 0 and 1 using the formula: 

 Xnormalized = X - Xmin / Xmax - Xmin 

Where Xmin and Xmax represent the minimum and maximum values of the variables, 

respectively. This scaling technique preserves the relationships and distribution of the original data 

while eliminating units (Chandrashekar & Sahin, 2014). The process was performed using Python, 

and the normalized data were subsequently used for the OLS regression model. 
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Chapter 4: Analysis and Results 

4.1 Introduction 

Understanding the intricate dynamics of land degradation, particularly desertification, is 

paramount for sustainable environmental management, especially in vulnerable regions like 

Sudan. Desertification poses a significant challenge globally, and in Sudan, it has historically been 

linked to a complex interplay of climatic, socioeconomic, and spatial factors. The nation’s diverse 

landscape, spanning arid northern deserts to more fertile southern savannas, experiences varied 

environmental pressures that necessitate a detailed investigation into their driving forces. This 

research aims to comprehensively analyze these factors and their influence on vegetation as an 

indicator of increasing or decreasing desertification in Sudan over a two-decade period, 

specifically from 2003 to 2022.  

To achieve this, the study employs a robust methodology that includes the analysis of 

spatial patterns and statistical modeling, notably Ordinary Least Squares (OLS) regression. A 

central component of the analysis is the Normalized Difference Vegetation Index (NDVI), which 

serves as a crucial dependent variable due to its reliability as an indicator of vegetation health and 

land use/land cover (LULC) changes, especially in arid and semi-arid regions. By examining the 

distribution and changes in NDVI alongside independent variables such as rainfall, temperature, 

and population count, this study seeks to elucidate the spatial patterns and relationships between 

these key variables driving or reversing desertification across Sudan. The findings derived from 

maps and statistical insights into these relationships are critical for informing strategies to address 

the persistent challenges of sustainable land management in a country already vulnerable to climate 

variability. 
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4.2 Spatial Distribution and Extent of Desertification in Sudan 

According to Jansen & Gregorio (2002), the understanding of the interactions between 

LULC in their spatial and temporal appearances is fundamental to the comprehension of LULC 

change. LULC describes how human activities and natural processes have altered the physical, 

chemical, and biological properties of land, resulting in changes to the Earth's surface (Turner et 

al., 2007). To effectively assess the changes in LULC, it is important to classify the different LULC 

categories and perform change detection analysis. Classification provides a structured approach 

for identifying and categorizing the Earth’s surface properties, which is important for 

understanding spatial and temporal transformations in LULC patterns (Campbell & Wynne, 2011). 

Through change detection, researchers can quantify the extent and nature of the specific and 

various changes over time. 

4.2.1 LULC Distribution  

The first objective of study was to analyze the spatial distribution and extent of vegetation 

in Sudan over the past two decades (2003-2022), this overarching goal served as a guide for 

answering the question of this specific research question: Which areas in Sudan have experienced 

the most significant changes in LULC change detection techniques in GIS from 2003 to 2022? The 

objective was addressed by conducting a detailed analysis utilizing the MODIS MCD12Q1 LULC 

dataset for the study period. The classification and analysis of the above datasets provide insights 

into the changes in LULC types over time, effectively indicating the areas that experienced 

vegetation gain, degradation, or stability across Sudan. 

A comparative analysis of LULC data for the years 2003 and 2022 revealed a significant 

shift in vegetation types and surface coverages across Sudan. Figures 4.1a and 4.1b show the 
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LULC of Sudan in 2003 and 2022, indicating the various vegetation cover in the region, namely, 

bare land, cropland, forest, cropland/savanna, shrubland, urban, water, and wetland. 

 

Figure 4.1a: LULC Map of Sudan (2003)          Figure 4.1b: LULC Map of Sudan (2022) 

During the period between 2003 and 2022, Sudan experienced notable shifts in LULC 

composition as shown in Table 4.1. Bare land remained the dominant LULC type, though its extent 

declined from 1,115,694.60 km2 (60.5%) in 2003 to 1,082,17.82 km2 (58.7%) in 2022, indicating 

a modest reduction of 1.8%. These decreases corresponded with an increase in grassland and 

savanna areas, which expanded from 631,316.44 km2 (34.2%) to 677,345.88 km2 (36.7%), 

suggesting moderate vegetation recovery or regeneration across parts of the country. This observed 

shift from bare land to grassland/savanna areas aligns remarkably well with broader regional 

patterns documented across the Sahel, supporting research on the regreening of the Sahel following 

the devastating droughts of the 1970s and 1980s (Fensholt & Proud, 2012; Herrmann et al., 2005). 

Cropland declined slightly from 79,272.78 km2 (4.3%) to 73,832.50 km2 (4.0%), possibly due to 

land degradation, abandonment, or conversion to other LULC. Shrubland experienced a more 

substantial reduction, nearly halving from 14,042.53 km2 (0.8%) to 6,295.89 km2 (0.3%), which 

may reflect vegetation degradation or a transition into grassland or bare land. This reduction in 
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shrubland coverage represents a concerning trend that warrants further investigation, as shrubland 

plays crucial ecological roles in arid environments, providing habitat for wildlife, preventing soil 

erosion, and serving as a source of fuelwood and fodder for local communities. According to 

Brandt et al. (2016), the Sahel has shown that woody vegetation can be particularly vulnerable to 

human pressure, especially in areas where fuelwood collection is intensive.  

Urban areas, while still minimal in coverage, showed a slight increase from 3,381.49 km2 

(0.2%) to 3,440.60 km2 (0.2%), indicating steady urban expansion. Water bodies also increased 

marginally from 1,175.94 km2 to 1,707.09 km2, potentially due to improved detection for seasonal 

changes. Wetlands and forest cover, though both occupying very small portions of the land area, 

increased from 84.14 km2 to 136.56 km2 and from 7.44 km2 to 39.67 km2, respectively, reflecting 

limited but positive ecological changes in some localized areas.   

Table 4.1: LULC Classification and Percentage Distribution in Sudan (2003-2022) 

Land cover  Area (km2) Percentage 

Change 2003 2022 

Bare land  1,115,694.60   1,082,173.82  -1.8% 

Grassland/Savanna  631,316.44   677,345.88  2.5% 

Cropland  79,272.78   73,832.50  -0.3% 

Shrubland  14,042.53   6,295.89  -0.4% 

Urban  3,381.49   3,440.60  0.0% 

Water  1,175.94   1,707.09  0.0% 

Wetland  84.14   136.56  0.0% 

Forest  7.44   39.67  0.0% 
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The results in Figure 4.2 show a marked decrease in bare land, which remains the dominant 

LULC type, though its extent declined by over 33,000 km2 (a 1.8% reduction). Concurrently, 

grassland/savanna LULC increased by approximately 46, 000 km2, indicating moderate vegetation 

growth, possibly due to natural regeneration or sustained efforts to reverse desertification.  

 

Figure 4.2. LULC change in Sudan (2003 to 2022) 

Other notable observations from the LULC analysis include a slight decline in cropland 

areas, which decreased by approximately 5,440 km². Shrubland experienced a more significant 

reduction of about 7,746 km², potentially indicating a transformation in vegetation structure or 

degradation into grassland or bare land. Urban areas, although limited in spatial coverage, 

expanded modestly by 59 km², suggesting a gradual trend toward urbanization. Additionally, there 

were minor increases in the extent of wetlands, forests, and water bodies; however, these changes 

were negligible in terms of their overall percentage contribution to national LULC. 
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4.2.2 Land Cover Transitions and Vegetation Change 

To better understand the LULC changes between 2003 and 2022, a LULC transition matrix 

was developed. This matrix tracks how each LULC category in 2003 changed over time, 

identifying which categories remained stable and which transitioned into different types. To 

interpret the environmental significance of these changes, mean NDVI values were calculated for 

each transition. By combining the transition data with NDVI analysis, it is possible to assess 

whether specific areas experienced greening, degradation, or remained unchanged. Table 4.2 

highlights LULC transitions, offering valuable insight for understanding trends such as vegetation 

growth, land degradation, or deforestation. 

Table 4.2. LULC Transitions and Associated NDVI (2003-2022) 

Transition Area (km²) Mean 

NDVI 

Interpretation 

Bare land to Bare land 1,078,156.72 0.3 Persistent bare areas with low 

vegetation growth 

Bare land to 

Grassland/Savanna 

35,056.99 0.3 Moderate greening; likely natural 

growth 

Bare land to Cropland 2.05 0.5 Strong vegetation gain; possible 

agricultural expansion 

Bare land to Shrubland 1,946.78 0.3 Vegetation recovery towards shrub 

cover 

Cropland to 

Grassland/Savanna 

29,123.75 0.3 Agricultural abandonment with 

moderate regrowth 
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Cropland to Cropland 50,191.73 0.3 Stable agricultural areas 

Grassland/Savanna to 

Cropland 

23,893.91 0.3 Cropland expansion into savanna 

Grassland/Savanna to 

Bare land 

3,250.73 0.3 Degradation is likely due to 

overgrazing or drought 

Shrubland to 

Grassland/Savanna 

9,544.19 0.3 Possible shift in vegetation type or 

improved biomass cover 

 

The largest area of stability was bare land, remaining bare, covering over 1 million km2. 

This persistent pattern highlights regions that have experienced little to no vegetation growth over 

two decades. This finding identifies regions that have shown potential areas from which the desert 

will spread. This persistence of degraded conditions is consistent with research on ecological 

thresholds and alternative stable states, where severely degraded lands may become locked into 

degraded conditions that are difficult to reverse (Scheffer et al., 2001). 

On the other hand, transitions from bare land to vegetated classes, particularly 

grassland/savanna and shrubland, represent positive ecological shifts and indicate areas of 

vegetation growth contrary to the prevailing desertification hypotheses. The transitions from bare 

land to vegetated classes, while covering smaller areas, represent critical opportunities for 

landscape restoration. The 46,000 km² expansion of grassland/savanna areas suggests that natural 

regeneration and human-influenced processes are active in certain regions, possibly facilitated by 

improved rainfall patterns, reduced grazing pressure, or active restoration interventions. This 

finding is encouraging when viewed in the context of the Great Green Wall (GGW) initiative, 

which aims to restore 100 million hectares of degraded land across the Sahel by 2030 (Mirzabaev 
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et al., 2021; UNEP, 2012). Recent remote sensing study analyses reveal that GGW initiative 

regions have experienced trends in increasing vegetation cover (NVDI) (Deng et al., 2024). 

According to the UNCCD (2020), the GGW initiative has successfully produced 1.9 million plants 

and seedlings for restoration activities, and 2.3 million hectares of land have been restored, 

including 85,000 hectares of degraded land and the Assisted Natural Regeneration (ANR) of about 

2,500 hectares of forests. 

Notably, agricultural land remained relatively stable, with over about 50,000 km2 of 

cropland persisting across both years. However, the transitions of some cropland to 

grassland/savanna or bare land suggest local-scale abandonment or land degradation. The mean 

NDVI values associated with each transition further underscore the vegetation dynamics. 

Transitions to cropland typically recorded the highest NDVI values (up to 0.5), indicating denser 

vegetation, while transitions to bare or degraded lands had lower NDVI values (0.2-0.3) 

The observed spatiotemporal patterns in LULC change suggest that, while Sudan continues 

to be dominated by bare and semi-arid landscapes, there has been a modest by meaningful shift 

toward increased vegetation cover in some areas. The expansion of grassland and savannas, along 

with gains in shrubland and cropland in specific zones, points to localized improvements in land 

conditions. These improvements are possibly driven by reduced land pressure, climate variability, 

or sustainable land management practices.  

4.3 Spatiotemporal Variations in Vegetation Cover in Sudan 

This section presents the results related to the second objective of the study, which is to 

evaluate the spatiotemporal variations in vegetation cover over the past twenty years using NDVI 

and LULC data obtained from satellite imagery in Sudan. The analysis was conducted using multi-
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temporal NDVI data derived from the MOD13QI satellite product, which served as an effective 

indicator of vegetation health and LULC dynamics in arid and semi-arid regions. Changes in NDVI 

values over the study area period provided insight into the loss or recovery of vegetative cover 

across Sudan, thereby helping to map the areas undergoing degradation. The results are organized 

into three key components as follows: 

1) NDVI-based vegetation classification for 2003 and 2022, illustrating the status of 

vegetation and barren lands at both time points,  

2) Spatiotemporal NDVI change detection, identifying areas of vegetation loss, gain, and 

stability over the study period, and 

3) State-level analysis of average NDVI change, offering a detailed view of vegetation 

trends across Sudan’s 18 states. 

These findings collectively provide a spatial and quantitative assessment of the vegetation 

status in Sudan, highlighting both vulnerable regions and areas demonstrating ecological 

improvement. This is supported by thematic maps, statistical summaries, and interpretation of 

patterns observed across the country. 

4.3.1 NDVI-Based Vegetation Classification 

In this study, MODIS-derived NDVI data from 2003 and 2022 were classified based on the 

NDVI value range from -1 to 1. According to Al-doski et al. (2013), the water, cloud, and snow 

tend to reflect more light in the visible band than near-infrared band, resulting in negative NDVI 

values. Features like bare soil and rock ground typically have NDVI values of around zero. Healthy 

green vegetation, however, reflects more significantly in the near-infrared band than in the visible, 

leading to high NDVI values closer to +1. Based on this information, the two dates of NDVI 
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images were classified into five classes using the NDVI value ranges. The classes included Water 

(-0.2-0), No Vegetation (0-0.2), Slight Vegetation (0.2-0.3), Moderate Vegetation (0.3-0.6), and 

High Vegetation (0.6-0.75) as shown in Figures 4.3a and 4.3b.  

 

Figure 4.3a.  NDVI map of 2003           Figure 4.3b. NDVI map of 2022 

A notable and generally positive trend of vegetation growth was observed across Sudan 

during the study period. As shown in Figure 4.2, the No Vegetation class, which was the dominant 

LULC in 2003, covered approximately 1,276,215.83 km2 (69.2%) of the country. By 2022, this 

significantly reduced to 1,175,916.69 km2 (64.0%), marking a substantial decrease of 100,299.15 

km2 or 5.4%. This reduction reflects a promising shift in land cover towards categories with denser 

vegetation. 

In line with this, areas categorized under Slight Vegetation saw a considerable expansion, 

increasing from 298,129.97 km2 in 2003 to 332,499.52 km2 in 2022, a gain of 34,369.55 km2 

(1.9%). Similarly, Moderate Vegetation also expanded remarkably, gaining 62,950.37 km2 (3.4%) 

over the same period. These changes collectively indicate a progressive increase in vegetation 

cover across large parts of Sudan, particularly in regions that previously exhibited sparse 

vegetation. Even the High Vegetation class, despite its relatively limited spatial extent, 
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demonstrated a marked increase, growing from 332.11 km2 in 2003 to 2,384.17 km2 in 2022, an 

increase of over 2,000km2. These positive shifts in high vegetation areas could be attributed to a 

combination of factors, including improved land management practices, afforestation efforts, 

expansion of irrigation, or localized climatic changes that favor vegetation growth. Furthermore, 

a minor increase of 883.27 km2 was observed in areas classified as Water. While this change is 

small in absolute and percentage-wise (0.0%), it may reflect seasonal variations, improved water 

body detection, or localized hydrological shifts.  

 

Figure 4.4. Proportion of NDVI corresponding to landmass area for 2003 and 2022 (km2) 

Overall, these findings strongly suggest a positive trend in vegetation reestablishment after 

decades of drought, with a net gain in areas falling under higher NDVI thresholds. While these 

results offer encouraging evidence of vegetation growth, possibly reflecting the combined effects 

of land rehabilitation programs, climate variability, or shifts in LULC patterns, further 
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investigation is necessary to distinguish between natural regeneration and human-induced 

transformations. 

4.3.2 Spatiotemporal NDVI Change Detection 

A detailed spatiotemporal analysis of NDVI changes provided a nuanced view of 

vegetation dynamics across Sudan between 2003 and 2022, identifying areas of both concern and 

improvement. The landscape was categorized into five distinct classes based on the magnitude of 

vegetation change: significant vegetation loss, moderate loss, no change, moderate gain, and 

significant vegetation gain, as shown in Figure 4.5. 

 

Figure 4.5. Spatiotemporal Changes in NDVI in Sudan (2003 to 2022) 



45 

 

The analysis revealed that the vast majority of Sudan’s landmass, approximately 88.1%, 

experienced negligible change in vegetation cover, indicating a general ecological stability over 

the 20 years. However, certain areas did show decline; about 0.8% of land (14,039.82 km2) 

underwent moderate vegetation loss, and about 0.1% (1,069.88 km2) experienced significant 

vegetation degradation. These localized losses are likely linked to factors such as climate 

variability, prolonged droughts, ongoing land degradation processes, and unsustainable land-use 

practices. 

Likewise, areas demonstrating vegetation recovery were more extensive and substantial. 

Moderate vegetation gain accounted for about 11.0% of the total area (202,285.4 km2), indicating 

widespread positive shifts. Furthermore, 0.1% (1,823.26 km2) of the country experienced 

significant vegetation increase. These encouraging positive changes may be associated with 

various factors, including improved land management practices, targeted afforestation programs, 

or favourable climatic conditions in specific regions. This spatial variation vividly underscores the 

heterogeneous nature of desertification and vegetation dynamics in Sudan, which are influenced 

by a complex interplay of both natural environmental factors and human-driven activities.  

4.3.3 State-Level Analysis of Average NDVI Change 

A state-level analysis of average NDVI change was conducted to understand the spatial 

variability of vegetation trends across Sudan, a country characterized by diverse ecological zones 

and socio-political context. Mapping NDVI changes at the state level is crucial for a better 

understanding of how vegetation dynamics vary across the entire country, where localized 

greening or degradation patterns may be overlooked at the national-level assessment. Sudan is a 

country where political instability, conflict, displacement, and uneven resource allocation have had 

impacts on LULC, environmental degradation, and rural livelihoods.  
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According to Ahmed et al. (2024), natural causes of LULC changes include droughts, 

natural fires, and changes and variations in climatic conditions, while the common anthropogenic 

drivers of LULC changes comprise agriculture expansion, deforestation, urbanization, mining, and 

armed conflicts. Armed conflicts have a great impact on land-based resources, especially 

vegetation and wildlife (M. Mohamed et al., 2020). In states affected by conflict and displacement, 

such as Darfur and parts of South Kordofan, land abandonment or unsustainable exploitation may 

influence vegetation cover differently than in stable areas, which may lead to a decrease or increase 

in NDVI. As indicated in Figure 4.6, analysis of average NDVI values by state-level between 2003 

and 2022 reveals varying trends across the entire country’s 18 states. All states recorded a positive 

NDVI change, indicating an overall trend of vegetation increase, albeit at varying degrees. 

      
 

Figure 4.6. NDVI Change by State (2003-2022) 
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States such as Blue Nile (ΔNDVI = +0.044). Central Darfur (+0.034), West Darfur 

(+0.034), and White Nile (+0.033) experienced the most notable moderate to significant vegetation 

gains. These improvements could potentially be a result of advantageous local climate conditions, 

the implementation of reforestation projects, or a reduction in land pressure usage, possibly due to 

migration or conflict-related displacement in some parts of the regions. 

On the other hand, states like Northern (+0.005), Red Sea (+0.007), and West Darfur 

(+0.034) showed minimal vegetation changes as indicated by NDVI values, reflecting the harsh 

arid conditions and limited potential for vegetation recovery in these desert-dominated regions. 

However, the persistence of degraded conditions in northern Sudan reflects challenges that are 

common across the arid margins of the Sahara. According to Huang et al. (2016), most arid regions 

may face increasing challenges as global temperatures continue to rise.   This is largely reflective 

of their inherent arid nature and the limited potential for natural vegetation growth within these 

regions. Interestingly, Aj Jazirah and Sennar also recorded noticeable improvements (both +0.03), 

which could be driven by the presence of irrigation-supported agriculture and proximity to the 

Blue Nile. 

Table 4.3. Summary of NDVI Change Across Sudan States (2003-2022) 

States NDVI 

2003 

NDVI 

2022 

NDVI 

Change 

Interpretation 

Aj Jazirah 0.231 0.262 0.03 Noticeable vegetation improvement 

Blue Nile 0.365 0.409 0.044 Significant vegetation gain 

Central Darfur 0.303 0.337 0.034 Moderate improvement in 

vegetation cover 
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East Darfur 0.321 0.346 0.025 Slight vegetation improvement 

Gedaref 0.259 0.279 0.019 Slight improvement in vegetation 

Kassala 0.165 0.185 0.021 Mild increase in vegetation cover 

Khartoum 0.133 0.146 0.014 Slight vegetation recovery 

North Darfur 0.127 0.143 0.016 Slight vegetation gain 

North Kordofan 0.142 0.157 0.015 Small but positive vegetation 

change 

Northern 0.098 0.103 0.005 Minimal vegetation improvement 

Red Sea 0.089 0.096 0.007 Minimal vegetation improvement 

River Nile 0.097 0.103 0.006 Minimal vegetation improvement 

Sennar 0.299 0.329 0.03 Noticeable vegetation improvement 

South Darfur 0.345 0.374 0.029 Moderate vegetation gain 

South Kordofan 0.35 0.375 0.025 Slight vegetation improvement 

West Darfur 0.241 0.275 0.034 Moderate vegetation recovery 

West Kordofan 0.268 0.294 0.026 Slight increase in vegetation 

White Nile 0.215 0.249 0.033 Moderate vegetation improvement 

 

The consistent increase in NDVI values, as shown in Table 4.3 across all states, though modest 

in the more arid regions, reflects an encouraging trend towards vegetation restoration or 

stabilization. However, it is equally important to acknowledge that the limited areas of vegetation 

loss, though small in percentage, still represent significant ecological concerns that demand 

prioritization in future desertification mitigation strategies. 
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4.4 Spatial Patterns of Climatic and Socioeconomic Drivers and Their Statistical 

Relationships to Vegetation in Sudan 

This section addresses the third objective of the study, which seeks to analyze the 

relationships between vegetation, climatic factors (precipitation and temperature variations), and 

population density in Sudan. Understanding these spatial relationships is crucial for developing 

targeted strategies to combat land degradation and promote sustainable land management 

practices. 

4.4.1 Maximum Temperature Distribution  

The spatial distribution of maximum temperature in Sudan for 2022, shown in Figure 4.7, 

reveals a clear gradient in temperature patterns across the country. The map displays five 

temperature classes, ranging from 30°C (86℉) to 47°C (116.6℉), emphasizing spatial variability 

across the Sudan. The northern and northeastern parts of Sudan experienced the highest maximum 

temperature, which ranges from 45°C (113℉) to 47°C (116.6℉). These areas are made up of bare 

land, as shown in the land cover maps.  The areas, including parts of the Northern State and the 

Red Sea regions, are characterized by arid and desert climates. The persistent high temperatures in 

these regions underscore the severe climatic conditions and contribute to desertification processes.  

The western, northwest, southwestern, and southeastern parts of Sudan recorded relatively 

lower maximum temperatures ranging between 30°C (86℉) and 43°C (109.4℉). These regions 

are known for receiving higher precipitation, which helps to mitigate some of the extreme heat 

effects. According to Niang et al. (2014), consistent warming trends observed in the Sahel and 

surrounding arid zones over the decades exacerbate environmental stress and reduce agricultural 

productivity. Prolonged exposure to high temperatures, particularly above 43°C (109.4℉), can 
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accelerate evapotranspiration rates, reduce soil moisture, and increase vegetation stress. These 

processes are directly linked to the expansion of desertification fronts (Huang et al., 2020). 

While the NDVI indicated a generally positive trend across Sudan with an increase in slight 

and moderate vegetation and a decrease in areas with no vegetation, the northern and central parts, 

which showed negative NDVI values indicating an absence of vegetation due to arid 

characteristics, are precisely the regions experiencing the highest temperatures. This demonstrates 

how temperature profoundly impacts vegetation and its significant implications for land cover 

dynamics, agricultural viability, and water resource management across Sudan. 

 
Figure 4.7. Maximum Temperature Distribution Map of Sudan. 
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4.4.2 Rainfall Distribution  

The spatial distribution of rainfall in Sudan in 2022 showed a significant implication for 

the patterns and vegetation across the country. As shown in Figure 4.8, the northern and central 

regions of Sudan experienced the lowest average annual rainfall, ranging from 0 - 200mm. The 

extensive arid zone, which spans the majority of northern Sudan, including areas near the Red Sea 

and bordering Egypt and Libya, and highly vulnerable to desertification. The persistent low 

precipitation in the zone exacerbates soil degradation, limits vegetation cover, and intensifies the 

encroachment of desert-like conditions.  Moving southward, the rainfall gradually increases. The 

semi-arid belt, represented in orange, receives between 200mm and 400mm annually. This 

transitional zone, while receiving slightly higher precipitation, remains critically dry and 

susceptible to climatic shocks. Notably, regions in this category have experienced fluctuations in 

rainfall that fail to sustain reliable agricultural activity, further accelerating land degradation 

through overgrazing and deforestation.  

The savannah zones in the central and southern parts of Sudan exhibit significantly higher 

rainfall. These include 400-700mm, covering central Sudan, providing marginally suitable 

conditions for rain-fed agriculture and grazing activities. Areas receiving 700mm – 1000mm, 

which covers the south-eastern areas, where rainfall is more consistent and supports more 

vegetation cover. Areas in the receiving 1000m and above, which are closer to the southern border, 

indicate relatively humid zones with lower susceptibility to desertification. These spatial patterns 

highlight a clear positive correlation between rainfall variations and vegetation, as rainfall is a 

primary driver of vegetation growth in arid and semi-arid regions. Studies conducted by (Dardel 

et al., 2014; Nicholson et al., 2018) revealed that rainfall variability is a determinant of vegetation 

health and productivity across the Sahel.  Areas receiving below 400mm of rainfall per year, which 
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constitute more than half of the Sudan’s landmass, are at greater risk. This is consistent with 

existing literature suggesting that regions receiving less than 400mm annually are ecologically 

fragile and prone to land degradation under climatic stress and unsustainable land use practices 

(Campbell & Wynne, 2014; UNEP, 2012). 

 

Figure 4.8. Rainfall Distribution of Sudan. 

4.4.3 Population Distribution 

Sudan’s population distribution of Sudan as of 2020 reveals a striking uneven landscape of 

human settlement and dynamic growth trends, carrying significant implications for environmental 

pressure and land degradation across the country. The 2020 data was used to compare 2022 data, 

as it was the most recent dataset of population density covering Sudan available from the WorldPop 
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database. As shown in Figure 4.9, the densest concentrations of people are predominantly found 

in the central and eastern regions, encompassing the capital, Khartoum, alongside major urban 

centers such as Kassala, Nyala, and Al-Ubayyid. A closer examination unveils five distinct 

population density classes, vast stretches of the west, north, and east are sparsely populated, 

typically with 1-10 persons/km2, covering the largest proportion of the land at 1,139,401.13 km2 

(61.0%). These areas correspond to the harsh, arid northern and northwestern regions that receive 

minimal annual rainfall (0-200mm) and experience the highest maximum temperatures (45°C to 

47°C or 113℉ to 116.6℉), supporting extremely sparse populations due to severe desert conditions 

and limited water availability. A transitional belt holds about 11-25 persons/km2, encompassing 

366,076.03 km2 (19.6%) of the landmass. Peripheral urbanizing zones feature about 26-50 

persons/km2, covering about 186,816.34 km2 (10.0%). The major urban settlements are 

characterized by about 51-500 persons/km2, extending over 168,320.82 km2, and finally, the 

Khartoum metropolitan area exhibits the highest densities, ranging from 500 to about 7,210 

persons/km2, occupying 7,043.26 km2 (0.4%) of the landmass. While there is sparse population 

density in arid zones, the fertile central belts, particularly along the Blue and White Nile rivers, 

boast higher population densities. This pattern is linked to Sudan’s diverse climatic and ecological 

conditions, benefiting from moderate rainfall, better infrastructure, and enhanced economic 

opportunities. 

The distribution of population densities in 2020, as indicated in Figure 4.9, highlights a 

clear concentration in certain areas while vast regions remain sparsely inhabited. These high 

population concentrations, especially around Khartoum, place immense pressure on land 

resources. This pressure leads to phenomena such as urban sprawl, vegetation loss, and intensified 

land degradation. According to Güneralp et al. (2017), growing urban areas pose significant threats 
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to ecosystem integrity and biodiversity. The growth in these areas, fueled by both natural increase 

and internal displacement from conflicts and climate-induced migration from drier, less hospitable 

regions, escalates demands on land for housing, agriculture, and fuelwood. These demands often 

result in deforestation, soil erosion, and reduced vegetation cover, all of which are recognized as 

key indicators of desertification.  

While the overall Normalized Difference Vegetation Index (NDVI) assessment for the 

study period (2003 - 2022) indicated a generally positive trend across Sudan, with a significant 

decrement in areas classified as having no vegetation (from 69.2% to 64%) and an increase in 

slight and moderate vegetation, the evolving spatial patterns of human presence across profoundly 

interact with the country’s diverse climatic and land cover characteristics.  This presents a 

persistent challenge for sustainable land management, particularly in regions already vulnerable 

to climate variability and water scarcity. 
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        Figure 4.9. Population Density Distribution of Sudan. 

4.5 Spatial Relationship between NDVI and Explanatory Variables 

In the quest to understand the spatial relationship between desertification drivers in Sudan, 

an Ordinary Least Squares (OLS) regression analysis was conducted utilizing the Normalized 

Difference Vegetation Index (NDVI) as the dependent variable, given its reliability as an indicator 

of vegetation health and land cover changes, particularly in arid and semi-arid regions. The 

independent variables included rainfall, temperature, and population density.  
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Table 4.4 Ordinary Least Squares (OLS) Regression Results for Desertification Variables 

Variable  Coefficient P-Value 

Independent Variables   

Intercept 0.0261 0.000 

TEMPERATURE 0.0597 0.000 

RAINFALL 0.5455 0.000 

POPULATION DENSITY -0.0404 0.011 

 

The overall model, as shown in Table 4.4, demonstrated a strong statistical significance, as 

this approach encompassing 2,223 observations revealed a strong overall model fit with an R-

Squared of 0.794130, indicating that approximately 79.4% of the variance in NDVI can be 

explained by various independent variables. Examining the individual coefficients as presented in 

the result table, rainfall emerged as a highly statistically significant predictor of NDVI, with a 

coefficient of 0.5455 and a p-value of 0.000 (p > 0.54), strongly aligning with environmental 

understanding that higher rainfall supports increased vegetation health and mitigates 

desertification, particularly in Sudan’s southern regions. Temperature also showed a statistically 

significant relationship with NDVI, with a positive coefficient of 0.0597 and a p-value of 0.000 (p 

> 0.045). However, this positive coefficient within the model contrasts with broader qualitative 

observations that high temperatures, especially above 43°C (109.4℉), accelerate 

evapotranspiration, reduce soil moisture, and increase vegetation stress, leading to reduced NDVI 

values in the arid northern and central parts of Sudan. This suggests a complex interaction not fully 

captured by a simple linear relationship. The population density, on the other hand, despite having 

a negative coefficient of -0.0404, was also found to be statistically significant at a p-value of 0.011 
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(p > 0.05). Nonetheless, its qualitative impact is profound, as high population density 

concentrations, particularly around Khartoum, are recognized to exert immense pressure on the 

land resources, leading to urban sprawl, deforestation, soil erosion, and reduced vegetation cover, 

which are key indicators of desertification. 

In summary, while rainfall is confirmed as a crucial environmental driver of vegetation 

health, the complex and potentially contradictory influence of temperature, along with the 

qualitative significance of population density, highlights the multifaceted nature of desertification 

in Sudan and underscores the need for sustainable land management strategies. 
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Chapter 5: Summary and Discussion 

5.1 Introduction 

The comprehensive analysis of LULC dynamics and vegetation patterns in Sudan between 

2003 and 2022 reveals a complex environmental narrative that provides both encouraging signs of 

recovery and persistent challenges. The study’s finding contributes significantly to our 

understanding of vegetation trends in the Sahel region while highlighting the entangled 

relationships between vegetation cover, climatic, socioeconomic, and spatial factors that drive 

environmental change in Sudan. 

Numerous studies have consistently confirmed that desertification is a critical and ongoing 

environmental challenge in Sudan, particularly in the arid and semi-arid regions of the country. 

Research by Rahamtalla (2018) stated that Sudan was among the countries that had been affected 

by desertification, and that, is likely to worsen in the future. Mohamed (2016) revealed significant 

southward expansion of desert areas in North Sudan, driven largely by declining rainfall, rising 

temperatures, and unsustainable land use practices. Similarly, Khairalseed (2015) reported that 

over 500,000 km2 of land in Sudan are affected by desertification, and that natural disasters in the 

form of drought and flooding have historically occurred in the region (Ahmed et al., 2018). 

However, the results of this study reveal a contrasting trend of vegetation growth, where LULC 

and NDVI values indicated a positive shift towards vegetation gain between 2003 and 2022. This 

observed improvement in vegetation cover may be attributed to local reforestation, Assisted 

Natural Regeneration (ANR), and degraded land restoration initiatives under programs such the 

Great Green Wall Initiatives (CGIAR, 2022; UNCCD, 2020).  
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5.2 Key Findings and Their Significance 

5.2.1 LULC and Vegetation Cover Trends in Sudan 

The most striking findings of this research are the shift toward increased vegetation cover 

across significant portions of Sudan, which are characterized by a reduction in areas classified as 

No Vegetation from 69.2% to 64.0% and a corresponding increase in Slight and Moderate 

Vegetation categories. This 5.4% improvement, representing over 100,000 km² of land 

transitioning to higher vegetation classes, aligns with the broader regreening of the Sahel 

phenomenon across the region. The 46,000 km² expansion of grassland/savanna areas and the 

modest but meaningful increases in forest and wetland coverage demonstrate that ecological 

recovery from desertification is possible even in severely degraded areas when conditions are 

favorable. 

However, these positive trends must be viewed alongside persistent challenges. The 

substantial reduction in shrubland coverage, nearly halving from 14,042.53 km² to 6,295.89 km², 

represents a concerning loss of woody vegetation that plays a critical ecological role in arid 

environments. 

5.2.2 Climate as the Primary Driver of Vegetation Growth 

The analysis conducted confirms rainfall as the significant predictor of vegetation health, 

showing a strong positive correlation with vegetation indices. Sudan exhibits a clear rainfall from 

the arid north (0-200mm annually) to the wetter south (over 1000mm), which largely determines 

vegetation recovery potential and agricultural productivity.  While temperature patterns reveal that 

moderate increases might benefit some growth, extreme maximum temperatures reaching 45°C 
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(113℉).) - 47°C (116.6℉) in the northern regions acts as a dominant limiting factor, resulting in 

minimal vegetation growth. 

5.2.3 Human Dimension  

The analysis reveals concentrated human pressure in urban centers like Khartoum, causing 

disproportionate environmental impacts despite occupying a minimal land area. High population 

densities over 7,000 persons/km² in these areas exert intense pressure on surrounding land 

resources, leading to urban sprawl, deforestation, and accelerated land degradation. Although 

population density’s statistical significance was complex, quality evidence undeniably shows its 

negative impact on vegetation, highlighting the need for more robust modeling approaches to 

capture these non-linear human-environment interactions.   

5.3 Integrated Land Management: Sudan’s Path to Recovery 

Sudan’s environmental changes fit into the bigger regional picture of the Sahel’s re-

greening, showing encouraging signs that land can indeed recover. Similar to successful efforts in 

other Sahelian countries like Niger and Burkina Faso, where farmer-managed natural regeneration 

has proven effective, Sudan has seen significant portions of its land shift to higher vegetation cover. 

However, this recovery may not be uniform as the northern regions still face persistent challenges, 

reflecting the broader problem of dryland expansion along the Sahara’s arid margins due to climate 

change. This highlights that environmental outcomes depend heavily on local factors, meaning 

that there is no single solution that will work everywhere across Sudan’s diverse landscape. 

For effective land management, it is crucial to focus on smart water management strategies, 

including strategic irrigation and water harvesting, since rainfall is the primary driver of vegetation 
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health. While irrigation can help restore degraded areas, it is vital to avoid unsustainable water 

extraction that could cause long-term problems.  

5.4 Future Research and Recommendations 

This study opens urgent avenues for future research that could enhance understanding of 

desertification processes, looking into ground-truthing studies to validate remote sensing 

observations, incorporating multiple vegetation indices, soil assessments, and biodiversity surveys 

for a more comprehensive picture of ecosystem health. More robust modeling approaches, such as 

machine learning, are necessary to capture the nonlinear effects of population pressure on the 

environment. Investigation into the dramatic reduction in shrubland coverage is crucial to 

understanding its drivers and informing conservation strategies.  

Finally, integrating climate projections with LULC modeling is essential for understanding 

future vulnerability, prioritizing interventions. Given the strong relationship between rainfall and 

vegetation health demonstrated in this study, understanding how changing precipitation patterns 

might affect different regions of Sudan is essential for long-term planning. 

5.5 Conclusion 

The evidence presented in this study demonstrates that while Sudan faces significant 

challenges from desertification, there are also encouraging signs of vegetation growth and 

resilience. The modest shift towards increased vegetation cover in many regions, coupled with the 

identification of specific drivers and spatial patterns of change, provides a foundation for evidence-

based management strategies. The heterogeneous nature of the diverse landscape across Sudan 

suggests that management strategies should be spatially differentiated. Areas demonstrating 
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natural regeneration may benefit from protection and enhancement measures, while severely 

degraded regions may require intensive restoration interventions. 

The success of efforts to combat desertification in Sudan will depend on the ability to 

integrate scientific understanding with practical management approaches that address both 

environmental and socioeconomic factors. This study provides a crucial baseline for monitoring 

future changes and evaluating the effectiveness of intervention strategies. Through continued 

collaboration between researchers, policymakers, and local communities, and by implementing 

comprehensive approaches informed by rigorous scientific analysis and sensitive local needs, there 

is a hopeful path forward to restore degraded landscapes and build more resilient ecosystems 

capable of supporting both human communities and biodiversity in the face of ongoing 

environmental challenges.  
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