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Abstract: While several studies examined land use and land cover changes in the central and western
parts of Saudi Arabia, this study is the first to use remote sensing data to examine the decadal land
cover changes in Saudi Arabia’s eastern coastal city of Al-Khobar between 1990 and 2013. Specifically,
it utilized ISODATA classification method to classify Landsat TM, ETM+, and OLI data collected
from 1990, 2001, and 2013 and then detected changes in the land cover within the study area. It then
measured urban sprawl by calculating the relative Shannon’s entropy index values for the three years.
With overall classification accuracies greater than 85%, the results show that urban built-up areas
increased by 117% between 1990 and 2001 and 43.51% from 2001 to 2013. Vegetation increased by
110% from 1990 to 2001 and by 52% between 2001 and 2013. The entropy index values of 0.700 (1990),
0.779 (2001), and 0.840 (2013) indicates a high rate of urban sprawl and the city dispersing near
the outskirts and towards the neighboring cities of Dhahran and Dammam. Future studies should
examine the current challenges faced by the city’s residents due to urban expansion and attempt to
find ways to resolve them in the near future.

Keywords: change detection; multi-temporal remote sensing data; spatiotemporal analysis; urban
sprawl; entropy; Al-Khobar; Saudi Arabia

1. Introduction

Urban encroachment and land use/land cover (hereafter LULC) changes around fast-growing
cities in the developing world has drawn considerable attention from urban geographers and city and
regional planners. Population growth in terms of increased population density is seen as the key factor
directly inducing LULC changes and urban sprawl [1–3]. Population growth demands construction
of new residential, commercial, utility, and transport infrastructures. They also require conversion
of forests, farmlands, and bare soils, causing LULC changes and urban sprawl. Urban sprawl has
its threshold limits. At the lowest end of the spectrum, a city remains uniform and vulnerable to
change while rapid unplanned urban sprawl exceeding its maximum threshold limit creates chaos and
deteriorates the quality of city transportation and utility services. Hence an organized and planned
urban sprawl is essential to build a socially, economically, and environmentally sustainable society [4,5].

Population growth and urban sprawl indicate regional economic growth. However,
human-induced deforestation and modification of natural landscape to construct buildings, water
supplies, sewage, and transport networks exert various negative impacts on land and soil, biodiversity,
vegetation, noise level, air and water qualities, and leads to an overall environmental degradation both
inside a city and in its immediate vicinity [6–10]. In addition, major construction works transform cities
into impervious surfaces in which formation of heat islands contributes to local and regional climate
changes and increases the occurrences of floods and other natural hazards [11–16]. Urban sprawl also
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increases land values, costs of living, economic disparities, and social stratification [17,18]. In order
to reduce these negative impacts of urban sprawl and for planning a city’s future expansion, both
local and regional urban planners, government officials, and policy makers need careful examination
of its current LULC patterns and their spatio-temporal changes. They also need to assess the degree
of urban sprawl that is occurring within the city with respect to population growth and economic
development [19,20].

The study of LULC changes requires an analysis of a large amount of spatio-temporal data that
were traditionally collected through ground-based field surveys. Over the past couple of decades,
rapid improvements in remote sensing technologies, especially due to their affordable prices, large
spatial coverages, repetitive observations, and efficient data-processing capabilities, has encouraged
urban researchers and city planners to use remote sensing data to examine the spatio-temporal LULC
changes and urban sprawl [21–29]. The methods of identification of LULC changes using remote
sensing data fall into pre-classification and post-classification categories [30]. The pre-classification
method processes a set of multi-temporal remote sensing images to create maps identifying areas
of change or no-change in LULC without classifying the nature of changes [11,30–33]. In contrast,
the post-classification method compares two classified temporal remotely sensed images to produce
maps that would depict changes within and between LULC classes over time. Therefore, it helps
researchers and planners to detect the nature and direction of LULC changes and urban sprawl around
cities [30,34,35].

In the Kingdom of Saudi Arabia, Jeddah and Riyadh were the two major traditional cities besides
the Islamic holy cities of Mecca and Medina. However, after the exploration of petroleum in the Eastern
province of the kingdom in the late 1930s, the city of Dammam and its surrounding old fishing villages
quickly grew into large cities during the 1940s and 1950s. The city of Al-Khobar (also known as Khobar
or Al-Khubar), which was one of those old fishing villages adjacent to Dammam, was established in
1940. Currently, Dammam-Daharan-Khobar forms a major “triplet” city metropolis in the Eastern
province that has experienced rapid population growth since 1990. Of the three cities, Dammam is the
regional capital of the Eastern province, while Daharan houses the Saudi Arabian Oil Company (Saudi
Aramco) and the King Fahd University of Petroleum and Minerals (KFUPM) with a regional airport
and a Saudi Air Force Base. Both cities were already compact in the 1990s. Thus, any population
growth and urban development in the area over the past two decades occurred in Al-Khobar. The total
population of Khobar increased from 141,981 in 1990 to 456,559 in 2001 and to 679,988 in 2013 [3,36].
As the population grew, rapid construction of residential, economic, and transportation infrastructures
required human modification of natural landscapes.

Numerous studies have examined the LULC changes in Saudi cities using remote sensing data.
Al-Harbi examined the expansion of agricultural lands in Tabuk city in 2003 by calculating the Ratio
Vegetation Index (RVI) using Landsat TM data [37]. He conducted a follow-up study in 2010 by
combining Landsat TM 5 and Spot 5 data to analyze agricultural change in the area [38]. Alwashe and
Bokhari [39] used Landsat TM data to study vegetation changes in the city of Al-Madinah. Al-Gaadi,
Samdani, and Patil used Landsat TM and ETM+ datasets and Normalized Difference Vegetation Index
(NDVI) to detect land cover changes in the Dirab region in the western parts of Riyadh [40]. In another
study, authors in [41] analyzed Landsat MSS, Landsat TM, and ASTER data to examine the urban
expansion of Riyadh. For the city of Jeddah, authors in [42] used a combination of aerial photos, SPOT
satellite imageries, and Jeddah’s master plan to examine the patterns of urban expansion over the
past four decades and their relationships with the development of urban transportation systems. The
existing studies have assessed urban growth and changes mostly in the cities of central and western
parts of the kingdom. Only recently, authors in [3] analyzed GIS data and identified population growth
as the key factor inducing urban sprawl in the northern part of Al-Khobar city during 1980´2005.
However, this study has not examined the nature of LULC changes that occurred as a result of the
population growth in the city. In addition, while the city’s population has grown even faster during the
last decade and several noticeable changes occurred in the LULC patterns, there is an urgent need to



ISPRS Int. J. Geo-Inf. 2016, 5, 15 3 of 17

examine the temporal LULC changes in this city. In order to formulate an environmentally sustainable
land use plan for future expansion of this fast-growing city, it is extremely important to examine the
dynamics of LULC changes, population growth, and the rate of urban sprawl that occurred in the city
over the past two decades.

This present study examines the LULC changes and the nature of urban sprawl in the city of
Al-Khobar using remotely sensed data for the years 1990, 2001, and 2013. It aims to classify LULC
types in each year; detect changes that occurred in each LULC class; and measure the rate and direction
of urban sprawl in response to population growth in the city over the past two decades. Section 2
describes the study area, data, and methods used in the study while the results and the discussions of
the findings are presented in Sections 3 and 4. Finally, concluding remarks and directions for future
research will be offered in Section 5.

2. Materials and Methods

2.1. Study Area

With an area of 256 km2, the city of Al-Khobar (26˝11N and 50˝51E) is the home of nearly
680,000 people. Almost 56% of them are Saudi nationals. The rest are expatriates from neighboring
Arab, South and Southeast Asian, as well as European and North American countries [36]. The city
experiences a desert climate characterized by hot and humid summers with temperatures reaching
between 30–38 ˝C and mild cool and dry winters with temperatures ranging between 15–20 ˝C [43].
The city is flat with an average elevation of 12 m above sea level and has a complex LULC pattern. The
southern 184 km2 of the city is vacant sandy desert land. The northern 72 km2 is comprised of urban
residential areas and commercial built-up areas; it also contains a long coastal water body overlapping
a small band of planted vegetation, and two small manmade lakes inside the coastal highway in the
southeast. Over the past few decades, urban expansion occurred within this northern part of the city
and it was thus chosen as the area of interest for this study (Figure 1).

Figure 1. The study area with the major districts within the city of Al-Khobar.
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2.2. Remotely Sensed Data Pre-Processing

Three separate cloud-free Landsat ETM+ and TM data from 1990, 2001, and 2013 covering the
study area were acquired freely from the U.S. Geological Survey’s (USGS) Earthexplorer website
(http://earthexplorer.usgs.gov/). The Landsat scenes were chosen for this study due to their
affordability, availability, and medium to high spatial resolution. Details about the data are given in
Table 1. Some researchers favor radiometric corrections of all remote sensing imageries [44]. However,
for this study, USGS processed and provided level-one terrain-corrected (L1T) Landsat data in WGS84
geodetic datum, Universal Transverse Mercator map projection (UTM, Zone 39N), and north-up image
orientation. Due to the L1T nature of the data, the radiometric and geometric distortions were already
corrected before delivery [45,46].

Table 1. Characteristics of the Landsat datasets used in the study.

Acquisition Date Sensor Path/Row Spatial Resolution
of Reflective Bands Cloud (%) Number

of Bands Format

16 August 1990 Landsat 5 TM 164/42 30 0 7 GeoTIFF
5 July 2001 Landsat 7 ETM+ 164/42 30 0 7 GeoTIFF

28 June 2013 Landsat 8 OLI 164/42 30 5.17 11 GeoTIFF

2.3. Classification, Accuracy Assessment, and Change Detection

The Anderson classification level I scheme was used to identify four LULC categories (water
bodies, vegetation, built-up area, and bare soil) in the Landsat images (Table 2) [47]. A supervised
maximum likelihood classification (MLC) method (using signatures from a total of 90 training sites
chosen from the four LULC classes) was used to classify the Landsat images of the three years.

Table 2. Land cover classification scheme used in the study.

Land Cover Type Description

Built-Up Area All types of manmade structures: residential, industrial, agricultural commercial
and services; transportation and utilities; mixed urban or built-up.

Vegetation Trees, natural vegetation, gardens, parks and playgrounds, grassland, vegetated
lands, agricultural lands, and crop fields.

Bare Soil Areas with no vegetation cover, sand, open space, bare soils, and uncultivated
agricultural lands.

Water Bodies Reservoirs, ponds, coastal water.

To assess the accuracy of the classification results, ground truth reference points were collected
from 272 locations points (chosen through stratified sampling strategy) within the study area.
A historical LULC paper map was created by the Al-Khobar municipality from a 1981 aerial photo
(at a scale of 1:32,258). The map was later updated in 1991 and 2002 based on a ground field survey
and data from the Khobar Planning Department. These paper maps were obtained from the Khobar
municipality’s office and were scanned, geometrically corrected with the Landsat imageries and the
ground truth data, and digitized in ArcGIS. Furthermore, a high resolution GeoEye image (acquisition
date of 18 June 2011) was also obtained from King Abdulaziz City for Science and Technology (KACST).
The digitized 1991 and 2002 LULC maps, current GeoEye image, and the ground truth data were all
used as reference sources to evaluate the accuracy of the classification results.

To present the accuracy assessment results, error matrices were created and examined in this
study. Error matrices are the standard form of reporting site-specific classification errors [48]. They
show the “contingency of the class to which each pixel truly belongs (columns) on the map unit to
which it is allocated by the selected analysis (rows)” [49]. Furthermore, the producer's accuracy (PA),
user's accuracy (UA), and the kappa coefficient were also calculated from the error matrix for each
classified dataset. The overall accuracy of LULC classification using the maximum likelihood method
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was 74.85%, 80.6%, and 82.0% with kappa coefficient of 0.62, 0.69, and 0.72, respectively, for the years
1990, 2001, and 2013 (Table 3). The derived accuracy level was lower than the Anderson’s standard
85% accepted overall accuracy level for LULC classification [47].

Considering the existence of complex, overlapping, and inaccessible LULC patterns in the study
area, and lower accuracy level achieved in the MLC method, an unsupervised classification using the
Iterative Self-Organizing Data Analysis Technique Algorithm (ISODATA) was used to achieve better
accuracy in LULC classification. The resulting 15 classified classes were combined and reclassified into
the previously mentioned four major urban land cover categories (Table 2). Finally, a 3 by 3 grid cell
low-pass filtering was used to reduce the “salt-and-pepper” effect in the classified results.

When assessed for accuracy, the overall accuracy of LULC classification using the ISODATA
algorithm was 85.6%, 88.5%, and 93.4% with kappa coefficients of 0.80, 0.84, and 0.90, respectively, for
Landsat images for the years 1990, 2001, and 2013 (Table 4). As suggested by Ahmed et al. [23], the
2013 classification maps produced the highest overall accuracy and kappa coefficient values (for both
MLC and ISODATA classification results) due to the availability of the field survey data and the high
resolution GeoEye image. On the contrary, positional errors and errors during the digitization process
of the LULC paper maps from 1991 and 2002 may have contributed to the low accuracy level for the
classification results from 1990 and 2001 [50].

As discussed earlier, change detection of the earth’s surface and landscape can be classified
into two major categories: pre-classification and post-classification. The post-classification change
detection method was used in this study by simply comparing two classified images. It has been used
in numerous studies and resulted in a complete from-to change matrix showing the changes between
each class [2,51–53]. Since the accuracies of the ISODATA classified results met the Anderson accuracy
standard of 85% and were higher than the overall accuracy results produced by the MLC method, the
unsupervised ISODATA classified results were used for the LULC change detection analysis.

Table 3. Summary of the error matrices for the 1990, 2001, and 2013 using the maximum likelihood
classification method.

Producer’s Accuracy User’s Accuracy Overall Accuracy Kappa Coefficient

1990 2001 2013 1990 2001 2013 1990 2001 2013 1990 2001 2013

Water 86.2 80 81.0 58.1 76.9 83.3

74.85 80.6 82.0 0.62 0.69 0.72
Vegetation 60 85.7 87.5 69.2 75 79.5

Built-Up Area 72.6 83.9 84.9 89.7 88.4 89.7
Bare Soil 83.3 70.2 69.0 64.8 66.7 62.3

Table 4. Summary of the error matrices for 1990, 2001, and 2013 using the ISODATA
classification method.

Producer’s Accuracy User’s Accuracy Overall Accuracy Kappa Coefficient

1990 2001 2013 1990 2001 2013 1990 2001 2013 1990 2001 2013

Water 100 100 98 100 100 100

85.6 88.5 93.4 0.80 0.84 0.90
Vegetation 66.7 68.0 76 72.7 65.4 73.1

Built-Up Area 74.3 84.3 93.1 92.6 92.5 92.2
Bare Soil 97.3 95.9 97.9 75.3 82.5 100

An overall accuracy for all detected changes that occurred between the three classified datasets
was also assessed based on reference data by using the method proposed by Congalton and Green [54].
The reference data was created by visual interpretation and comparison of the Landsat images at the
272 previously mentioned sample reference points and were labeled as change or no change between
the years 1990–2001, and 2001–2013 (for details see [55,56]). The classified maps were then examined
for change/no change at the sample points and compared with the reference data. The overall accuracy
for the change detection was 96% for 1990–2001 and 98% for 2001–2013.
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2.4. Measurement of Urban Sprawl

Measurement of urban sprawl can be based on population density and urban development
density. Numerous studies have examined the relationship between growing population density and
urban sprawl by computing the population density per unit of built-up surface area [2,57,58]. Urban
sprawl was also measured by measuring the temporal change in ha of built-up area per person increase
in population [59]. In this study, the impact of population growth on urban sprawl was examined by
using the following equation to calculate the rate of change in built-up area per person increase in
population during two census periods:

U “

`

li2 ´ li1
˘

pp2 ´ p1q
(1)

where, U denotes the rate of urban sprawl in ha per person increase in population; li2 and li1are
respectively the area under ith land use class in terminal year and base year; p2 and p1 are respectively
population of the study area in terminal year and base year.

However, the most widely used method of measuring urban sprawl is by integrating Shannon’s
entropy and GIS tools. Shannon’s entropy (En) computes the density of urban development in order
to measure its degree of concentration or dispersion among n zones [24,52,58–69]. Other techniques
such as the fractal dimension cannot identify the orientation and configuration of urban forms [70].
To perform the Shannon’s entropy analysis, the three classified maps were first reclassified into two
categories: built-up and non-built-up areas. Then ith numbers of concentric circles or buffers are
drawn from the center of the city. Since the birth of Islam, Arabian cities developed surrounding a
grand mosque [71,72]. Khobar was no exception, and the grand mosque of Khobar was considered to
be the original center of the city. Therefore, a total of 20 concentric buffer rings, each at 500 m apart,
were drawn around it to cover the entire study area (Figure 2). The zonal statistics function of ArcGIS v.
9.3 was then used to calculate the amount of built-up area within each circle; and the relative entropy
values were calculated for each year by using the formula:

En “

n
ÿ

i

pi

log
ˆ

1
pi

˙

log pnq
(2)

where pi “ xi{
řn

i xi and xi is the density of land development, which equals the amount of built-up
land divided by the total amount of land in the ith zone in n total zones [68]. Relative entropy values
closer to 0 indicate uniformity and compact or high density urban development that makes the city
vulnerable to change; whereas entropy values close to 1 indicate low density urban development
and a high degree of urban sprawl causing chaos in providing transportation and utility services;
entropy values in the middle between two extremities indicate an organized urban development [4].
Entropy values for each buffer ring were plotted against the buffer distance, and mapped for each of
three years to detect the spatial pattern of urban sprawl over time. To map and identify the zones of
uniform, organized and chaotic urban sprawl in the study area, the entropy value of each buffer zone
was added to obtain a cumulative entropy value which ranges between 0 at centermost buffer ring
to the maximum at the 20th ring. The cumulative entropy value was then divided into three equal
intervals: buffer zones with values ranging between 0.0–0.33 would be the zones of uniformity; those
between 0.33–0.66 would be the zones of organized urban development; and those above 0.66 would
indicate zones of chaotic urban development. Change of entropy between two time periods indicate
the magnitude, direction, and nature of urban sprawl [68]. Therefore, changes in entropy values were
computed by subtracting the entropy value of the base year from that of the terminal years as follows:

∆En “ En pt` 1q ´ En ptq (3)

where, t and t + 1 respectively indicate the base year and the terminal year.
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Figure 2. Buffer zones around the Al-Khobar osque used to calculate relative Shannon’s entropy
index values.

3. Results

3.1. Land Use/Land Cover (LULC) Change in Al-Khobar

The land cover classification results using the ISODATA classification method for the three time
periods within the study area are given in Figure 3. The areal statistics for each land cover class
over the past two decades are shown in Table 5. The change detection matrices showing the changes
between land cover classes from 1990–2001 and 2001´2013 are presented in Tables 6 and 7. Three
major LULC changes were identified during the past two decadal periods. First, during the decade
1990–2001, the total built-up area had increased by 1500 ha (117% increase) at the expense of conversion
of 1782 ha (25% of total area or 33% of bare soil) of bare soil into urban uses (Tables 5 and 6). Most
of these conversions took place in the central and northern parts of the study area. Between 2001
and 2013, the urban built-up area had expanded from 2780 ha to 3990 ha, an increase of 212% from
1990 and a 44% increase from 2001 (Table 5). These decadal growth rates are significantly higher than
the international standards and cities in the United States, Canada, Nepal, India, and China, and the
United Kingdom [73–78]. Consequently, almost 47% of the bare soil was converted to a built-up area,
leaving only 2016 ha or 28% of the study area to be currently covered with bare soil (Tables 5 and 7).
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Figure 3. The classified images of the study area for 1990, 2001 and 2013.

Table 5. Land cover in hectare and percentage during 1990, 2001 and 2013.

1990 2001 2013

Area (ha) % Area (ha) % Area (ha) %

Water 144.09 2.00 101.61 1.41 110.34 1.53
Vegetation 340.53 4.73 714.60 9.92 1,088.73 15.11

Built-Up Area 1,280.01 17.77 2,780.28 38.59 3,989.88 55.38
Bare Soil 5,439.87 75.50 3,608.01 50.08 2,015.55 27.98

Total 7,204.50 100.00 7,204.50 100.00 7,204.50 100.00

Table 6. Change detection matrix showing the class changes between 1990 and 2001.

2001

Water Vegetation Built-Up Area Bare Soil Total

1990

Water 99.81 22.77 14.85 6.66 144.09
Vegetation 1.44 234.81 74.07 30.21 340.53

Built-Up Area 0.09 255.06 909.72 115.14 1,280.01
Bare Soil 0.27 201.96 1,781.64 3,456 5,439.87

Total 101.61 714.6 2,780.28 3,608.01 7,204.50
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Table 7. Change detection matrix showing the class changes between 2001 and 2013.

2013

Water Vegetation Built-Up Area Bare Soil Total

2001

Water 66.6 8.73 7.29 18.99 101.61
Vegetation 27.9 415.62 197.28 73.8 714.6

Built-Up Area 5.67 524.7 2,098.08 151.83 2,780.28
Bare Soil 10.17 139.68 1,687.23 1,770.93 3,608.01

Total 110.34 1,088.73 3,989.88 2,015.55 7,204.50

Second, significant changes also occurred in the area under vegetation which increased from
341 ha in 1990 to 715 ha in 2001 and to 1089 ha in 2013 (Table 5). This staggering increment in vegetation
coverage occurred as 255 ha of built-up area were converted into green space during the first decade
(1990–2001) and another 525 ha of built-up area were transformed into green space during the last
decade. Figure 3 shows that the growth of vegetation occurred in the northwestern and along the
central eastern coastal seafront of the city and can be classified into three main categories: grasses, date
palm trees (Phoenix dactylifera), and other imported trees (Pithecellobium dulce, Prosopis spp.) adaptable
to an arid environment.

Finally, the total area under water body declined by about 34 ha between 1990 and 2013, although
its inter-decadal growth was observed from 2001 and 2013 (Table 5). As observed during 2001–2013,
about 28 ha of vegetation, 6 ha of built-up, and 10 ha bare soils were converted into water body
(Table 7). While most of the inland water bodies remained unchanged, some vegetation-covered
coastal areas, small roads and paved areas and bare soils in the southeastern coastal seafront of the city
were cleared and new inland channels were created to build resorts, shopping malls, and residential
hotels. It is possible that some of the conversion of vegetation to water (as detected from the remote
sensing data) is likely due to misclassifications between sea weeds and water in the sea-front and
coastal areas.

3.2. Population Growth

The city of Al-Khobar has experienced rapid population growth and urban sprawl since the
1980s. In 1980, the city had a total population of 104,000 living on 509 ha of built-up area [3]. During
1980´1990, the city population increased by 36% and an additional 771 ha (+150%) of bare soil was
converted into built-up area which in turn reduced the built-up area population density by 46%
(Table 8). From 1990´2001, the city had experienced a staggering 222% increase in its total population,
and about 1500 ha (+117%) was converted into urban built-up area. The built-up area population
density increased by 40%. However, per person land conversion decreased from 200 m2 in 1990 to
48 m2 indicating that a large number of new settlers were accommodated in the older part of the city
center increasing its compactness (Table 8). During 2001´2013, the city population grew by 48.9%; the
built-up area expanded by 43.5%; and the built-up area population density increased by only 3% from
164 to 170/ha indicating the occurrence of major urban sprawl and a dispersed outward expansion of
the city instead of an increased compactness of the old city as observed during the previous decade.

Table 8. Population growth and urban sprawl in Al-Khobar: 1990–2013.

Year Total Population Built-Up Area (ha) Number of
People/Built-Up Area (ha)

Change in Built-Up Area/Per
Person Population Increase

1990 141,683 1280 111 (–46%) 200 m2

2001 456,559 2780 164 (+40%) 48 m2

2013 679,988 3990 170 (+3%) 54 m2
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3.3. Urban Sprawl

The relative Shannon’s entropy for the years 1990, 2001, and 2013 are provided in Table 9. The
values are lower than for the major cities of China and Canada but are equivalent or greater than
the growing cities of developing countries including India, Nigeria, Iran, and Libya [24,64,65,79,80].
For this study, four types of urban sprawls were noticed in 1990: radial pattern and landfill at the
city center; leapfrog pattern outside the city center; and elongated strips along HWY 605 and 617.
Spatially, a high-density (cumulative entropy 0–0.33) urban development occurred in a radial pattern
covering 354 ha of land in three innermost buffer zones from the city center in Al-Khobar (north
and south) and Madinat Al Umal districts. Numerous landfills also existed inside the zone. This
area was the zone of uniformity where the old city existed with a high degree of compact urban
development. A medium-density (cumulative relative entropy of 0.33´0.66) leapfrog pattern of urban
development occupied 773 ha in between the 4th and 12th buffer zone. Low-density (cumulative
entropy > 0.66) elongated strips of urban sprawl consumed 153 ha of land along HWY 605 and 617
(Figure 4). Increasing entropy values reveal that since the 1990s, urban infrastructures have been
growing in a dispersed pattern toward the northern and western districts of Al Rakah Al-Janubiyah,
Al Ulaya, Qortoba, and in the northeastern coastal areas. After considering the declining availability
of vacant land in the center, the Al-Khobar municipality urged residents and real estate developers
to build new urban infrastructures and residential communities in the northern and western parts of
the city.

Table 9. Temporal changes in areas under urban sprawl in Al-Khobar: 1990´2013.

Year
Area in ha under Each Zone with

Cumulative Entropy Values Total Built-Up
Area in ha

Relative Shannon’s
Entropy Values

0–0.33 0.33–0.66 >0.66

1990 354 773 153 1,280 0.700
2001 519 1,557 704 2,780 0.779
2013 561 1,926 1,503 3,990 0.840

In the years 1990–2001, major urban development occurred in the city as its population grew
2.2-fold. The calculated relative entropy was 0.78, which was 0.08 (+11.4%) higher than for 1990,
thereby indicating that low-density dispersed urban development took place mostly in the north side
of the city along HWY 605 connecting Khobar and Dammam (Figure 4). Low cumulative entropy
(0–0.33) prevailed up to the third buffer zone occupying 509 ha of land of Thuqbah and the north and
south Al-Khobar districts where a high-density compact radial pattern of urban development with
fewer landfills indicated uniformity with old buildings, damaged roads, and poor quality of utility
services. A medium-density (cumulative relative entropy of 0.33–0.66), somewhat organized leapfrog
urban development occurred during this decade in the districts of Al Ulaya in the west; Al Hada,
Al Hizam Al-Thahabi in the north; and Thuqbah and Iskan in the south from 4th–10th buffer zones
covering 1557 ha (an increase of 101% from 1990). Elsewhere in the Al Jawarah, Al Rawabi, Qortoba
Quarter, Al Rakah Al-Janubiyah, and Sports City districts in the north, and Ibn Sina, Al Hamra, and Al
Taawun districts in the south, scattered leapfrog and landfill urban development consumed 704 ha
of built-up land area, thus indicating a 360% increase in low-density (cumulative relative entropy of
0.61–0.78) urban sprawl.

By 2013, the city had further experienced low-density dispersed urban sprawl as indicated by the
higher relative entropy value of 0.84 (0.06 or 8% higher than 2001). At this time, high-density urban
development (cumulative relative entropy values < 0.33) expanded and occupied 561 ha (8% increase
from 2001) of land at the central part up to the third buffer zone, subsequently indicating continued
uniformity (Figure 4). A medium-density organized urban development (cumulative relative entropy
values 0.33–0.66) occupying 4th to 9th buffer zone expanded by 369 ha (+24%) from 1557 ha in 2001
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to 1926 ha in 2013. This zone is characterized by newly built or remodeled residential and business
establishments in the Al Ulaya, Thuqbah, Al Aqrabiyah, Al Hada, and Iskan districts. Elsewhere
in the southern and northern parts of the city, a significant 113% (704 ha to 1503 ha) increment in
low-density landfill and scattered leapfrog urban development (cumulative relative entropy values of
0.66–0.84) occurred from 2001–2013 (Figure 4). This is the chaos zone where numerous newly built,
expensive residential houses await leasing. There are also new paved streets, hypermarkets, mosques,
and shopping malls still under construction.

Figure 4. The distribution of the cumulative Shannon’s entropy values in the study area.

4. Discussions

By using the Landsat images for the years 1990, 2001 and 2013, this study identified water bodies,
vegetation, built-up areas, and bare soils as four major LULC classes that have undergone significant
changes in the city of Al-Khobar, thereby indicating rapid urban sprawl due to population growth
and economic developments in Saudi Arabia’s Eastern province. Most notable among LULC changes
was the conversion of bare soil into built-up area and manmade vegetation or the creation of green
spaces. The city has received almost 539,000 people during the twenty-year period (1990–2013) owing
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to international migration of refugees and foreign troops during the Gulf Wars in 1990 and 2001, in
addition to the massive influx of expatriate workers during the oil-based economic growth of the last
decade [81–83]. To accommodate the new settlers and provide them with various services, residential
compounds and apartments, commercial centers, new residential hotels, restaurants, healthcare centers,
and other social service facilities were also built during 1995–2001 in the districts of Thuqbah, Al
Aqrabiyah, Al Hizam Al-Akhdar, Qortoba Quarter, Al Rakah Al-Janubiyah, and along the corridor of
the Dammam-Khobar highway.

With economic prosperity and increasing population during the past decade, Saudi residents
began to invest in real estate by constructing new private residential and commercial housing and
properties. Furthermore, the government’s land grant policy and the interest-free loan assisted middle
class and low-income Saudis to obtain land and build personal residential houses and villas [84].
From 2004 to 2010, almost 14,000 new residential housing units, including villas, apartments, and
traditional houses were built in the Al Ulaya, Al Hada, Al Andalus, Al Rawabi, and Al-Bustan districts
in the northern and western parts of the study area [36]. At the same time, the construction of urban
infrastructures, including roads, highways, schools, residential hotels, mosques, banks, shopping
centers, and healthcare facilities, also contributed to the major urban sprawl in the city.

Findings of the study have several methodological and LULC planning implications. First, from
the LULC classification methodology perspective, the study attempted to classify Landsat images
using a supervised MLC method that yielded a lower accuracy level due to spectral confusions created
by the overlapping of bare sandy desert soil with the similarly colored concrete building structures
in the built-up areas. This finding is supported in the literature. Lower accuracy level in MLC was
reported in other studies due to higher spectral confusion [51], coarse spatial resolution [85], and
overlapping of mixed land uses and a high degree of sensitivity and complex spectral variations in
land cover in the area [48,86]. Lower accuracy level of MLC results were also reported in a land use
classification study of a similar desert environment in Israel [86]. The study also found higher accuracy
in LULC classifications using the unsupervised ISODATA algorithm in the desert environment [86].

Second, the study has explored the rate, direction and patterns of urban sprawl in the selected city.
Findings on urban sprawl suggest very low cumulative relative entropy, in turn indicating uniformity
of high-density urban development in the old city center and its immediate neighboring areas; medium
to high relative entropy in the organized newly developed areas in between the city center and the city
periphery; and high relative entropy due to recent urban developments in the chaotic scattered city
periphery. This finding supports the scheme of [4] for classifying urban sprawl.

Third, from an urban planning perspective, the study results show that significant LULC and
rapid urban sprawl occurred in the study area, thereby demanding careful planning for all subsequent
construction. Over time, each of the uniform, organized, and chaotic zones of urban sprawl has grown in
size, suggesting the growing compactness of urban development in the central city, rapid consumption
of vacant lots in the organized zone, and major modification of natural landscape in the peripheral
chaotic zone to build new houses and utility service facilities. Such modification of the natural
landscape may have affected the city water drainage and flood control systems as evidenced in the
recent occurrence of flash flooding in the city after winter rain. Rapid urban sprawl has deteriorated the
transportation, water, sewage, and utility service facilities in the study area as evidenced by rush-hour
traffic congestions in the central city, interrupted water supplies, and lack of hospital services in the
chaotic city periphery.

5. Conclusions

This study has taken considerable interest in understanding the dynamics of LULC changes and
urban sprawl in the city of Al-Khobar, Saudi Arabia by analyzing multi-temporal Landsat data. Using
the temporal Landsat images for the years 1990, 2001 and 2013, the study has classified LULC types
of the study area by first using maximum likelihood classification (MLC) method followed by the
unsupervised ISODATA algorithm. It tested the accuracy of LULC classification for both methods. The
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ISODATA algorithm yielded higher accuracy in LULC classification from the remote sensing images.
The study also detected the LULC changes over the periods and found significant increases in the
area under built-up area at the expense of sandy bare soils indicating major urban sprawl during the
past two decades. Rapid population growth and regional economic development were two factors
inducing much faster urban sprawl. Quiet uniform compact urban development at the city center and
its immediate vicinity, somewhat chaotic scattered urban development in the city periphery, and much
organized urban development between the city center and the city periphery characterized the urban
sprawl pattern in the city. While the study results have both methodological and policy implications,
future research should explore the physical-environmental, economic and social characteristics of
the uniform, organized, and chaotic zones of urban sprawl in the city. Such future research would
help planning the development of an environmentally sustainable city in the Eastern province of the
Kingdom of Saudi Arabia.
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