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Abstract 

The Rub’ al Khali desert (or Empty Quarter) is the largest and perhaps most 

significant sand sea in the world.  Located on the southern Arabian Peninsula, the dune 

field has remained largely unexplored owing to the harsh clime and difficult terrain.  

While several studies have mapped the different dunes forms within the Rub’ al Khali, 

most of this research is based on field expeditions, the visual interpretation of air photos 

or the visual interpretation of satellite imagery.  To build upon this previous work, this 

study takes advantage of geospatial technology to extract information from the data 

contained in global DEMs, satellite imagery and weather forecast models.  The main 

objective here is to: 1) identify and map the different dune forms within the sand sea, 2) 

estimate the volume of sand and explore probable sources of sand, and 3) relate the 

different dune forms to the prevailing wind regime. 

The results from this study are very enlightening.  In the first part of the study, 

new maps are generated showing shaded relief, the spatial variability in dune height, the 

spatial variability in dune texture, and profile graphs are created to examine the dune 

surface in cross-section.  In the second part of this study, satellite imagery is analyzed to 

highlight differences in the color of the sand, and digital elevation models are analyzed to 

map the paleodrainage system, the desert floor beneath the dunes, and calculate the 

volume of sand.  Lastly, in the third part of this study, the output from weather forecast 

models is used map the spatial and temporal variability in wind speed, the pathways of 

sand movement through the dune field and the directional variability in sand transport. 
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CHAPTER 1 

INTRODUCTION 

 The Rub’ al Khali (or Empty Quarter) is the largest and perhaps most significant 

sand sea in the world.  Located on the southern part of the Arabian Peninsula, the dune 

field stretches for more than 1,200 km and covers an area of approximately 660,000 km2.  

While the dune environment has always been well known to local Bedouin tribes, the 

desert remained largely unexplored by outsiders for hundreds of years owing to the harsh 

climate, massive dunes and lack of fresh water.  British explorers undertook the first 

documented journeys through the Rub’ al Khali in the early 1930’s.  Since that time, 

subsequent exploration and research has greatly enhanced our understanding of the 

region.  Most recently, the Saudi Geological Survey completed an extensive physical and 

biological survey of the desert in 2006 (Saudi Geological Survey, 2011). 

1.1 Research Questions 

 While considerable exploration and research has focused on describing the 

environment of the Rub’ al Khali, only a few studies have focused specifically on the 

geomorphology of the dunes within the sand sea (e.g. Bagnold, 1951; Holm, 1960, 1961, 

Breed and Grow, 1979; El-Sayed, 1999, 2000; Edgell, 2006, Bishop, 2010; Kumar and 

Mahmoud, 2011).  Within this realm, there are a number of very basic or fundamental 

research questions.  What dune forms are present within the sand sea?  How large are 

these dunes?  How much sand is contained within the sand sea?  What is the composition 
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of the sand?  Where did the sand come from?  And most important, from a process 

perspective, how do the different dune forms relate to the prevailing wind regime?   

1.2 Purpose and Scope of the Study 

 While most of these questions have been addressed to some degree in previous 

research, only a few studies have taken advantage of the analytical capabilities inherent in 

geographic information systems (GIS) and remote sensing software.  Moreover, the 

majority of this work predates the availability of high-resolution (~90 m) digital elevation 

models (DEMs).  To build upon previous research, this study uses geospatial technology 

to extract, analyze and map data from global DEMs, satellite imagery and weather 

forecast models.   

Specific Research Objectives 

To better understand the geomorphology of sand dunes within the Rub’ al Khali, 

there are three main objectives in this study. 

1) The first objective is to identify and map the different types of dunes within the 

Rub’ al Khali.  This analysis is based upon a visual interpretation of shaded relief, the use 

of focal statistics to map dune height and dune texture, and an analysis of profile graphs.  

2) The second objective is to map the desert floor beneath the dunes, estimate the 

volume of sand within the dune field, and analyze satellite imagery to better understand 

the age and probable sources of the sand. 
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3) Lastly, the third objective is to analyze data from a weather forecast models.  

The principle aim here is to better understand the relationship between the regional 

patterns of wind and the observed patterns of dune morphology within the sand sea. 

1.3. Study Area 

The Rub’ al Khali is the largest contiguous sand sea in the world, located in the 

southern part of the Arabian Desert (Figure 1.1).  The Arabian Desert itself is the largest 

desert in the Middle East (southwest Asia) and the second largest desert in the world.  

Only the Sahara Desert in North Africa is larger.  The Arabian Desert occupies most of 

the Arabian Peninsula and is located between the Arabian Gulf and Gulf of Oman to the 

east, the Arabian Sea (northwest Indian Ocean) and Gulf of Aden to the south, and the 

Red Sea to the east.  In the northern part of the Arabian Peninsula, the Arabian Desert 

transitions into the Syrian Desert. 

Regional Setting 

While the Rub’ al Khali is the largest sand sea in the Arabian Desert, with a 

variety of very large dune forms, it is not the only significant dune environment in the 

Arabian Desert (Figure 1.1).  The An Nafud (or Great Nafud) is located in the northern 

part of the Arabian Desert covering an area of about 65,000 km2, roughly one tenth the 

size of the Rub’ al Khali.  The An Nafud is mainly composed of large, reddish linear 

dunes trending east-west, with many areas of transverse and barchanoid dunes in the east.  

Toward the east, the trend of the linear An Nafud dunes turns gradually to the southeast 

joining the Ad Dahna’.  The Ad Dahna’ is a narrow arcuate belt of linear dunes, or ‘uruq 
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bowed toward the east.  Although this belt of linear dunes is less than 50 km wide, the 

dunes of the Al Dahna extend over a distance of 1,200 km, providing a connection 

between the An Nafud to the north and the northern-western part of the Rub’ al Kahli to 

the south.   

 

Figure 1.1.  Location and regional setting of the Rub’ al Khali on the Arabian Peninsula.  
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In addition to the Al Nafud, Ad Dahna’ and the Rub’ al Khali, there are three 

other significant dune fields worth noting.  Figure 1.1 shows the location of the Al 

Jafurah, the Wahiba Sands and the Ramlat as Sab’atayn.  The Al Jafurah (or the Jafurah 

Desert) occupies an area east of the Al Dahna’, in the eastern part of Saudi Arabia, south 

of the Gulf of Bahrain and north of Wadi as Sahba’.  This dune field is composed of both 

barchans and parabolic dunes.  The Wahiba Sands (Ramlat Al Wahı-bah) also form a 

small sand sea just south of the eastern Al Hajar (or Oman Mountains ).  This dune field 

is composed of mainly calcareous, linear, megadunes that have been formed by the 

southwest monsoon (or Kharif, the fall monsoon).  Lastly, Ramlat as Sab’atayn is a 

slightly larger sand sea located in Yemen, south of the western the Rub’ al Khali.  This 

dune field follows the Wadi Hadramawt as a tongue of complex linear dunes extending 

250 km from the west to the east. 

Geography of the Rub al Khali 

Figure 1.2 shows the geography of the Rub’ al Khali on the southern Arabian 

Peninsula.  The boundary of the sand sea closely follows the boundary mapped by the 

Saudi Geological Survey (2011).  The dune field is located mostly within the Kingdom of 

Saudi Arabia, but the southern margin extends into parts of western Oman and northern 

Yemen.  

The Rub’ al Khali occupies the surface of a large sedimentary basin between the 

mountains of the Arabian Shield to the west, the Hadramawt-Dhofar Arch in the south, 

and the Al Hajar (Oman Mountains) and Arabian Gulf in the east (Powers et al., 1966; 
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Edgell, 2006).  In the east, a few limestone outcrops of the Eocene Dammam Formation 

are exposed and, in the west, calcareous sandstones of Miocene age are found between 

linear dunes.  Kumar and Mahmoud (2011) described the Rub’ al Khali as a Neogene 

basin with large sand dunes separated by interdune areas consisting of sabkhas, bedrock 

outcrops and a few small swamps.  Within the basin, the Rub’ al Khali has a dune-

interdune area of about 520,000 km2 and an overall total area of about 660,000 km2 

(Edgell, 2006). 

Although the climate of the Rub’ al Khali is extremely arid, wadis flow into the 

basin from the surrounding mountains.  Of particular note is the Wadi Najran which 

flows eastward into the dunes from the mountains of the Arabian Shield.  In addition, a 

number of significant wadis flow northward into the basin from the Hadramawt-Dhofar 

Arch.  
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Climate  

 The climate of the Rub’ al Khali is extremely hot in summer and quite cold in 

winter.  For example, at Sharurah the maximum temperatures in summer can reach 46°C 

(115°F) and a winter the minimum temperatures can be -2 °C (28°F). Figure 1.3 shows 

that the average, maximum, minimum temperature and rainfall. Temperatures start to rise 

in January peak in July and August.  The area is classified as hyperarid with an annual 

rainfall of less than 26 mm, and most rain falling in February and March.  The area also, 

experiences two types of wind.  The first wind is the Shamal wind (north wind), which 

blows from the northeast to the southwest.  The second wind is a monsoon which blows 

out of the southwest between June and August (Kumar and Mahmoud, 2011; Farrant et 

al., 2015). 

 

Figure 1.3.  Climograph for the average, maximum, minimum temperature and rainfall. 
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Vegetation 

While vegetation is relatively sparse throughout the Rub' al Khali, the Saudi 

Geological Survey (2011) has identified three distinct ecological regions. 1) The eastern 

Rub’ al Khali is characterized as the most vegetated part of the dune field.  The majority 

of the plants within this region are Cornulaca arabica and Cyperus.  2) The central Rub' 

al Khali is characterized by native vegetation, that includes widespread conglomeratus 

Cornulaca, Haloxylon, Calligonum crinitum and arabicum.  3) The western Rub' al 

Khali’s vegetation is limited to its northwest edges and consists of Haloxylon, 

Dipterygium, Limeum, Cyperus, and Stipagrostis (Saudi Geological Survey, 2011).  

1.4. Literature Review 

In a recent paper Vincent (2008) stated that “Although we now have a fairly good 

general picture regarding the geomorphology of Saudi Arabia, there are still large gaps in 

our knowledge.”  The largest gap in Saudi Arabia’s geomorphology is the Rub’ al Khali, 

which remains largely unexplored.  The first documented journeys through this desert 

were undertaken by British explorers Bertram Thomas in 1931, St. John Philby in 1932 

and Wilfred Thesiger in 1946.  The members of each of these journeys kept journals in 

which they documented the geographical features of the desert (Thomas, 1938; Philby, 

1933; Thesiger, 1946).  More recently, notable exploration was undertaken by Abdullah 

bin Khamis and Tariq bin Khamis, from Saudi Arabia, in 1998 and the Saudi Geological 

Survey in 2006 (Saudi Geological Survey, 2011).   
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Following the early exploration of the desert, subsequent research has focused 

largely on the paleoenvironment of the region and the origin and evolution of the dunes. 

This literature review is organized to discuss the 1) the paleoclimate of the region, 

2) sources of sand  3) dune classification, 4) the height, spacing and length of dunes, and 

5) applications of geospatial technology. 

Paleoclimate 

The climate of the Rub’ al Khali has drastically affected the origin of the area’s 

sand dunes.  McClure (1976, 1978, 1984) studied the paleoenvironment of the Rub’ al 

Khali desert, particularly in the late Quaternary period.  He examined 19 sites in the 

Mundafan area in the western portion of the Rub’ al Khali in order to define wetter 

intervals of the late Pleistocene based on radiocarbon dating.  He found two moist 

periods: the first period was between 36,000 and 17,000 BP and the second period was in 

the early Holocene, between 9,600 and 5,900 BP.  In addition, he noted that younger 

linear dunes sit on top of older linear dunes.  He also noted that some lakes and swamps 

exist between the very large linear dunes.   

Vincent (2008) presented more details about the Arabian Peninsula’s 

paleoenvironment covering the last three million years.  Table 1.1 describes the changes 

in climate over the last three million years and the development of dunes that occurred in 

the late Pleistocene, particularly in hyperarid periods.   
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Table 1.1:  Paleoenvironmental chronology for the Arabian Peninsula. 

Geological Epoch Chronology BP  Climatic phase  Events in Saudi Arabia 

Holocene 

0–700 

700–1300 

Hyperarid 

Slightly moist 

Hufuf river noted by Yaqut and other 

geographers 

1300–1400  Arid  Arid dune movement 

1400–2100 Slightly moist 
Sabatean Kingdom flourished and also 

Kingdom of Kinda at Qarayat al Fau 

2,100–5,000 Hyperarid Dune movement 

5,000–5,500 Slightly moist Neolithic camp site in Rub' al Khali 

5,500–6, 000 

6,000–10,000 
Wet (Pluvial) 

Neolithic wet phase – lakes in south-west Rub' 

al Khali 

Late Pleistocene 

10,000–18,000 Hyperarid 
Dune topography and extension of longitudinal 

dunes  

19,000–36,000 Wet (Pluvial) 
Lakes in the south-west Rub' al Khali and 

An Nafud 

36,000–70,000 Arid  
Main movement of sand from old widyan in 

shrunken Arabian Gulf 

70,000–270,000 Moist 
Riss-Wurm interglacial and early phase of 

Wurm glacial 

270,000–325,000  Arid Summan Plateau caves dry 

Middle Pleistocene 
325,000–560,000 Wet 

Active karstification and cave formation in 

Summan Plateau 

560,000–700,000  Arid Beginning of low dunes 

Late Pliocene & 

Early Pleistocene  

 

700,000–3,000,000 
Wet humid 

(Pluvial) 

Early Quaternary drainage systems and large 

alluvial fans formed 

Vincent, 2008 
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Sources of Sand 

As the source of the sand in the Rub’ al Khali is unknown, many theories exist.  

According to Edgell (2006), several geologists have asked “Why do the dunes in the 

Rub’ al Khali contain so much siliceous sand when almost all of the surrounding outcrops 

consist of carbonates?”  Holm (1960; 1961) stated that it was possible that the Rub’ al 

Khali sand was transported down valleys and redeposited by Shamal winds during the 

Pleistocene, when the Arabian Gulf was mostly dry during the glacial maxima.   

McClure (1984) suggested that the dunes formed from an alluvial fan, which 

would leave Arabian Shield Pliocene wadi sediments to the west of the Rub’ al Khali, 

and the sand dunes to the east of the Rub’ al Khali came from the Arabian Gulf when sea 

level dropped 120 m during the Pleistocene (17,000 – 25,000 BP).  El-Sayed (1999) 

focused on the sedimentological characteristics and morphology of the aeolian sand 

dunes in the eastern part of the Rub’ al Khali in the United Arab Emirates.  He 

determined that there were six sand dune types (i.e., Umm Az Zimul, Al Wijan, Al Ain, 

Umm Al Quwain, Sharjah and Ras Al Khaimah) and collected 168 sand samples.  The 

average value of the size parameter ranged from 2.57 - 2.95 φ (fine sand) within the Al 

Ain dunes and most of the sand was composed of quartz.   Glennie and Singhvi (2002) 

stated that the river systems that cross this desert empty into the Arabian Gulf.  As such, 

the sand may have been carried from other locations by the rivers.  Edgell (2006) 

concluded that many sources existed for the sand dunes, including (i) Arabian shield by 

wadis; (ii) quartz sand eroded from the sandstones of Neogene age, (iii) alluvial fans in 

the Plio-Pleistocene period, (iv) carbonate sand from the Zagros mountain, and (v) 
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cretaceous sand from Tawilah.  Recent studies have emphasized that fact that the quartz 

sand might have come from the Arabian Gulf during the Pleistocene when sea level was 

lower than today, and alluvium derived from wadis (Bishop, 2010).   

The Saudi Geological Survey published the Rub’ al Khali, Great Sand Sea (2011) 

in which it described the topography of the Rub’ al Khali desert (Figure 1.4).  The desert 

is mostly a sand sea, but it does contain some outcrops and gravel areas on the edges of 

the desert.  These gravels on the west edge of the Rub’ al Khali spread quartz and 

limestone from the Tuwayq Cuesta outcrop, the Hanifa formation and the Alajabilh 

formation.  On the eastern side of the Rub’ al Khali, quartz and limestone gravels are 

derived from the Dammam formation. 

 
Figure 1.4.  Topography of the Rub’ al Khali (Saudi Geological Survey, 2011).  
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Dune Classification 

A variety of opinions exist with regard to the types of sand dunes that exist in the 

Rub’ al Khali desert as it is difficult to distinguish the shape of the dunes.  Figure 1.5 

shows the distribution of different dune types developed by Holm (1961).  Holm 

classified five sand dune forms in Saudi Arabia based on field work and the analyses of 

aerial photographs.  These include transverse sand dunes in the northern region of the 

Rub’ al Khali, vegetated dunes, linear dunes, giant dunes, and hooked dunes. 

 

Figure 1.5.  Map created by Holm (1961) showing the distribution of sand dune types.  
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To aid in the interpretation of Landsat imagery, Breed and Grow (1979) 

developed a classification system based on five main dune types (linear, crescentic, star, 

parabolic and dome-like) – with each main class subdivided into three forms (simple, 

compound and complex).   Simple dunes are generally smaller isolated mounds or ridges 

of sand with similar sized slipfaces.  Compound dunes, on the other hand, are very large 

dunes characterized by the extensive development of secondary sets of slipfaces on the 

main dune form.  Lastly, complex dunes are combinations of two or more different dune 

types. 

For the Rub’ al Khali, Breed et al. (1979) identified three of the main dune types 

(linear, crescentic, and star), and each main type was further subdivided into more 

descriptive classes (Figure 1.6).  For linear dunes, the subclasses include; simple and 

short, mostly simple with some compound, compound feathered, compound with two sets 

superimposed, and complex with start dunes superimposed.  For crescentic dunes, the 

subclasses include; simple barchanoid ridges, compound barchanoid ridges, compound 

discontinuous barchanoid ridges, compound barchans, complex reversing ridges, 

complex ridges with star dunes superimposed, and complex ridges with linear elements 

superimposed.  For star dunes, the subclasses include; simple and some compound, and 

compound in sinuous chains. 
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Edgell (2006) presented 16 sand dune types found in the Rub’ al Khali desert: 

giant linear dunes, transverse dunes, crescent dunes, barchnoid dunes, megabarchan, 

plumate, convergent, dome, pyramidal, parabolic, barchans, barchanoid ridge, draa (uruq 

or linear), seif, small linear dune, sigmoidal dune and hooked dunes (Figure 1.7).  In 

addition to those shown on the map, Edgell also described other types of sand dunes; 

including megabarchans, which can reach between 120 and 180 m tall, and the white, 

small barchanoid dunes, which are between 4 and 5 m tall. 

 

Figure 1.7.  Edgell’s (2006) map of dune type distributions in the Rub’ al Khali desert. 
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According to Kumar and Mahmoud (2011), Bramkamp arranged the dunes into 

four classes. (i) Transverse sand dunes are simple and compound banchan dunes the 

shape of which is based on the direction of the wind.  (ii) Longitudinal sand dunes have 

diverse shapes of linear dunes wind direction has role in the formed.  (iii) ‘Uruq dunes 

are a diverse type of linear dune, closely parallel type near valleys.  (iv) Sand Mountains 

have complex crescents separated in east of the Rub’ al Khali desert.  

Kumar and Mahmoud (2011) also separated the non-dune and dune areas within 

the Rub’ al Khali.   The non-dune (non-patterned) areas includes gravel sheets, sabkhas, 

outcrops of pre-Quaternary formations and saline and freshwater lakes and ponds.  The 

dune areas include all of the different sand dune forms.  These were subdivided into three 

main dune types; (i) linear sand dunes that contain either simple, compound, complex or 

seif dunes; (ii) transverse sand dunes that contain either barchan and megabarchan dunes, 

barchanoid ridges, star dunes, fishhook dunes or sigmoidal dunes; and (iii) dome dunes 

are not separated in the Rub’ al Khali. 

Dune Height, Spacing and Length 

The spatial variability in the height, spacing and length of sand dunes in the Rub’ 

al Khali differs between areas.  The dunes of the western Rub’ al Khali are between 2 and 

6 km apart and they are as tall as 250 m (Vincent, 2008).  In the same location, McClure 

(1984) stated that the height of the linear sand dunes was between 50 and 250 m high.   
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Edgell (2006) also produced a map that identified specific linear dunes by their 

place name and he often referenced the height of the dunes (Figure 1.8).  (i) The Al 

khraritah linear dunes are located in north-western part of the Rub’ al Khali.  These dunes 

measure 0.75 km to 1 km in width and reach heights of 50 to 60 m with 3 to 4 km spacing 

between the dunes. (ii) The Al Muwrad linear dunes are located in the southern part of 

the Rub’ al Khali can extend distances of hundreds of kilometers.  (iii) The Bani Maraid 

linear dunes (north-western Rub’ al Khali) can reach heights of between 80 and 160 m.  

(iv) The Al Awarik linear dunes (northern Rub’ al Khali) can reach 50 to 80 m and Al 

Hibak area between 20–60 m high. Edgell (2006) also said, “Star dunes as high as 300 m 

are indicated by Powers et al., (1966) but a detailed search showed none above 200 m”. 

  

Figure 1.8.  Edgell’s (2006) map showing specific place names in the Rub‘ al Khali. 
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Bunker (1953) and Holm (1960) described linear dunes in the south western Rub’ 

al Khali. These dunes can be between 20 and 200 km long, up to 100 m high and 

separated by 1 to 2 km of interdune flats.   

Glennie (2005) classified the Rub’ al Khali dunes into two categories.  In the 

western Rub’ al Khali, there are linear dunes formed parallel to the Shamal winds.  In the 

eastern Rub’ al Khali, there are the large barchanoid dunes of Uruq al Mutaridah. 

Applications of Geospatial Technology 

Digital geomorphological mapping (DGM), which utilizes remote sensing and 

geographic information technology, plays an important role with regard to understanding 

Earth’s features, geochronology, natural resources, natural hazards and landscape 

evolution (Bishop and Shroder, 2004; Andrews et al., 2002).  Several recent studies have 

used geospatial technology to analyze dunes, but they have focused on the eastern Rub’ 

al Khali.   

Bishop (2010) used data from the SRTM (Shuttle Radar Topography Mission) 

and Landsat TM imagery to study the megabarchanoid dunes of the Rub' al Khali in Al 

Liwa in the UAE.  To describe the dunes, Bishop used a nearest neighbor analysis to 

examine the degree of self-organization, which might be related to the relative age of the 

dunes. The results of this study suggest that differences in dune morphology and size are 

associated with differences in the directional variability and intensity of seasonal winds.  

Al-Masrahy and Mountney (2013) studied dunes in the south-eastern region of the 

Rub’ al Khali in Saudi Arabia using Google Earth Pro, Landsat imagery and SRTM data.  
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The main purpose of the study was to examine the spatial variability in dune wavelength.  

From the center of the study area toward the margin of the dune field, over a distance of 

300 km, the average dune wavelength decreased from 1.5 km to 0.1 km, suggesting that 

the transport capacity of the wind deceases toward the margin of the dune field. 

1.5. Summary 

The Rub’ al Khali is the largest contiguous sand sea in the world with a variety of 

different dune forms, some of which have been described as massive “sand mountains”.  

Given the vast size of sand sea, and the presence of very large dunes, it is obvious that 

sand has been accumulating in the basin for tens of thousands of years.  Previous research 

suggests that most of the sand accumulated as a result of northwest winds blowing across 

the exposed Arabian Gulf during the last glacial maximum (Holm, 1961, Edgell, 2006), 

with some sand brought down from local mountains in wadi systems. 

While several studies have mapped the different dunes forms within the Rub’ al 

Khali, most of this research is based on field expeditions, the visual interpretation of air 

photos or the visual interpretation of satellite imagery.  To build upon this previous work, 

this study takes advantage of geospatial technology to extract information from the data 

contained in global DEMs, satellite imagery and weather forecast models.  The main goal 

here is to: 1) identify and map the different dune forms within the sand sea, 2) estimate 

the volume of sand and explore probable sources of sand, and 3) relate the different dune 

forms to the prevailing wind regime.  
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CHAPTER 2 

DUNE MORPHOLOGY WITHIN THE RUB’ AL KHALI 

2.1. Introduction 

The first objective of this study to identify, classify, and map the spatial 

variability in dune morphology within the dune field.  While considerable research has 

focused on the different dune types with the Rub’ al Khali, these studies have classified 

the dunes in different ways which makes it difficult to compare the results.  Most earlier 

research on dune morphology classified the dunes based on field observations and air 

photo interpretation (Bagnold, 1951; Holm 1961; Edgell, 2006).  Later research classified 

and mapped the dunes using Landsat imagery (Breed and Grow, 1979, Breed at al., 

1979), but this work predates the availability of digital elevation models.  Most recently, 

a detailed analysis of dune morphology was undertaken to quantify dune morphology, but 

this research was limited to the east and southern-eastern parts of the dune field (Bishop, 

2010; Al-Masrahy and Mountney, 2013). 

The aim of this chapter is to identify and map the different types of dunes within 

the Rub’ al Khali based upon the analysis of digital elevation models (DEMs).  The 

analysis is subdivided into four parts: 1) a visual interpretation of different dune types 

based on shaded relief, 2) an analysis of the spatial variability in dune height, 3) an 

analysis of dune texture, and 4) an analysis of profile graphs.  
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2.2. Data Sources 

Digital elevations models provide detailed information about the elevation of 

terrain, but they have not be widely used in the analysis of dune environments 

(Blumberg, 2006; Effat, et al., 2011; White et al., 2015).  The analysis presented in this 

chapter is focused on the use of DEMs to investigate the varied dune morphology with 

the Rub’ al Khali.   

Comparison of Digital Elevation Models 

Table 2.1 compares the spatial resolution of the five global or near-global DEMs 

that are currently available and widely used for terrain analysis.  Each of the DEMs was 

developed from different sources and each has a different spatial resolution. 

Table 2.1. Comparison of digital elevation models used for terrain analysis. 

DEM Name Original Source  Resolution  Year Source Link 

SRTM  v4.1 

(void filled) 

Shuttle Radar 

Topography Mission  

3 arc-seconds 

(~ 90 meters) 

2012  http://www.cgiar-csi.org/ 

ASTER GDEM v2 Advanced Spaceborne 

Thermal Emission and 

Reflection Radiometer  

1 arc-second 

(~ 30 meters) 

2011 https://gdex.cr.usgs.gov/gdex/ 

GMTED2010 v2 Shuttle Radar 

Topography Mission 

(primary source) 

Multi-resolution, 

30, 15, and 7.5 

arc-seconds  

2011 https://topotools.cr.usgs.gov/gmted_vie

wer/viewer.htm 

EarthEnv-DEM90 Derived by fusing 

ASTER GDEM v2 

with SRTM v4.1 

3 arc-second 

(~ 90 meters) 

2014 http://www.earthenv.org/DEM 

ETOPO1 Multiple sources 1 arc-minute 

(~ 1.8 km) 

2009 https://www.ngdc.noaa.gov/mgg/global 
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1) The SRTM elevation dataset was developed by the National Aeronautics and 

Space Administration (NASA) and the National Geospatial Intelligence Agency (NGA) 

as part of the Shuttle Radar Topography Mission flown aboard the space shuttle 

Endeavor in 2000.  The elevation data were derived using interferometric radar, which 

compared radar signals taken at slightly different angles.  The current SRTM v4.1 is a 

void-filled near-global DEM and the dataset is available at a spatial resolution of either 

1 or 3 arc-seconds (~ 30 or 90 m). 

2) The ASTER GDEM v2 elevation dataset was derived from the Advanced 

Spaceborne Thermal Emission and Reflection Radiometer (Bubenzer and Bolten, 2008).  

The dataset is available as a near-global DEM (GDEM) at 1 arc-second (30 m) spatial 

resolution.  

3) GMTED2010 is a Global Multi-resolution Terrain Elevation Dataset developed 

by the U.S. Geological Survey and the National Geospatial Intelligence Agency as a 

replacement for GTOPO30.  The global DEM is derived from 11 different raster data 

sources, although the primary source is resampled SRTM data.  The data are available at 

three different spatial resolutions: 30 arc-seconds (~900 m), 15 arc-seconds (~450 m), 

and 7.5 arc-seconds (~225 m).  Because the elevation data are resampled from higher-

resolution data sources, each of the three datasets is available as a product suite 

developed using different aggregation methods: minimum elevation, maximum elevation, 

mean elevation, median elevation standard deviation of elevation, systematic subsample 

and breakline emphasis. 
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4) EarthEnv_DEM90 is a relatively new, high quality, near-global, void-filled 

DEM developed from fused ASTER and SRTM data (Robinson et al., 2014).  The data 

are available at a spatial resolution of 3 arc-seconds (~90 m).   

5) ETOPO1 is a global DEM designed for mapping large areas at a relatively 

small scale.  The data are available at a spatial resolution of 1 arc-minute (~1.8 km).  

What sets ETOPO1 apart from other global DEMs is the fact that the dataset includes an 

elevation surface for the ocean floor.   

Geoprocessing and Analysis  

To analyze the data contained in raster elevation models, ERDAS IMAGINE 

(Hexagon Geospatial) and ArcGIS (Esri) provide a number of standard geoprocessing 

and analysis tools.  In each analysis presented here, the elevation data were downloaded 

as tiles to cover the spatial extent of the Rub’ al Khali.  These tiles were then mosaicked 

and clipped to the boundary of the Rub’ al Khali.  The polygon used to clip the elevation 

rasters closely follows the area defined by the Saudi Geological Survey (2011).   

Once the DEMs were mosaicked and clipped to the boundary of the Rub’ al 

Khali, the DEMs were analyzed using: 1) the Hillshade tool in ArcGIS to create the 

shaded relief map, 2) the Focal Statistics tool in ArcGIS to analyze dune height 3) the 

Texture tool in ERDAS IMAGINE to analyze dune texture and 3) the Profile Graph tool 

in ArcGIS to create and analyze transects through the dune field.  In each case, the DEMs 

were analyzed using the original unprojected data referenced to the WGS 84 datum.  In 

this way, the resampling that occurs when rasters are projected did not modify the values 
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of the original data.  Only when the analysis was complete, was the data frame projected 

for final display.  

2.3. Analysis of Shaded Relief 

To identify, classify, and map the spatial variability in dune morphology, it is 

important to use a high-resolution DEM that captures the detail of dune morphology.  In 

this case, only SRTM and ASTER elevation data are available at a spatial resolution of 1 

arc-second (~30 m).  Although both DEMs have the same resolution, the ASTER DEM 

was selected for this analysis because it provides a higher-quality elevation surface.  In a 

preliminary analysis comparing the two datasets, the SRTM data contained significant 

elevation artifacts in a large void-filled area near the center of the dune field and the 

elevation data appeared much more speckled.  In contrast, the ASTER data appeared 

slightly smoother and there were no large artifacts apparent in the data (Kim and Zheng, 

2011).  

To create the shaded relief map of the dune field from the ASTER elevation data, 

the DEM was processed using the Hillshade tool available in ArcGIS (Esri).  The 

Hillshade algorithm calculates a shade value for each grid cell based on the altitude and 

azimuth of the illumination source and the values of terrain slope and aspect.  The raster 

produced from the DEM has grid-cell integer values ranging between 0 and 255.  When 

these hillshade values are symbolized using a grayscale color ramp, the raster appears as 

a shaded relief visualization of the terrain (Frye, 2008).   
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Using the ASTER elevation data, many of the different dune forms are clearly 

identifiable in the shaded relief.  Figure 2.1 shows several examples of shaded relief in 

different parts of the dune field showing compound linear dunes, simple linear dunes, 

compound crescentic dunes and star dunes.   

 

Figure 2.1.  Examples of different sand dune types in the Rub’ al Khali desert. 
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While these different dunes forms are readily apparent in isolated sections of the 

dune field, mapping the spatial variable in dune morphology across the entire dune field 

is greatly complicated by two factors.  First, many of the dune forms transition from one 

type to another.  In some cases, the boundary between two different types of dunes is 

remarkably distinct, but in other cases, the dunes transition gradually from one type to 

another creating fuzzy boundaries (Yang, 2005).  Secondly, there is no widely accepted 

universal classification systems for sand dunes and without an unambiguous ontology, 

defining the type of dune and the boundaries associated with that dune type becomes very 

difficult (Scuderi et al., 2017). 

Given these two constraints, this analysis focused on mapping only the major 

classes of dunes that are widely recognized in the literature.  Moreover, it is important to 

note that the boundaries associated with each dune type are somewhat subjective as most 

dunes transition from one type to another type.  

Figure 2.2 shows the final classification system used to identify the different types 

of dunes in this analysis.  In this case, the dunes are classified into six categories loosely 

following the system proposed by Breed and Grow (1979).  The six dune types include: 

1) complex linear dunes, 2) compound linear dunes, 3) simple linear dunes, 4) star dunes, 

5) simple transverse dunes and 6) compound crescentic dunes.  Larger scale shaded relief 

maps and images of the six dune types shown in Figure 2.2 can be found in Appendix I. 
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Figure 2.3 shows the results of the visual interpretation using shaded relief to 

identify and map the six different types of dunes within the Rub’ al Khali.  Very large 

compound linear dunes are found in the western part of the Rub’ al Khali.  Simple linear 

dunes are concentrated in the center of the dune field.  Complex linear dunes occur on the 

eastern edge of the dune field.  Simple transverse dunes are found in the northeastern part 

of the dune field.  Compound crescentic dunes (or megabarchans) are found in the eastern 

area of the Rub’ al Khali.  These large compound crescentic dunes then transition to large 

linear chains of star dunes – with many large isolated star dunes scattered in the south of 

eastern Rub’ al Khali.   
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2.4. Analysis of Dune Height  

While the dunes identified using shaded relief provide an initial assessment of 

dune morphology within in the Rub’ al Khali, the classification does not emphasize the 

substantial range in the size of the dunes.  Some dunes in the Rub’ al Khali are relatively 

small while others are among the largest in the world.  To map the spatial variability in 

dune height throughout the entire dune field, an analytical technique was developed using 

range focal statistics to map the difference between the maximum elevation at the top of a 

dune and the minimum elevation at the base. 

The Focal Statistics tool in ArcGIS calculates a statistic (maximum, minimum, 

mean, range, sum or standard deviation) for a cell in a specified neighborhood around 

that cell (O'sullivan and David, 2014).  As the window defining the neighborhood moves 

across a raster, the range statistic calculates a new value for the cell in the center of the 

neighborhood based on the difference between the maximum and minimum values in the 

neighborhood (Figure 2.4).  While the range statistic can be calculated for cells in any 

raster, in the specific case of a DEM, the range statistic calculates the difference between 

the maximum and minimum elevation in the neighborhood.  In essence, range statistic 

transforms the elevation values in the original DEM to height values in the output raster, 

thereby creating a height surface.  The cell values in the height surface represent the 

difference between the maximum and minimum elevation and the actual values will 

depend on the size of the neighborhood. 
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Figure 2.4.  Example of the range statistic calculated for a 3 x 3 cell neighborhood.  

 

To capture the height of sand dunes, the range statistic can be used calculate the 

difference between the maximum elevation at the top of a dune and minimum elevation at 

the base of a dune, as long as the size of the neighborhood is greater than one half the 

wavelength of the dune.  In this analysis, height of the surface was calculated from the 

focal range statistic using the ASTER DEM to identify the range in elevation within a 30 

x 30 cell neighborhood.  With each cell in the ASTER DEM covering 1 arc second (~ 30 

m), the size of the 30 x 30 cell focal block is approximately 900 m x 900 m.  The decision 

to use a 30 x 30 cell focal block was based on the fact that many of the large linear dunes 

in the Rub’ al Khali have a wavelength on the order of 1 km.   
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Figure 2.5 shows the results of the focal range analysis, presented here as a height 

surface for the Rub’ al Khali.  The largest dunes are well over 150 m in height with the 

maximum dune height reaching almost 280 m.  Most of the largest dunes are compound 

crescentic dunes (megabarchans) in the eastern part of the dune field, as well as star 

dunes in the southeast and the southern margin of the dune field.  In the southwestern and 

northwestern parts of the dune field, some linear dunes also exceed 150 m in height, 

although most of these linear dunes fall in the range between 50 and 150 m.  In the 

central part of the Rub’ al Khali, the dunes are much smaller, ranging in height from 0 to 

25 m or 25 to 50 m. 
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2.5. Analysis of Dune Texture   

The purpose of this analysis is to explore the idea of using texture statistics to 

identify and map different dune textures within the Rub’ al Khali.  In the previous 

analysis of shaded relief, the different types of dunes within the Rub’ al Khali were 

classified and mapped using a visual interpretation.  The pattern or texture associated 

with linear dunes, simple transverse dunes, compound crescentic dunes and star dunes is 

very different and each type of dune has a unique signature in shaded relief.  While these 

markedly different dune patterns are readily apparent to the human eye, it is not clear 

whether these patterns can be quantified in a meaningful way and related to different 

types of dune morphology.  According to Haralick and Shanmugam (1973), “we 

recognize texture when we see it, but it is very difficult to define.” 

Texture analysis measures the level and type of texture within a moving window 

that has passed over a DEM or other continuous raster image and texture analysis can be 

used to identify the feature characteristics of objects or regions an image (Jain et al., 

1995).  Texture classification is useful in a variety of applications due to the spatial 

variation in pixel intensity.  In essence, image texture is the recognition of image regions 

using texture properties (Tuceryan & Jain, 1993).   

While most pattern recognition software is designed to be used with multiband 

satellite imagery, this analysis of dune texture is focused on the use of a single band 

DEM.  In this regard, it is not clear what spatial resolution should be used or what focal 

statistic works best.  As such, the analysis presented here is largely exploratory in nature.  
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To analyze dune texture, two different DEMs were used, each with a different 

spatial resolution.  The first DEM used in the analysis is the EarthEnv-DEM90, which 

has a spatial resolution of 3 arc seconds (~90 m).  The second DEM used in the analysis 

is the 30 arc-second version (~1 km) of GMETD2010. 

To examine differences in dune texture, both DEMs were analyzed using the 

texture tool in ERDAS IMAGINE to map the variance, skewness and kurtosis of 

elevation values.  Variance is the square of the standard deviation, which describes the 

frequency distribution of values around the mean.  A low variance indicates that elevation 

values are similar and a high variance indicates a wide range in elevation values.  

Skewness is a measure of the symmetry in the frequency-distribution curve relative to the 

mean.  Skewness equals zero if the frequency distribution of elevation values is 

symmetrical about the mean and either positive or negative depending on whether the 

frequency-distribution is skewed above or below the mean.  Kurtosis is a measure of the 

flatness or sharpness of the peak in a frequency-distribution curve, relative to a normal 

distribution (Materka & Strzelecki, 1998).  Positive kurtosis indicates a narrow-tailed 

peaked distribution of elevation values and negative kurtosis indicates a flatter heavy-

tailed distribution.   

To calculate each of the three texture statistics, two different neighborhoods were 

used to define the matrix of the moving window (or focal block) passing over each DEM.  

In the first case, a 10 x 10 cell focal block was used.  For the EarthEnv-DEM90, this 

translates to an area of about 900 m x 900 m.  For the GMTED2010 DEM, this translates 

to an area of about 10 km x 10 km.  In the second case, a 30 x 30 focal block was used. 
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For the EartchEnv-DEM90, this translates to an area of about 2700 m x 2700 m.  For the 

GMTED2010 DEM, this translates to an area of about 30 km x 30 km.   

Figure 2.6 shows the results of the analysis based on the 1 arc-second (~ 90 m) 

EarthEnv-DEM90 elevation data – using the 10 x 10 and 30 x 30 focal blocks.  

Examining the six maps in Figure 2.6, it is apparent that the use of a 10 x 10 focal block 

produces a more speckled appearance (A, B and C) compared to the use of a 30 x 30 

focal block (D, E and F).  The larger size of the 30 x 30 neighborhood includes more cells 

in the calculation of the statistics (100 cells vs 900 cells) over a large area, which leads to 

a better definition of different textures.  Moreover, while each of the statistics (variance, 

skewness and kurtosis) provide some definition of different textures, the map of variance 

provides the clearest definition.  

In a similar manner, Figure 2.7 compares the results of the analysis based on the 

30 arc second (~ 1 km) GMTED2010 elevation data – again using 10 x 10 and 30 x 30 

focal blocks.  As might be expected, the maps produced using a 10 x 10 focal block 

contain more detail (A, B and C) and the maps produced using a 30 x 30 focal block are 

more generalized.  In this case, however, the two maps of kurtosis (C and F) provide little 

definition of different dune textures in the central and western part of the dune field.  In a 

similar manner, the two maps of skewness (B and E) are difficult to interpret, although 

skewness seems to highlight the transition between different dune forms.  As before, the 

best definition of the different dune textures is produced using the variance statistic on a 

large focal block.  Both of the maps of variance, using either the 10 x 10 and 30 x 30 

focal blocks, produces a fairly sharp distinction in dune texture. 
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Figure 2.8 shows a classified version of the variance in dune elevation that was 

shown previously in Figure 2.7-D.  This is the output of the texture analysis based on the 

GMTED2010 30 arc second (~ 1 km) DEM using the 30 x 30 focal block with five 

classes.  In this map the texture is classified as either being smooth, rippled, lineated, 

irregular or coarse (Haralick & Shanmugam, 1973).   
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2.6. Analysis of Dune Profile Graphs 

The Profile Graph tool in the 3D Analyst extension to ArcGIS can be used to 

extract a graphical representation of one or many profiles from a DEM.  In this analysis, 

the transect profiles are used to examine the change in the elevation of the dune surface 

and relate this profile to the dune texture.  The profiles graphs were created using the 

GMTED2010 30 arc-second (~ 1 km) elevation data.   

To develop a more detailed description of dune morphology, 13 profile graphs 

were created through the Rub’ al Khali desert in different zones.  Figure 2.9 shows the 

location of each profile transect across the dune field from northwest to southeast.   

 

Figure 2.9.  Location of profile transects through the Rub’ al Khali. 
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Figure 2.10 shows each of the surface profile with the dunes classified as either 

smooth, rippled, lineated, irregular and coarse – based on the variance in dune elevation 

mapped earlier in Figure 2.8.  The wave form of the profiles represent differences in dune 

morphology, and the wavelength and height are the associated with different textural 

categories.  The largest dunes with the largest wavelength, those with a coarse texture, 

are associated with linear dunes in the western part of the dunes field (Profile 1) and the 

compound crescentic (megabarchans) and linear dunes in the eastern part of the dune 

field (Profiles 12 and 13). Profile 1 also shows the lineated texture associated with the 

smaller (but still quite large) linear dunes that occur in the lower elevations of the large 

wadi. 

Moving eastward from Profile 1 to Profile 4, the largest linear dunes with a coarse 

texture transition to moderately-sized linear dunes with a lineated texture.  From Profile 4 

to Profile 7, the lineated texture class covers less area and shifts toward the south, giving 

way to the emergence of the rippled texture class.  In a similar manner, Profiles 7 through 

10 show that the rippled texture class gives way to a smooth texture surface. This smooth 

texture classification corresponds with the simple linear  and simple transverse dunes in 

the center part of the dune field.  At the same time, Profiles 7 through 10 also capture the 

larger dunes on the southern margin of the dune field as lineated and irregular textures. 

Continuing to move eastward, Profiles 10 through 13 have a variety of different 

dune textures.  Moving from Profile 10 to 12, an irregular and then coarse texture 

emerges as the dunes become larger, and Profile 13 contains some very large dunes. 
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Interestingly, these very large dunes in Profile 13 do not all fall into the same texture 

class.  Some are classified as coarse, while others are classified as irregular and lineated. 
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2.7. Summary and Discussion of Results  

In this chapter, geospatial technology was used to identify, classify, and map the 

spatial variability in dune morphology within the Rub’ al Khali.  The analysis focused on 

the analysis of DEMs to capture the spatial variability of sand dunes by creating a map of 

shaded relief, a map of dune height, a map of dune texture, and profile graphs through the 

dune field. 

Figure 2.11 provides as summary of the approach used here to illustrate how 

geospatial technology can be used to identify different types of dunes.  The top row 

shows an example of large compound linear dunes with a lineated texture classification.  

In general, compound linear sand dunes have a height ranging between 45 and 80 m 

except in a small part on northwest edge of the Rub’ al Khali where they become very 

large.  In the northwest part of the dune field, compound linear dunes can reach 150 m in 

height with a spacing of 1.5 - 2 km.   

The second row shows much smaller simple linear and simple transverse dunes 

with a smooth texture classification.  These simple linear dunes occur mostly in the 

central part of the dune field and where they reach heights on the order of 10 to 25 m 

with a small spacing of between 200 and 300 m.   

The third row shows large compound crescentic dunes (megabarchans) with a 

coarse texture. These dunes are among the largest in the dune field, about 3 to 4 km wide 

reaching a height between 100 and 260 m. 
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Lastly, the fourth row shows very large star dunes with a rippled texture.  These 

star dunes can occur as isolated dunes or as a linear chain of dunes.  They are also among 

the largest in the dune field, reaching heights over 200 m.  The spacing between star 

dunes varies, but many have a spacing on the order of 1 to 3 km.  
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While the results of this analysis are very encouraging, there is obviously some 

uncertainty in any GIS analysis (Goodchild, 2000).  In this regard, the visual 

interpretation of different dune forms is somewhat subjective and the boundary between 

these different dune forms is often fuzzy.  In a similar manner, the classification of dune 

texture based on variance in elevation (or any other statistical measure) will depend upon 

the spatial resolution of the data, the size of the neighborhood, the number of classes, and 

the breakpoints in that classification.  Despite this uncertainty, in the analysis, there 

should be at least some relationship between the classification of dune types based on 

shaded relief and the classification of the different dune textures. 

To explore this idea, the area of each dune type was compared to the area of each 

dune texture.  Using the Union tool in ArcGIS, the overlay analysis creates a new feature 

class by combining these features in the dune classification layer with the features in the 

texture analysis layer.  

Table 2.2 and Figure 2.12 show the results of this analysis, expressed here as 

percent of the total area.  Complex linear dunes have a mostly a lineated texture (69%). 

Compound linear dunes have a mostly lineated texture (66%).  Simple linear dunes are 

much smaller dunes found generally in the center of the dune field.   These simple linear 

dunes are mostly associated with a smooth texture (62%).  The area of large compound 

crescentic dunes (or megabarchans) is classified as mostly a coarse texture (55%).  Star 

dunes are largely associated with either a rippled texture (49%) or lineated texture (43%). 

Lastly, simple transverse dunes are largely associated with a smooth texture (47%). 
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Table 2.2.  Comparison of percent of the total area between the texture and visual 

classification. 

Categories Smooth Rippled Lineated Irregular Coarse Total % 

Complex Linear Dunes 0 31 69 0 0 100 

Compound Linear Dunes 3 14 66 2 15 100 

Simple Linear Dunes 62 30 7 0 1 100 

Compound Crescentic Dunes 0 1 39 5 55 100 

Star Dunes 8 49 43 0 0 100 

Simple Transverse Dunes 47 38 16 0 0 100 

 

Figure 2.12.  Difference between the texture and visual classification results. 
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CHAPTER 3 

POTENTIAL SOURCES OF SAND AND SAND VOLUME 

3.1. Introduction 

The second objective in this study is to investigate potential sources of sand and 

estimate the total sand volume in the Rub’ al Khali.  As noted earlier, many geologists 

have questioned why such a huge amount of quartz sand exists in the Rub’ al Khali, 

while the surrounding geology consists largely of carbonates (Edgell, 2006).  This 

observation raises interesting questions with regard to the origin and age of the dunes.  

Given the eastward orientation and slope of the Rub’ al Khali basin, and the alignment of 

dunes with respect to dominant northwest winds, there is a strong consensus that the sand 

dunes have developed from both local and regional sources (Edgell, 2006; Bishop, 2010).  

In this regard, Holm (1960) was the first to suggest that wadis flowing eastward from the 

Arabian Shield mountains contribute local sand to the western part of the dune field.  

More importantly, McClure (1978) recognized that the Arabian Gulf was dry during the 

last glacial maximum (17,000 – 25,000 BP) when sea level was 120 m lower than today.  

With the dry Arabian Gulf exposed as a source, winds from the northwest could transport 

an enormous volume of sand over a period of thousands of years.    

While these different sources of sand have been recognized for some time, most 

of this research has relied on field investigations, the laboratory analysis of sediment 

samples, and the visual interpretation of airborne and satellite imagery.  To date, there 

does not appear to be any research undertaken to classify satellite imagery based on the 
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spectral signature of the dune sand. Yet, these color differences are obvious on satellite 

imagery.  In this regard, the color of the sand surface is important because it should be 

related to the composition and/or age of the sand, both of which are relevant to 

understanding potential sources. 

Recognizing that the dunes within the Rub’ al Kahli are composed of sand from 

several different sources then leads to the next basic question.  How much sand is there in 

the Rub’ al Khali and what percent of this sand is derived from different sources?  As our 

understanding of potential sources becomes more refined, future research might be able 

to quantify the relative volume from different sources, but for now, there does not appear 

to be any quantitative estimate of the total volume of sand. 

To better understand the potential sources of sand and estimate the total sand 

volume in the Rub’ al Khali, the analysis in this chapter is subdivided into four parts.  In 

the first part of this chapter, satellite imagery is analyzed to map differences in the color 

of the sand surface, which should be related to the composition and/or age of the sand.  In 

the second part of the chapter, a drainage network is created from a DEM to reconstruct 

the paleodrainage system of the region during the last glacial maximum.  In the third part 

of the chapter, elevations are extracted from a DEM to map the elevation of the desert 

floor beneath the dunes.  Lastly, in the fourth part of the chapter, the elevation surface of 

the desert floor is subtracted from elevation of the sand surface to calculate the total 

volume of sand in the Rub’ al Khali. 
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3.2. Mapping the Color of the Sand Surface 

The first objective in this chapter is to analyze satellite imagery to identify and 

map significant differences in the color of the sand surface.  While this analysis does not 

attempt to identify particular sources of sand, these color differences can be used to 

identify different regions of the dune field that might share a common source or might be 

a common age.   

Data Sources and Image Analysis 

Today there are a multitude of satellite platforms and instruments that provide 

imagery of the earth’s surface (Hugenholtz et al., 2012).  Comparing these sources, the 

Landsat program has the longest tradition of providing repetitive coverage at a fairly-high 

spatial and temporal resolution.  For this analysis, however, the very large area of the 

Rub’ al Khali would require processing about 30 scenes, and the analysis would require 

considerable computing power and time.  Moreover, the relatively high spatial resolution 

of Landsat is beyond the requirements needed here. Given that the purpose of the analysis 

is to classify and map the major color difference in the sand surface across the entire dune 

field, a lower resolution image sources is more suitable.  For this analysis, the imagery 

captured by the MODIS (Moderate Resolution Imaging Spectroradiometer) instrument 

onboard the Terra and Aqua satellites is well suited (Rioual et al., 2013).  For the true 

color band combination, MODIS imagery has a spatial resolution of 500 m.   

The MODIS imagery was downloaded as four scenes from the USGS GloVis 

(Global Visualization Viewer) web site (http://glovis.usgs.gov/).  The four scenes were 

http://glovis.usgs.gov/
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then mosaicked and clipped to the study area using the boundary defined by the Saudi 

Geological Survey (2011).  Once the image was prepared for analysis, the image 

processing tools in ERDAS IMAGINE were used to conduct a supervised classification.  

Analysis and Results 

Analyzing differences in the sand surface of dune field using satellite imagery is 

difficult owing to the similarity in the texture of the surface and the nearly homogeneous 

spectral response (Varma, el. al, 2014). Figure 3.1 shows the image mosaic of the Rub’ al 

Khali as a true color scene.  In this mosaic there are obvious differences in the color of 

the sand surface.  The eastern part of the dune field appears as a noticeably dark brown 

color when compared to the rest of the dune field.  In a similar manner, the southern 

margin and western edge also appear as a dark brown color, although the brown is 

slightly lighter.  Equally important are the two major light-colored intrusions, one 

emanating from the northern margin of the dune field and one emanating from the 

southwest corner of the dune field.  In particular, this light-colored intrusion from the 

southwestern edge of the dune field seems to extend all of the way into the interior of the 

dune field, a distance of almost 800 kilometers. 
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Figure 3.1.  MODIS imagery showing variations in the color of the sand surface.   

 

While sand covers the majority of the Rub’ al Khali, the desert floor is exposed 

between many of the dunes and these exposures are readily apparent on satellite imagery.  

Some of these interdune flats contain gravel sheets, sabkhas, and other apparently 

evaporative surfaces (Kumar and Mahmoud, 2011).  Thus, it is important to recognize 

that spectral reflectance of the surface can also be related to the composition and color of 

interdune flats.  

To map differences in the spectral reflectance of the desert surface, the image 

processing tools in ERDAS IMAGINE were used to develop a supervised classification.  

This supervised classification was designed to map the spatial variability in the spectral 

reflectance of the true color bands (Xie el. al, 2008).  In MODIS imagery, these true color 
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bands include band 1 (red), band 4 (green), and band 3 (blue).  To develop the supervised 

classification, six training sites were identified based mainly on differences in color.  

These six training sites were named: 1) gypsum sand, 2) sabkha, 3) yellow sand, 4) red 

sand, 5) white sand, and 6) rock sand (rock with sand).  

Figure 3.2 show the results of the supervised classification.  Red sand is found 

mostly in the eastern part of the dune field and along the southern margin, with some 

areas of red sand found on the western edge of the dune field.  In the eastern part of the 

dune field, the red sand class is interspersed with the sabkha class.  Moving inward 

toward the center of the dune field, the red sand transitions to yellow sand, which then 

transitions to white sand.  The white sand class covers a large area in the center of the 

dune field that extends to the northern margin.  There is also a noticeable tail of white 

sand that extends to the far southwestern corner of the dune field.  In a similar manner, 

yellow sand covers a large area in the western part of the dune field.  The largest area 

classified as gypsum sand appears as an intrusion extending southward from the northern 

edge of the dune field.  The gypsum class is also found along the southeastern margin of 

the dune field. 
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  The marked contrast in the spectral reflectance of the sand surface (excluding 

rock outcrops, sabkhas and other interdune flats) strongly suggests that the dune field can 

be subdivided into four main regions that correspond to red sand, yellow sand, white sand 

and gypsum sand.  While it is not possible from this analysis of imagery alone to 

determine whether these color differences are related to the composition of the sand or 

oxidation, the spatial pattern does spark interesting speculation.  For example, the red 

sand along the southern margin of the dune field might suggest a local source with wadis 

flowing northward from the Hadramawt-Dhofar Arch.  At the same time, the red sand in 

the eastern part of the dune field might be related to oxidation, given the presence of 

water in the inter-dune sabkhas.  Similarly, the long tail of white sand that extends to the 

southwestern corner of the dune field suggests that wadi sand might be carried hundreds 

of kilometers into the center of the dune field.  

3.3. Reconstruction of the Paleodrainage System  

To further investigate potential sources of sand, it is important to understand the 

drainage system in the region and how this drainage system appeared during the last 

glacial maximum.  As noted earlier, during the last glacial maximum, sea level was much 

lower than it is today.  During this time (~17,000-25,000 BP), the Arabian Gulf was dry 

and presumably exposed to northwest winds.  If this hypothesis is true, the dry surface of 

the gulf represents a very significant source of sand that was exposed over thousands of 

years.  To better understand the hydrology of the region, in this analysis a DEM is used to 

reconstruct the paleodrainage system of the Arabian Peninsula when sea level was much 

lower.  
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Data Sources and Geoprocessing 

While any DEM can be used to generate artificial stream networks, ETOPO1 is 

the only global DEM that provides elevation data for both the land surface and the ocean 

floor.  With a spatial resolution of 1 arc minute (~ 1.8 km), ETOPO1 is also well-suited 

for this type of regional-scale analysis that covers the entire Arabian Peninsula.   

To reconstruct the regional paleodrainage system, the ETOPO1 Global Relief 

Model was downloaded as from the NOAA, National Centers for Environmental 

Information (https://www.ngdc.noaa.gov/mgg/global/) using the grid-registered version 

of the dataset.  The georeferenced tiff was then clipped to an area that is slightly larger 

than the Arabian Peninsula.  Once the file was prepared, the DEM was analyzed using the 

geoprocessing tools contained in the Hydrology toolset (Fill Sinks, Flow Direction, Flow 

Accumulation) of the Spatial Analyst extension to ArcGIS.  

Analysis and Results 

Figure 3.3 show the results of the drainage-network analysis.  The map was 

created to show, 1) the very large size of the watershed covering 3,375,832 km2 on the 

Arabian Peninsula, and 2) the shoreline of the Indian Ocean during the last glacial 

maximum when sea level was 120 m lower than today.  During that time, the Arabian 

Gulf would be dry and the Tigris and Euphrates river system would transport sediment 

across the gulf basin to the modern Strait of Hormuz.  Moreover, drainage from the 

Zagros Mountains in Iran and drainage from the Arabian Shield (Wadi Al-Rummah – Al-

Batin, Wadi As Sabha, Wadi ad-Dawasir) would also contribute sediment to the gulf 

https://www.ngdc.noaa.gov/mgg/global/
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basin.  Clearly, with this large source of sediment exposed to Shamal (northwest) winds, 

the dry Arabian Gulf represents a very significant source area for the dune sand in the 

Rub’ al Khali. 

 

Figure 3.3. The paleodrainage network of the Arabian Peninsula derived from ETOPO1.  
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3.4. Mapping the Desert Floor beneath the Dunes  

Within the Rub’ al Khali, the dunes are obviously composed of sand from a 

number of different sources, but it is unclear how much of the sand is derived from the 

local mountains surrounding the basin and how much of the sand was transported into the 

basin from sources farther away.  In the previous analysis of satellite imagery, there 

appear to be several distinct regions of sand based on differences in color.  Presumably, 

these differences in color represent differences in the sand composition or degree of 

oxidation – both of which are relevant to understanding the history of the sand sea.  In 

this regard, calculating the area of each color class is fairly simple, but it is much more 

difficult to calculate the volume of sand represented by each class of color. 

The volume of the dune fields is an important variable in the numerical 

simulations used to study dune field dynamics (Grohmann & Sawakuchi, 2013).  To 

estimate the total sand volume in the Rub’ al Khali, and map the distribution of sand 

volume, the elevation of the desert floor beneath the dunes can be subtracted from the 

elevation of the dune surface.  Conceptually, this process is rather straight forward, but 

creating a map of the desert floor beneath the dunes represents a challenging problem.  In 

this analysis, two different methods are developed to map the desert floor beneath the 

dunes.  

Data Sources and Geoprocessing 

To map the surface of the dunes and the desert floor beneath the dunes, the 

ASTER GDEM v2 was chosen as the primary elevation source.  This particular DEM 
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was selected because it provides the best high-resolution elevation data available.  As 

described in the previous chapter, the ASTER dataset is a near-global DEM with a spatial 

resolution of 1 arc-second (~ 30 m). 

The ASTER elevation data were downloaded as tiles, mosaicked and clipped to 

the boundary of the Rub’ al Khali.  To derive a surface for the desert floor, two different 

methods were used to extract elevation values for the desert floor from the ASTER 

dataset.   

1) In the first case, rock outcrops, gravel sheets, sabkhas and other non-sand inter-

dune flats were identified and mapped as points using the zoom capabilities and very-

high resolution imagery available in Google Earth Pro.  Figure 3.4 shows several 

examples of these inter-dune areas that represent the desert floor beneath the dunes.  Over 

a large area in the eastern part of the dune field, the sabkha surface is obvious between 

many of the compound crescentic dunes (megabarchans) and stars dunes.  Similarly, over 

a large area covering the western part of the dune field, gravel sheets and other non-sand 

surfaces are readily apparent between many of the large linear dunes.  In the central part 

of the dune field, however, exposures of the desert floor are much more difficult to find.  

In this region of the dune field, the exposures often consist of small rock outcrops and 

small evaporative surfaces. 

Figure 3.5 shows the distribution of the 700 point-locations used to define the 

desert floor.  In general, the points are well distributed over the dune field and the large 

number of point locations should be adequate to define the desert-floor elevation surface.   
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Figure 3.4: Examples of gravel sheets, sabkhas, rock outcrops and non-sand surfaces. 

 
    Figure 3.5. Distribution of the points used to define the elevation of the desert floor.  
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Once the Google Earth Pro mapping effort was finished, the points were 

converted to a vector GIS layer and overlaid on the ASTER DEM in ArcMap.  The point 

coordinates were then used to extract raster-cell elevation values from the ASTER 

elevation model.  In this case, the elevation attribute was added to each point using the 

Extract to Point tool in the Spatial Analyst extension to ArcGIS.  These point elevation 

attributes represent the elevation of the desert floor.  

With the point dataset complete, the desert-floor elevation surface was created 

using three different interpolation techniques. Interpolation is a method or mathematical 

function that estimates the values at locations, in this case, the elevation values of the 

desert floor between the point locations.  The three most common techniques of spatial 

interpolation are kriging, inverse distance weighting (IDW), and spline (Azpurua & 

Ramos, 2010).  Each of these different interpolation methods performs well for the 

interpolation of geomorphologically smooth areas (Arun, 2013).  Kriging is an advanced 

interpolation technique that assumes that the distance or direction between the sample 

points reflects a spatial correlation that can be used to explain the variation in the surface 

(Prathumchai & Samarakoon, 2006).  The spline method predicts values using a 

mathematical function that minimizes the total surface curvature.  IDW assumes that the 

closest point values have a stronger impact on interpolated values than distant 

observations, resulting in a smooth surface (Azpurua & Ramos, 2010). 

2)  The second method used to map of the surface of the desert floor used focal 

statistics.  In this case, the elevation of the desert floor beneath the dunes was derived 

more directly by extracting the minimum elevation (minimum focal statistic) in a focal 
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block (neighborhood) containing 30 x 30 grid cells (~ 900 x 900 m).  This approach 

assumes that the neighborhood is large enough to capture the elevation of at least one 

grid cell representing the surface of the desert floor. While this approach should be valid 

for most of the dune field where exposed surfaces are obvious, in some parts of the dune 

field, the minimum elevation might reflect older, indurated, paleo-sand surfaces lying 

beneath the modern dunes.   

Analysis and Results 

Figure 3.6 shows the surface of the desert floor beneath the dunes based upon the 

results of the four different analysis methods. Comparing the four maps, the overall 

pattern of elevation contours is similar although there are noticeable differences in detail.  

While all four maps capture the eastward slope of the Rub’ al Khali basin, the elevation 

surfaces created from three interpolation methods are much smoother and the surface 

created using the minimum focal statistics is far more detailed. Clearly, the interpolation 

methods produce a much more generalized surface compared to focal statistics.  At the 

same time, it is difficult to determine if the detail in the elevation surface generated from 

focal statistics is real.  

Comparing the three elevation surfaces generated by interpolating point 

elevations, the contours lines of the kriged surface are quite smooth, while IDW and 

spline tend produce slightly more crenulated contours. This suggests that IDW and spline 

produce a more detailed surface, but this might be an artifact of the interpolation method 

rather than real detail in the topography of the surface. It is also important to  



Texas Tech University, Fahad Almutlaq, December 2017 
 

66 
 

  

  

Fi
gu

re
 3

.6
.  

D
es

er
t-f

lo
or

 e
le

va
tio

n 
su

rf
ac

es
 d

er
iv

ed
 b

y 
kr

ig
in

g,
 ID

W
, s

pl
in

e,
 a

nd
 m

in
im

um
 fo

ca
l s

ta
tis

tic
. 



Texas Tech University, Fahad Almutlaq, December 2017 
 

67 
 

note that the spline surface extrapolates to unreasonably high elevations in the western 

part of the dune field and there are several anomalous high elevations in the topographic 

surface represented by enclosed contours. 

Despite these differences, it is extremely encouraging to note that all four of the 

maps are quite similar and each method of analysis generated a reasonable elevation 

surface for the floor of the desert beneath the dunes.  Mapping the elevation surface of 

the desert floor in this way, it now becomes possible to derive a reasonable estimate of 

the total sand volume. 

 

3.5. Estimating the Volume of Sand in the Rub’ al Khali 

The fourth objective in this chapter is to estimate the total volume of sand in the 

Rub’ al Khali.  While the desert is recognized as the largest sand sea in the world, there 

does not appear to be any published estimate of total sand volume and there is certainly 

no map showing the spatial distribution of sand volume throughout the dune field.  Some 

parts of the dune field contain massive dunes representing a huge volume of sand.  In 

other parts of the dune field, the sand dunes are much smaller.   

Data Sources and Geoprocessing 

To estimate the total volume of sand in the desert, the elevation surface of the 

desert floor is subtracted from the elevation surface of the original DEM.  As before, the 

ASTER GDEM v2 is used in this analysis as the primary elevation source and this dataset 

has a spatial resolution of 1 arc-second (~ 30 m).  
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Once the maps of the desert floor were developed, both the original ASTER 

elevation surface and each of the desert-floor surfaces were projected to calculate the 

sand volume in meaningful units (m3).  In this case, the datasets were projected using a 

Albers Equal Area projection, with the central meridian set to 50° E and the two standard 

parallels set to 17.5°N and 22°N.  As part of the projection process, the rasters are 

resampled and the original 1 arc-second (~ 30 m) cell size is changed to create grid cells 

in planer units.  To minimize error, the cell size of the output raster was specified as 30 x 

30 m, which closely approximates the original cell size. 

With all of the datasets projected, map algebra was used to subtract each of 

desert-floor elevation surfaces from the original ASTER DEM, where the ASTER 

elevation model represents the elevation of the dune surface.  To subtract the elevation 

surfaces, the analysis was carried out using the Raster Calculator tool in the Spatial 

Analyst extension to ArcGIS.  

The results from this analysis produced four output rasters representing the 

elevation difference between the dune surface and the desert floor: one for the kriged 

surface, one for the IDW surface, one for the spline surface and one for the focal statistic 

surface.  The elevation-difference values were then multiplied by the area of a grid cell 

(900 m2) to calculate the volume for each grid cell (Figure 3.7).  The grid cell volume 

values were then summed to calculate the total sand volume where:  

Total Volume =  ∑�(dune surface elevation −  desert floor elevation) ∗  grid cell area� 
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Figure 3.7. The method used to calculate the sand volume in the Rub’ al Khali desert. 

 

Analysis and Results 

Table 3.2 shows the results of the volume analysis, expressed in thousands of 

billions of cubic meters (trillions).  Comparing the volume calculations in this table, it 

becomes obvious that the three volumes derived by interpolating the desert floor from 

point elevations are quite similar ranging in value from 7,718 billion m3 for IDW to 

8,261 billion m3 for the spline.  The difference between these two values is only 6.6 %.  

Moreover, the volume derived from the kriging interpolation, 7,903 billion m3 is midway 

between the outside estimates.  In this case, the kriging volume is 2.4% greater than IDW 

volume and 4.3% less than the spline volume.  These results indicate that method used to 

interpolate the desert floor from point elevations does not greatly affect the final estimate 

of total sand volume.   
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In contrast to these three volume estimates, the volume of sand calculated using 

the minimum focal statistic to map the desert floor is significantly greater, 1,101 billion 

m3.  This volume is 39.3% greater than the volume derived using the kriged desert 

surface (or the kriging volume is 28.2% less than the focal statistic volume).   

Table 3.1. Comparison of the total sand volume in the Rub’ al Khali calculated 

using four different methods to map the elevation surface of the desert floor.  

Volume Units  Kriging Volume IDW Volume Spline Volume Focal Statistic Volume 

Billion m3 7,903 7,718 8,261 11,010 

 

Based on the forgoing analysis, it seems that the actual volume of sand in the 

Rub’ al Khali falls within the range of about 8 to 11 trillion m3.  This is a tremendous 

volume of sand.  Given that there are 1 billion m3 in a km3, this range in volume can also 

be expressed as 8,000 to 11,000 km3.  It is also important to recall that these sand volume 

estimates were derived using a boundary that closely follows the boundary defined by the 

Saudi Geological Survey (2011).  If the spatial extent of the Rub’ al Khali is defined 

differently, presumably, the sand volume estimates would be slightly different. 

While the results of this analysis are very promising, it remains unclear which of 

the four volume estimates is best or most accurate.  Given that the volume calculation 

procedure is very straight forward, the difference in volume estimates must be related to 

the derivation of the desert floor.  In this regard, the analysis suggests that the desert-floor 

elevation surface derived from focal statistic the minimum is, in general, lower than the 
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desert-floor surfaces derived from interpolation.  With a lower desert-floor elevation 

surface, the calculated volume is greater. 

3.6. Summary and Discussion of Results 

The results from this chapter provide: 1) a detailed map of differences in sand 

color, 2) a map showing the paleodrainage of the region, 3) the first detailed map of the 

desert floor beneath the dunes, and 4) the first reasonable estimate of the sand volume in 

the Rub’ al Khali.  Taken together, the results from the analyses in this chapter build 

upon previous research to enhance our understanding of the sand within the dune field 

and potential sand sources.  

In the first part of this chapter, a mosaic of MODIS imagery was analyzed to 

identify differences in the spectral signature of the sand surface.  Using a supervised 

classification, the analysis identified five unique signatures in the true color bands.  These 

unique signatures are referred to as red sand, yellow sand, white sand, gypsum sand and 

sand rock outcrops.  Presumably, these differences in color represent differences in the 

mineral composition of the sand or the degree of oxidation.  In either case, the color 

differences suggest differences in provenance or age.  

To calculate the volume of sand in each color class, the Zonal Statistics tool in 

ArcGIS was used to sum all of the cells in each class.  Table 3.2 and Figure 3.8 show the 

results of this volume analysis each of the four different methods used to derive the 

desert-floor surface.  By volume, the dunes in the Rub’ al Khali are mostly composed of 

yellow sand (~ 36%), red sand (~ 26%) and white sand (~ 20%).  The analysis also 
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showed a significant volume of sand associated with the sabkha color class (~ 15%)   

while the rock sand and gypsum were estimated at 1% and 2%, respectively. 

Table 3.2. Sand volume estimate for each of the six color classes. 

Classes Kriging Volume 

Billion m3 

% IDW Volume 

Billion m3 

% Spline Volume 

Billion m3 

% Focal Statistic 

Volume Billion m3 

% 

Sabkha 1,116 14 1,163 15 1,286 16 1,558 14 

Yellow Sand 2,854 36 2,596 34 2,936 36 4,120 37 

Gypsum Sand 84 1 82 1 113 1 214 2 

Red Sand 2,154 27 2,195 28 2,130 26 2,677 24 

Rock Sand 146 2 161 2 143 2 262 2 

White Sand 1,549 20 1,521 20 1,652 20 2,177 20 

Total 7,903 100 7,718 100 8,261 100 11,010 100 

 

 

Figure 3.8. Comparison of sand volume calculations for each color class based on the 

four different methods used to map the desert-floor surface (kriging, IDW, spline and the 

minimum focal statistic).  
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Knowing the volume or percent of the volume associated with each color class, it 

now becomes meaningful to speculate on potential sources.  Presumably, the relatively 

small volume of gypsum sand (~ 2%) found the north and southeastern parts of the dune 

field is derived from local evaporative surfaces.  The source or provenance of the other 

three major classes of sand is more difficult to define.  Red sand (~ 26%) is associated 

with compound crescentic dunes (Megabarchans) in the eastern part of the dune field, the 

large linear dunes found along the southern margin of the dune field, and the large linear 

dunes found in the northwest corner of the dune field.  While the analysis of the 

paleodrainage system suggests that the exposed Arabian Gulf is a major potential source, 

is seem likely that some of the red sand on the southern and western margins of the dune 

field is derived from local sources in the Hadramawt Arch to the south and the Sarawat 

Mountains in the west.   

While the signature of the red sand is quite pronounced, the largest volume of 

sand (~ 36%) is associated with the yellow color class. Yellow sand covers most of the 

western part of the dunes field and seems to be a transitional color between red and white 

sand in the eastern part of the dune field.  This suggests that the yellow sand might be 

derived from both local and regional sources, or it might be less oxidized, or it might be 

reworked, or it is composition might represent a combination of red and white sand. 

While the provenance of yellow sand is difficult to evaluate, the spatial pattern of 

the white sand color class is very intriguing.  White sand represents about 20% of the 

volume in the sand sea and the sand is most closely associated with the smaller simple 
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linear dunes in the center of the dune field.  In addition, there is a large intrusion of white 

sand which seems to emanate from a large wadi in the far southwestern corner of the 

dune field.  This intrusion strongly suggests that white sand is derived from the Sarawat 

Mountains in the west.  This observation supports the idea first proposed by Holm (1961) 

who suggested that a large percent of the sand was derived from the western mountains 

when a wadi breached the escarpment of the western edge of the dune field.  If this 

hypothesis is correct, it would support the idea that a large volume of white sand has been 

transported eastward through the wadi system into the central part of the dune field, 

where it is then subject to the northeast Shamal winds that blow the sand to the west. 
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CHAPTER 4 

REGIONAL WIND PATTERNS AND POTENTIAL SAND TRANSPORT 

4.1. Introduction 

The third objective in this study is to analyze the relationship between regional 

patterns of wind and the observed patterns of dune morphology within the Rub’ al Khali.  

To explore this type of relationship, most previous studies have relied on wind data from 

local weather stations in order to characterize the dominant seasonal patterns of wind and 

calculate the various measures of potential sand transport (Fryberger, 1979; Tsoar, 2005; 

Livingstone, 2007).  These drift potential estimates can then be used to quantify the 

relationship between sand transport, dune orientation, and dune form (Fryberger, 1979).  

While this approach has been a standard for many years, there is often some 

question as to how well the wind data represent conditions in the dune field given that 

weather stations are often located a considerable distance from the dune field.  Wind data 

from local weather stations can be strongly influenced by obstacles, land cover and 

terrain – so there is always some uncertainty when the wind data are extrapolated to 

represent conditions in the dune field.  This issue also holds true for the Rub’ al Khali.  

Even though there are several weather stations on the margins of the dune field, some of 

the weather stations are located in the mountainous terrain to the west and south of the 

dune field and all of the weather stations are located hundreds of kilometers from the 

center of the dune field.   
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To address this problem, the analysis presented here takes a novel approach by 

using wind data from global weather forecast models.  Rather than characterizing the 

wind regime using data from local weather stations, this analysis relies on data from the 

National Centers for Environmental Prediction / National Center for Atmospheric 

Research Reanalysis (NCEP/NCAR Reanalysis) and the Global Ensemble Weather 

Forecast System Reforecast (GEFS Reforecast).   

To better understand the relationship between dune morphology and the wind 

regime, the analysis in this chapter is subdivided into four parts.  In the first part of this 

chapter, wind data from the NCEP/NCAR Reanalysis are used to characterize the 

temporal and spatial variability in monthly mean wind speed throughout the dune field.  

In the second part of this chapter, wind data from the GEFS Reforecast are used to 

analyze the spatial variability in wind speed and direction at 47 locations using an 11-

year record of 6-hour forecasts.  In the GEFS Reforecast, there are 47 grid cells that cover 

the Rub’ al Kahli and each grid cell represents a virtual weather station.  To validate the 

use of wind data from the GEFS model, in the third part of this chapter, the wind data 

generated by the GEFS Reforecast are compared to wind record at three weather stations.  

Lastly, in the fourth part of this chapter, the wind speed and direction data from the GEFS 

Reforecast are used to calculate the resultant drift potential at each of the 47 grid cells 

covering the dune field.  The resultant drift potentials are then used to map the pathways 

of sand movement through the sand sea.  



Texas Tech University, Fahad Almutlaq, December 2017 
 

77 
 

4.2. Seasonal Variability in Monthly Mean Wind Speed 

The winds that control dune morphology in the Rub’ al Khali vary greatly across 

the vast expanse of the sand sea. Across a distance of more than 1,000 km, the dunes in 

the eastern part of the dune field are subject to winds that might be very different from 

those in the western part of the dune field. To characterize the nature of the wind regime 

in the Rub’ al Khali, the first objective in this chapter is to analyze the temporal and 

spatial variability in mean monthly wind speed.   

Data Source and Geoprocessing 

In most studies of dune morphology, the wind regime is characterized using data 

from one or two nearby weather stations. Given the very large area of the Rub’ al Khali, 

and the limited number of weather stations in the region, a different approach is required.  

For this analysis, the global-scale NCEP/NCAR Reanalysis long term monthly mean 

wind speed data were downloaded as from NOAA Earth Systems Research Laboratory, 

Physical Science Division.  The NCEP/NCAR Reanalysis project uses a state-of-the-art 

analysis/forecast system to perform data assimilation using past data (Kalnay et al., 1996; 

Bowman and Jonathan, 2015; Hamill et al., 2015).  In this case, the long term monthly 

mean wind speed dataset represents the instantaneous surface (0.995 sigma level) wind 

speed forecast monthly mean over the 30-year period from 1981 to 2010.  The monthly 

mean dataset has a spatial resolution of 2.5° and it is distributed in a netCDF file format.  

The dataset was downloaded from NOAA, ESRL web site at: 

https://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.derived.surface.html. 

https://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.derived.surface.html
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Once the netCDF file was downloaded, it was converted to a raster grid using the 

Make NetCDF Raster Layer tool in the Multidimensional toolset in ArcGIS.  The raster 

layer was then clipped to the boundary of the Rub’ al Khali. To create maps of monthly 

mean wind speed, the original data were resampled at a higher resolution using a bilinear 

interpolation to smooth the display. 

Analysis and Results 

Figure 4.1 show the temporal and spatial variability in long-term monthly mean 

wind speed created using the NCEP/NCAR Reanalysis data. Comparing the 12 maps, the 

highest monthly mean wind speeds (~ 4 ms-1) occur in February and March, while the  

lowest monthly mean wind speeds (~ 2 ms-1) occur in September and October. Expressed 

as an annual time series, the wind speeds generally increase from October through March 

and then decrease again from March to October.   

The maps in Figure 4.1 also shows significant variability on the spatial pattern of 

wind speed, particularly in the months of June, July and August.  In June, wind speeds 

are relatively strong in the northeastern part of the dune field, while the winds in the 

southwest are relatively weak.  Similarly, during the months of July and August, strong 

winds occur in the southeastern corner of the dune field.  These significant differences in 

wind speed in the summer are, presumably, associated with the southern monsoon that 

impacts the Rub al Khali from June to August with high wind velocities. 
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4.3. Spatial Analysis of Wind Speed and Direction 

To further explore the nature of the wind regime, the second objective in this 

chapter is to analyze the spatial variability in wind speed and direction throughout the 

dune field.  The main goal here is to develop a wind dataset that can be used to analyze 

the relationship between dune morphology, effective wind and sand transport. In the 

previous analysis, the maps of monthly mean wind speed were created from the 

NCEP/NCAR Reanalysis dataset with 19 grid cells covering the Rub’ al Khali.  In the 

GEFS model, there are 47 grid cells that cover the Rub’ al Kahli and each grid cell 

represents a virtual weather station.   

Data Source and Geoprocessing 

To analyze the spatial variability in wind speed and direction across the dune 

field, this analysis uses wind data from the Global Ensemble Forecast System Reforecast 

dataset.  The Global Ensemble Forecast System is a medium to long-range numerical 

weather predication model developed by the National Centers for Environmental 

Predication (NCEP).  The GEFS uses 21 separate forecasts, or ensemble members, to 

forecast a suite of atmospheric variables four times a day.  The NOAA, Environmental 

Systems Research Laboratory (ESRL), Physical Science Division (PSFD) has used and 

continues to use the NCEP GEFS to produce a dataset of historical weather forecasts 

based on a smaller 11-member ensemble.  The dataset of historical forecasts is available 

for every day from in December 1984 to the present.  This dataset of historical forecasts 

is known as the ESRL/PSD GEFS Reforecast, version 2. 
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The GEFS Reforecast datasets available through the NOAA, ESRL/PSD web site 

have a spatial resolution of 1° (~ 110 km) and they are available for download in a 

netCDF file format.  For wind, the data are downloaded as two separate files, one for the 

U-component of the wind and one for the V-component of the wind.  For this analysis, 

the two datasets were downloaded for an area covering the southern Arabian Peninsula, 

in a 4-times daily time step (0Z, 6Z, 12Z and 18Z), for an 11-year period, from January 1, 

2006 to December 31, 2016.  The datasets were downloaded from the ESRL web site at 

https://www.esrl.noaa.gov/psd/forecasts/reforecast2/download.html. 

The GEFS Reforecast datasets represents the instantaneous wind at a height of 10 

m, forecast daily at six-hour intervals.  As shown in Figure 4.2, the U-component of the 

wind is the zonal velocity (i.e., positive values blowing from west to east), while the V-

component of the wind is the meridional velocity (i.e., positive values blowing from 

south to north).  

 

 

Figure 4.2: The zonal and meridional components of the wind expressed as vectors.  

https://www.esrl.noaa.gov/psd/forecasts/reforecast2/download.html
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Once the two datasets are downloaded, these U and V components can then be 

used to calculate wind speed and direction for each grid cell (Ashkenazy et al., 2012). 

The first step in the process is to convert the netCDF files to raster grids using the “Make 

netCDF Raster Layer” tool in GIS.  The second step is to extract the U and V values from 

the grid cells covering the Rub’ al Khali and join these values in a table.  Figure 4.3 

shows the location of the 47 grid cells that cover the Rub’ al Khali and the labeled points 

that represent virtual weather stations.  In the final analysis, for each grid cell, there are 

about 16,000 records (4 time steps per day x 365 days x 11 years).  

 

 

Figure 4.3.  Location of the 47 virtual wind stations covering the Rub’ al Khali. 
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With the data now in a table format, the third step in the process is to convert the 

U and V vector wind into wind speed and direction.  In this step, Python and VB scripts 

were used to calculate the speed and direction using the following functions: 

𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑊𝑊 = �𝑈𝑈2 + 𝑉𝑉2 

𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 𝐷𝐷𝑊𝑊𝐷𝐷𝑆𝑆𝐷𝐷𝐷𝐷𝑊𝑊𝐷𝐷𝑊𝑊 = 180/π ×   Atan 2 (𝑉𝑉,𝑈𝑈) 

 

Figure 4.4 provides a summary of the processes used to: 1) convert the wind data 

from a netCDF format into a raster layer, 2) extract the U and V wind data from the raster 

grid cells, and 3) calculate the wind speed and direction.  In the end, the final table 

contained the day, time, latitude, longitude, U wind, V wind, speed and direction.  

 

Figure 4.4. Steps used to extract the wind data from the GEFS Reforecast files and 

calculate the speed and direction of the wind from the U and V values.  
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Analysis of Wind Speed and Direction 

Once complete, the wind speed and direction data at each virtual wind station can 

be plotted on a wind rose.  To create the wind rose diagrams, the records of wind speed 

and direction were divided into 16 categories using primary and secondary cardinal 

compass directions (N, NNE, NE, ENE, E, ESE, SE, SSE, S, SSW, SW, WSW, W, 

WNW, NW, and NNW).   

To illustrate the spatial variability in wind speed and direction, Figure 4.5 shows 

the wind rose diagram for five stations (grid cells) located in the Rub’ al Khali.  Station 5 

is located in the north close to the Arabian Gulf, Station 12 within the crescentic and 

transverse dunes, station 41 in the south near the star dunes, station 35 in the center 

within the linear dunes, and station 47 in the farthest southwestern corner of the dune 

field.   

The wind rose graph for Station 5 indicates that the prevailing winds blow from 

the N, NNW, and NNE.  The wind rose for Station 12 shows that the winds mainly come 

from the N, NNW, and NNE, but the wind can also blow from the SSE and S.  At Station 

35, the wind mainly comes from the NE, ENE, and E.  At Station 41, the winds are much 

more variable, blowing from the SSW, S, SSE, E, ESE, NNE, NE and N.  Lastly, at 

Station 47, the winds mainly blow from the ENE and NE.  These observations clearly 

illustrate very significant differences in the wind regime throughout the dune field and 

these differences are essential to understanding the varied dune morphology. 
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4.4. Validation of the Wind Forecast Data 

While model reforecast data are widely used in the analysis of wind power, the 

technique has never been used in the study of dune morphology and sand transport.  As 

such, questions arise regarding the accuracy and suitability of the data.  To address this 

issue, the third objective in this chapter is focused on validating the GEFS Reforecast 

data.  The analysis here compares the GEFS Reforecast data to wind data measured at 

weather stations in or near the dune field. 

Data Sources 

There are three weather stations in the Rub’ al Khali located in Obaylah, 

Shawalah and Sharurah. Obaylah is located in the north-central part of the dune field, 

Shawalah in the northeast and Sharurah in southwestern part of the Rub’ al Khali. Figure 

4.6 shows the location of the three weather stations in the context of GEFS grid cells and 

the virtual wind stations located in the center of each grid cell. 

In this analysis, the comparison of wind data is designed to capture general trends 

recorded over a period of years because Obaylah and Shawalah were discontinued in 

2003 and 2005 respectively. Table 4.1 provides the coordinates, start date and end date 

for each of the stations. Even though these two wind stations were discontinued, the 20-

year length of record at each station represents a significant length of time and the data 

from these two station should be quite reliable. The third station, Sharurah, remains 

operational and the data presented here corresponds to the same years as the reforecast 

data, 2006 to 2016. 
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Figure 4.6. Location of weather stations in Obaylah, Shawalah and Sharurah 

 

Table 4.1. Weather stations located with the Rub’ al Khali. 

Station Name Station ID Latitude Longitude Start Date End date 
SHARURAH                       411360 17°28'00"N 47°07'17"E 1/1/1983 Present 

OBAYLAH (AUT) 410140 22°13'10"N 50°52'58"E 1/2/1983 10/3/2003 

SHAWALAH 410160 22°31'10"N 54°03'00"E 2/4/1983 20/5/2005 
 

Analysis and Results 

The following figures compare the wind data recorded at each weather station 

with the wind data derived from the closest GEFS Reforecast grid cell. Figures 4.7 and 

4.8 compare the data from Obaylah, figures 4.9 and 4.10 compare the data from 

Shawalah, and figures 4.11 and 4.12 compare the data from Sharurah. In each case, the 

the distributions of wind speed and direction are very similar.   
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Figure 4.7. The wind speed class and wind rose for Station 6 and Shawalah. 

 

 
  

Figure 4.8. The frequency distribution of wind direction for Station 6 and Shawalah.  
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Figure 4.9. The wind speed class and wind rose for Station 9 and Obaylah. 

 

 
Figure 4.10. The frequency distribution for Station 9 and Obaylah. 
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Figure 4.11 The wind speed class and wind rose for Station 44 and Sharurah.   
 
 

 
Figure 4.12. The frequency distribution of wind direction for Station 44 and Sharurah.  
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4.5. Spatial Analysis of Potential Sand Transport 

The fourth and last objective in this chapter is to map the potential movement of 

sand through the dune field.  Using the wind speed and direction data from the GEFS 

Reforecast, the resultant drift potential is calculated for each of the 47 grid cells covering 

the dune field.  The resultant drift potentials are then used to map the pathways of sand 

movement through the sand sea 

Calculating Potential Sand Transport 

Using the wind speed and direction data from the 47 virtual weather stations as 

points overlaying each grid cell, sand transport was calculated from the U and V 

components of the GEFS data to explain differences in dune morphology within the Rub’ 

al Khali.  The analysis here follows the method first developed by Fryberger (1979) to 

calculate the total drift potential (DP), the resultant drift potential (RDP), the resultant 

drift direction (RDD), and the ratio of RDP/DP that provides an index of transport 

variability.  These various drift potential measure can then be related to a measure of 

dune orientation to quantify the relationship between the drift potential, dune orientation 

and dune form.  

The Fryberger (1979) equation for calculating sand drift potential (Q) is a 

modified version of the transport equation originally developed by Bagnold (1941).  The 

Fryberger equation is given as : 

𝑄𝑄 𝛼𝛼 𝑉𝑉2(𝑉𝑉 − 𝑉𝑉𝑡𝑡). 𝐷𝐷 

where Q is a proportionate amount of sand drift expressed in vector units, 
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V is the average wind velocity measured at a height of 10 m and  

𝑉𝑉𝑡𝑡 is the impact threshold wind velocity (~ 5 ms-1). 

and 𝐷𝐷 is the number of hours that the wind blows from each direction. 

 

The total drift potential (DP) is then the sum of Q for each direction.  The values 

of Q (in dimensionless vector units) are also used to calculate the resultant drift potential 

(RDP) and the resultant drift direction (RDD).  The RDP describes the net sand transport 

potential when winds from various directions interact.  The RDD is the direction of the 

net trend of the sand drift.  The RDP is calculated by summing the number of vector 

unites for each direction category, as follows: 

𝑅𝑅𝐷𝐷𝑅𝑅 =  �𝑈𝑈2 + 𝑉𝑉2 

𝑅𝑅𝐷𝐷𝐷𝐷 = 𝐴𝐴𝐷𝐷𝐷𝐷𝐷𝐷𝐴𝐴𝑊𝑊 (𝑉𝑉 𝑈𝑈⁄ ) 

where:        𝑈𝑈 = 𝑄𝑄 sin(𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 𝐷𝐷𝑊𝑊𝐷𝐷𝑆𝑆𝐷𝐷𝐷𝐷𝑊𝑊𝐷𝐷𝑊𝑊 𝑅𝑅𝐴𝐴𝑊𝑊𝑊𝑊𝐴𝐴𝑊𝑊𝑅𝑅) 

                                           𝑉𝑉 = 𝑄𝑄 cos(𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 𝐷𝐷𝑊𝑊𝐷𝐷𝑆𝑆𝐷𝐷𝐷𝐷𝑊𝑊𝐷𝐷𝑊𝑊 𝑅𝑅𝐴𝐴𝑊𝑊𝑊𝑊𝐴𝐴𝑊𝑊𝑅𝑅)  

In order to determine the directional variability of the wind, we must determine 

the ratio of the RDP to the drift potential, known as the RDP/DP index.  The RDP/DP 

ratio provides a standardized index of the directional variability of the wind, ranging 

between 0 and 1.  A RDP/DP value of 1 occurs when the wind blows from one direction 

and a value of 0 occurs when the wind comes from many directions (Fryberger, 1979).  
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Table 4.2 provides examples showing the relationship between RDP/DP values, ranging 

from 0 to 1, and various descriptors of the wind regime. 

Table 4.2 Directional variability of the winds (Fryberger, 1979)  

Wind Regime Classification RDP/DP Directional Variability 

 
Narrow unimodal 
 

 
0.9 to 1.0 
 
 
0.8 to 0.9 

 
 
Low variability  

Wide unimodal 
 
 
Acute bimodal 
 

 
0.6 to 0.8 
 
 
0.3 to 0.6 

 
 
Intermediate variability 
 

 
Obtuse bimodal 
 

 
Complex wind 

 
0.0 to 0.3 

 
High variability 

 

Analysis and Results 

To explore this relationship between dune morphology and potential sand 

transport, the analysis focused on calculating the drift potential (DP) and mapping both 

the resultant drift potential (RDP) and the directional variability in sands transport 

(DRP/DP) using the data from 47 virtual wind stations (grid cells).  

Figure 4.13 shows the variability in the total drift potential (DP) at each of the 47 

stations in the Rub’ al Khali desert.  The results indicate that the northeast stations 

(Stations 1 through 7) have the highest drift potential.  The sites near the Arabian Gulf 

have the drift potential values in the range of 70,000.  A few points on the edges of the 

Rub’ al Khali (Stations 7, 21, 32, and 41) also have relatively high values.  The lowest 
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DP values are found at station 22 (about 13,000) and station 34 (about 14,000) which are 

both located on the extreme northwest corner of the Rub’ al Khali.   

Figure 4.14 shows the variability in DRP/DP ratio or index for of the 47 stations.  

The RDP/DP ratio and provides a standardized index for the directional variability in 

sand transport.  The northeast stations (Stations 1 through 4) have a very high RDP/DP 

ratio (~ 0.9) indicating very low directional variability in sand transport.  These stations 

are associated with effective winds that blow from one direction.  On the other hand, 

Stations 21, 30, 31 and 40 have a very low DRP/DP ratio (< 0.2) indicating very high 

directional variability in the effective wind and high directional variability in sand 

transport.  In this case, all four of the stations are located along the southeastern margin 

of the dune field. 
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Figure 4.13. Sand transport (DP) at 47 locations within the Rub’ al Khali. 

 

 
Figure 4.14. The directional variability (RDP/DP index) in sand transport.  
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Figure 4.15 shows the resultant drift potential (RDP) at each of the 47 stations 

calculated for the wind data covering an 11 year period, from 2006 through 2016.  The 

data show that the potential sand movement is highest in the most northern part of the 

dune field near the coast.  Along the central part of the northern edge, the sand moves 

southward, presumably driven by Shamal winds.  From there, the pathway of sand 

movement slows in a rather continuous manner as it shifts more toward the west in the 

central part of the dune field.  Lastly, potential sand movement increases as the wind 

presumably accelerates up the slope to toward the western escarpment.  In the far eastern 

part of the dune field, the situation is quite different.  Here, the arrows indicate a 

convergence in sand movement.   
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In a similar manner, Figure 4.16 shows the RDP/DP ratio, a standardized index of 

the directional variability of the wind.  Again, the values range between 0 and 1, where a 

value of 1 indicates that the wind blows from one direction and a value of 0 indicates that 

the winds comes from many different directions.   

In the northern part of the dune field, the RDP/DP ratio is greater than 0.8 

indicating very low variability in the sand transport direction and a unimodal or wide 

unimodal wind regime.  In the central part of the dune field, dominated by linear dunes, 

the RDP/DP ratio ranges between 0.3 and 0.7.  Values in this range indicate intermediate 

variability in the sand transport direction with an obtuse bimodal wind regime.  Lastly, 

along the southern margin of the dune field, the RDP/DP ratio is quite low, less than 0.3.  

In this region, the sand transport direction is highly variable and the wind regime is 

characterized as complex which is consistent with the presence of star dunes. 
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4.6. Summary and Discussion of Results 

To better understand the relationship between dune morphology and the wind 

regime, the purpose of this chapter was to 1) characterize the temporal and spatial 

variability in monthly mean wind speed using data from the NCEP/NCAR Reanalysis, 2)  

analyze the spatial variability in wind speed and direction at 47 virtual wind stations 

using data from GEFS Reforecast, 3) validate the use of the wind data from the GEFS 

model by comparing the model data with data reorded at three weather stations and 4) 

map the resultant drift potential (RDP) and DP ratio across the dune field.  In this regard, 

the analyses proved to be very successful and it should be possible to apply the 

methodology to any dune field in the world. 

The wind regime of the Rub’ al Khali is appear to be largely controlled by two 

dominant winds.  The first wind is the Shamal wind (or north wind), which blows from 

the northeast and to the southwest.  The second wind is known as the monsoon and 

comes out of the southwest between June and August (Kumar and Mahmoud, 2011). The 

Shamal wind reaches a maximum speed about 11 m/s in the spring between March and 

August (Glennie et al., 1994).   

According to the maps of monthly mean wind speed, there is an obvious seasonal 

variation.  The highest monthly mean wind speeds occur in February and March, while 

the lowest monthly mean wind speeds occur in September and October.  Moreover, the 

data suggest that the wind speed tends to increase and decrease on an annual cycle.  

Expressed as a time series, the maps show that wind speeds begin to increase in 
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November and peak in March, and then decrease again in October.  In addition, the 

southern monsoon wind impacts the Rub’ al Khali from June to August with high wind 

speeds in the southeastern part of the dune field.  

The analysis of wind rose diagram indicates that there is significant variability in 

the wind regime throughout the dune field.  Some stations have very unimodal winds, 

while others are bimodal or complex.  There is also some variability in the frequency of 

winds over 5ms-1, the assumed threshold velocity for sand transport. Table 4.3 shows that 

the frequency of wind speeds over 5 ms-1 ranges from 24 to 30 percent of the time.  These 

values seem high because, the data used in this analysis are instantaneous wind speed 

valles . 

Table 4.3. Frequency of wind speed over 5ms-1 for 16,068 records. 

Station Number of Records Percent 
5 4,774 30 

12 3,668 23 
35 3,776 24 
41 4,288 27 
47 4,839 30 

 

The results of this analysis also showed the major pathways of sand transport 

through the dune field, expressed here as the resultant drift potential (RDP) at 47 stations.  

Based on the map shown in Figures 4.14, sand movement begins in the northeast, close to 

the Arabian Gulf, and the sand moves toward the southwest driven by the Shamal winds.   
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Figure 4.17, shows the RDP arrows and RDP/DP ratio in relation to different 

dune forms.  The compound crescentic sand dunes (megabarchans) and simple transverse 

dunes are formed under a very unimodal wind regime.  Simple linear sand dunes, on the 

other hand, have an intermediate directional wind variability indicating that the winds 

blow from two directions.  Star dunes have formed in response to multi-directional winds 

with a very low RDP/PD ratio.  In this case, the total DP value is also rather low, 

generally less than 20,000.  Lastly, compound linear dunes have intermediate directional 

variability.  Again, this would indicate that the dunes have formed under a bidirectional 

wind regime. 

 
Figure 4.17. Examples of sand dunes formed under different wind conditions.   
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Table 4.4 shows a summary of the wind environments and their sand transport in 

the Rub’ al Khali.  The simple transverse dunes are formed in a unimodal wind regime 

(RDP/DP ratio 0.8 - 0.9) with high drift potential values of more than 50,000.  On the 

other hand, the compound crescentic dunes are formed in a wide unimodal to obtuse 

bimodal wind regime (RDP/DP ratio 0.3 to 0.8) with drift potential values ranging from 

20,000 to 50,000.  For simple linear dunes, the wind regime is classified as narrow 

unimodal to acute bimodal (RDP/DP ratio 0.6 to 0.9) with DP values in the range of 

20,000 to 50,000.  The compound linear dunes are formed in an obtuse bimodal wind 

regime (RDP/DP ratio 0.3 to 0.7) with low drift potential values of less than 20,000.  

Lastly, star dunes are formed in a complex wind regime (RDP/DP ration 0.2 to 0.3), also 

with low drift potential values of less than 20,000.   

Table 4.4: Summary of wind environments and their sand transports.  

Major Dune Type Wind Regime 
Classification 

Directional 
Variability 

RDP/DP DP 

 
Simple Transverse 

 
 

 
Narrow unimodal to 

 Wide unimodal 

 
Low variability 

 
0.8 to 0.9 

 
 

 
> 50 K 

 
Compound 
Crescentic 

 
Wide unimodal to  
Obtuse bimodal 

 
Intermediate 
variability 

 
0.3 to 0.8 

 
20 – 50 K 

 
Simple Linear 

 
Narrow unimodal to 

Acute bimodal 

 
Intermediate 
variability 

 
0.6 to 0.9 

 
20 – 50 K 

 
Compound Linear 

 
Obtuse unimodal 

 
Intermediate 
variability 

 
0.3 to 0.7 

 
10 – 20 K 

 
Star 

 
Complex wind 

 
High variability 

 
0.2 to 0.3 

 
10 – 20 K 
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CHAPTER 5 

SUMMARY AND CONCLUSIONS 

The Rub’ al Khali is the largest and perhaps most significant sand sea in the 

world.  Over the years, the dunes remained largely unexplored owing to the harsh climate 

and hostile terrain.  More recently, our understanding of the desert has been greatly 

enhanced by the comprehensive work of Edgell (2006) and the Saudi Geological Survey 

(2011).  Yet many basic questions remain.   

In this regard, few studies have taken advantage of the analytical capabilities 

inherent in GIS and remote sensing software.  To better understand the geomorphology of 

the sand dunes within the Rub’ al Khali, this research focused on applications of 

geospatial technology to achieve three main objectives.  These objectives focused on 

describing the dunes (Chapter 2), the provenance of the sand (Chapter 3), and the 

relationship between dune morphology and the wind regime (Chapter 4). 

In the course of this research, much has learned about the geography of the dunes.  

In Chapter 2, new maps were generated showing shaded relief, the spatial variability in 

dune height, the spatial variability in dune texture, and profile graphs were created to 

examine the surface in cross-section.  In Chapter 3, new maps were produced to highlight 

differences in the color of the sand, to map the paleodrainage system, to map the desert 

floor beneath the dunes, and calculate the volume of sand.  In Chapter 4, new maps were 

developed to show the pathways of sand movement through the dunes and the directional 

variability in sand transport. 
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Analysis of Dune Morphology 

Taken together, the results from this study build on previous research.  There are 

many different types of dune within the sand sea; giant compound linear dunes, simple 

linear dunes, simple transverse dunes, compound crescentic dunes (megabarchans), huge 

star dunes, and many transitional forms that defy classification.  Even Breed et al. (1979) 

had a large undifferentiated category in their analysis.  These many different forms also 

vary greatly in size, with the largest dunes reaching a height of more than 250 m, 

according to the range focal statistic analysis.   

Understanding the provenance of the dune sand also leads to many interesting 

questions.  The results from this study seem to confirm previous ideas regarding the 

source of the sand, from both the local mountains and the exposed Arabian Gulf, but it is 

difficult to assess how this sand is distributed throughout the dune field.  The analysis of 

dune color strongly suggests that the sand is not completely reworked and intermixed.  If 

this is true, then a map of the spatial variability in the mineral composition of the sand 

could be very revealing.  In this regard, the long tail of white sand emanating from the 

western mountains to the center of the dune field strongly suggests that local sources 

might be very important. 

The results from this study also builds on our understanding of the wind regime 

and how it is related to sand transport within the dune field, and ultimately to the 

different dune forms.  While it has long been obvious that Shamal winds transport sand in 

a southwesterly direction, the maps produced in this study represent a major step forward.  
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Being able to quantify the spatial variability in the relative strength and direction of sand 

transport, and mapping transport pathways, greatly facilitates our understanding of the 

large-scale processes operating on dune field (Yang et al., 2013, 2011).  In the same 

manner, it has long been recognized that the monsoon winds are important, but the maps 

of monthly mean wind speed and the analysis of wind rose diagrams shed new light on 

their role, especially in the southeast part of the dune field.   

The Role of Geospatial Technology 

In addition to these accomplishments, it is also important to recognize the novel 

methods and analytical techniques developed as part of this research.  The idea of using 

focal statistics to map the spatial variability in dune height from a DEM is new, as is the 

idea of using a texture analysis to map the spatial variability in the pattern of the dune 

surface.  The results obtained in this study, using very simple texture statistics, could 

easily be expanded with the use of more sophisticated pattern recognition software.   

In this regard, the idea of using data from weather forecast models is perhaps the 

most important innovation in this study.  Tsoar (2005) was the first to use climate model 

output in a global study of sand dune mobility, but no one has yet used this type analysis 

to study the wind and movement of sand within a dune field.  The results from this 

analysis clearly showed the value of using such an approach.  Moreover, the 

methodology developed in this study can be applied to analyze the relationship between 

wind regime, sand transport and dune morphology in any dune field in the world.  It is 

hoped that future research in aeolian geomorphology will greatly benefit.  
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Appendix I 

 

 

(1) Shaded relief and staleitte imagery of complex linear dunes. 
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(2) Shaded relief and staleitte imagery of compound linear dunes. 
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(3) Shaded relief and staleitte imagery of simple linear dunes. 
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(4) Shaded relief and staleitte imagery of star dunes. 
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(5) Shaded relief and staleitte imagery of crescentic dunes. 
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(6) Shaded relief and staleitte imagery of simple transverse dunes.  
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