

  sustainability-13-12615




sustainability-13-12615







Sustainability 2021, 13(22), 12615; doi:10.3390/su132212615




Article



Quantification of Urban Patterns and Processes through Space and Time Using Remote Sensing Data: A Comparative Study between Three Saudi Arabian Cities



Abdullah F. Alqurashi





Department of Geography, Umm Al-Qura University, Makkah 21955, Saudi Arabia







Citation: Alqurashi, A.F. Quantification of Urban Patterns and Processes through Space and Time Using Remote Sensing Data: A Comparative Study between Three Saudi Arabian Cities. Sustainability 2021, 13, 12615. https://doi.org/10.3390/su132212615



Academic Editor: Mohammad Valipour



Received: 20 October 2021 / Accepted: 10 November 2021 / Published: 15 November 2021



Abstract


Saudi Arabia has developed rapidly over the last five decades in the wake of an extensive development programme implemented by the government throughout the entire country. Several previous studies have measured the extent and rate of urbanization in Saudi Arabian cities, but most of this research used only remote sensing data or a single index to explain urban growth patterns. This study used satellite data and a set of landscape metrics to quantify the spatiotemporal urban growth patterns and processes in three Saudi Arabian cities–Riyadh, Jeddah and Makkah. First, Landsat images were collected and classified for the years 1985, 1990, 2000, 2007, 2014 and 2020. Classification was carried out through an object-based image analysis (OBIA) to map the extent of urbanization. The classified maps were then used to compute seven landscape metrics to determine the spatial configuration of urban areas. The spatial metrics were calculated for the entire landscape and across buffer zones that were delineated from the urban core centre of each city. The overall accuracies were >94% for all the classified maps. The spatiotemporal results indicated that all three cities have experienced significant urban growth during the last four decades. Urban patterns in Jeddah were more dispersed than in Riyadh, which showed aggregated patterns (especially in recent years), while urban growth in Makkah tended to be more fragmented. The urban form in Riyadh was relatively simple, while a complex form was associated with Makkah and Jeddah. Understanding the rates, patterns, processes and trajectories of changes to urban land use is essential for various decision-making processes.
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1. Introduction


Urbanization results from an expansion of the population and the conversion of rural areas to urban areas [1,2]. Worldwide, the population has increased rapidly from around 200 million in 1900 to 7.7 billion in 2019 [3]. This figure is expected to grow to 8.5 billion in 2030, 9.7 billion in 2050 and 10.9 billion in 2100 [3]. Half of this growth has occurred in urban areas [4,5], and most of the net increase has been in developing countries [6]. As a result of this growth, the size of cities has increased substantially in recent years, [7] leading to a significant modification to landscape patterns [8] and alterations to regional and global ecosystems [9,10]. Measuring the dynamics of urban land cover and quantifying its spatial patterns can provide vital information for planners and land managers to ensure sustainable development for future growth.



Urbanization is influenced by several socioeconomic and political factors, such as population, gross domestic product (GDP), transportation, land use policy and urban planning [11,12]. These factors can play an important role in changing the form and spatial patterns of an urban area. The development policy in Saudi Arabia has contributed substantially to the expansion of urban cover. During the 1970s, the government implemented an extensive development programme throughout the entire country that was financed by the huge oil revenues at that time [13,14]. Among the policies adopted to enhance the development process was the provision of no-interest loans to both the public and private sectors, which led to extensive development throughout the country [15,16,17]. This development resulted in an expansion of urban cover that, in turn, produced unprecedented environmental changes such as in hydrological processes, climatic systems, landscape ecology and various aspects of land cover patterns. With such rapid and dynamic changes, adequate methods to measure urban areas through space and time were required to understand their spatial and temporal patterns as well as their spatial processes.



Essential information on spatiotemporal changes of urban cover can be accurately obtained from remotely sensed data. Remote sensing can provide valuable information on urban expansion and other land use and cover types over time, either at a global or local scale [18,19]. The availability of long-term and systematic remotely sensed data (e.g., Landsat images) has encouraged scientists to analyse various land cover features [20], including urban changes, using time series-based methods. The remote sensing data may be coupled with advanced geospatial methods that effectively extract urban cover information from satellite data. Typically, these methods rely on two types of image recognition–pixel and object-based image analysis. Pixel-based image analysis methods have been widely used to extract urban cover areas (e.g., [21,22]). Object-based image analysis has attracted much attention recently from researchers in image classification (e.g., [23,24]), due to its ability to include contextual information in the classification that can improve the accuracy in the classification [25,26] of urban land cover.



In addition to the spatial extent and the growth rate of urban cover that could be measured by remotely sensed data, a further analysis of the structural changes and the process of urban form is required to understand the spatiotemporal nature of urban growth. The increase in urban areas over time resulted from demographic and economic changes as well as planning policies. These dynamic changes may create urban agglomerations and generate a spatial pattern that appears somewhat irregular or is distributed in a non-uniform way [27]. Therefore, the spatial form of urban growth can be measured in terms of aggregation, compaction and isolation [28], which explain the structural changes and the spatial patterns of urban growth over time. Quantifying the structural changes and the spatial patterns of urban areas and other land cover types can be achieved by the use of landscape metrics [29,30]. Integrating remotely sensed data with landscape metrics is valuable in clarifying the spatial processes of urban growth and to explain its patterns.



Several studies in the past have identified the spatiotemporal structure of urban growth using remotely sensed data and landscape metrics. Regarding compaction, dispersion, fragmentation and extensive growth, Schneider and Woodcock [31] examined the similarities and differences in the urban form and growth among 25 mid-sized cities worldwide using remotely sensed data and landscape metrics. Similarly, Aguilera et al. [28] quantified three urban growth processes (aggregation, compaction and dispersion) and four patterns (aggregated, linear, leapfrogging and nodal) based on three future scenarios. The diffusion and coalescence processes of urban growth have been identified using landscape metrics by Dietzel et al. [32] and Liu et al. [8]. In terms of the type of analysis used to measure urban patterns, Seto and Fragkias [4] as well as Dietzel et al. [32] calculated the landscape metrics using concentric rings that were drawn from the city centre to capture the variations of urban growth among the buffer zones. The findings of these studies emphasise the importance of measuring urban patterns and processes and confirmed that landscape metrics can be effectively used to quantify the spatial characteristics of urban growth.



In Saudi Arabia, however, most previous research measured the spatiotemporal extent of urban expansion and growth rate using only satellite data (e.g., [14,17,33,34]), or it was based on the transportation and population density indices [35]. Only Rahman [36] measured urban sprawl in Al-Khobar, Saudi Arabia, using the Shannon relative entropy index during 1990, 2001 and 2013. This study found the city dispersing near the outside and towards its neighbouring cities. However, different subsets of spatial metrics among different cities could provide a logical explanation for urban growth patterns rather than a single index. Therefore, this research aims to analyse the spatiotemporal structure of the urban form and pattern among the most rapidly urbanized cities in Saudi Arabia–Riyadh, Jeddah and Makkah. First, it aims to quantify the spatial extent of urban cover between 1985 and 2020 using Landsat images; second, it seeks to identify the growth processes and spatial patterns of urban cover in these cities. Two questions are addressed: How does urban growth change over space and time? How do urban patterns and processes vary from city to city? Understanding urban growth patterns is essential for better planning and sustainable development.




2. Study Area


The study area includes three cities in Saudi Arabia–Riyadh, Jeddah and Makkah (Figure 1). Riyadh is the capital city of Saudi Arabia and is situated in the central part of the country on the large Najd plateau. It is the largest city in Saudi Arabia with a population of around seven million. Jeddah is the second largest city in the country. It is in the western part of Saudi Arabia and is considered the largest seaport on the Red Sea coast. The city has a population of more than four million and is viewed nationally as an important commercial hub. Makkah, the third city in this study, is in the central part of the Makkah region, about 70 km inland from Jeddah. Makkah is the holy place of the Muslim community and receives more than three million visitors annually to embrace the rituals of the Hajj pilgrimage [14]. The normal population of Makkah is around two million. The boundary of each city was selected based on the current urban limits, which included the municipal boundary for each city. All urban areas and their surroundings rural areas are included in the city boundary (Figure 1).



All three cities have experienced rapid urbanization during the last five decades due to an increase in both internal and external migration [37]. Each city has certain characteristics that make it attractive to immigrants. Job opportunities in the governmental sectors and educational benefits in Riyadh, and economic advantages in Jeddah, have resulted in increased migration from rural areas to these cities. Makkah also has witnessed an increase in immigration in recent years with many pilgrims deciding to remain in the city following their pilgrimage [38] due to economic or religious reasons. These factors, together with natural growth, have accelerated population growth in these cities. The increase in population has resulted in massive urban growth and further complexity in the structure of the cities. Understanding urban patterns and processes is essential for managing the current urbanization and for securing sustainable development for future growth in these cities.




3. Materials and Methods


3.1. Data and Pre-Processing


A total of 24 Landsat thematic mapper images (TM), enhanced thematic mapper plus (ETM+) and operational land imager (OLI) images were collected from the United States Geological Survey (USGS) Global Visualization (GloVis) site for the three cities. The images were acquired between spring and summer (from March to November), except for the 1985 image of Riyadh (path 165–166 and row 43), which was collected during winter (January) (Table 1). As a level-1 product, all images were already georeferenced and rectified to WGS 1984 UTM Zone 37N for Jeddah and Makkah and WGS 1984 UTM Zone 38N for Riyadh. However, the TM image (path 165 and row 43) of Riyadh was not correctly georeferenced. An automatic image-to-image registration approach was adopted using the OLI image of a similar path and row as a base image and the TM image was employed as a wrap image. Finally, subset settings were applied to all images, including all the urban boundaries across the three cities. The entire pre-processing steps were carried out using ENVI 5.4 software.




3.2. Image Classification


An object-based image analysis (OBIA) approach was used to create urban cover during the 1985, 1990, 2000, 2007, 2014 and 2020 periods. The process of OBIA included both image segmentation and classification. The analysis of image segmentation and classification was carried out using eCognition Developer 9.0.1 software. Image segmentation is the initial step of OBIA, in which the remotely sensed image is divided into discrete regions or objects that are homogeneous, based on their colour, texture, spatial and spectral characteristics [39,40]. The multi-resolution algorithm was applied to create objects that delineated classes. The scale parameter was set at 5, while shape and compactness were adjusted to 0.1 and 0.8, respectively.



The classification of segmented objects was applied first to the 1985 image using the defined rules and threshold values. The classification was divided into four land cover classes–water (W), vegetation cover (VC), urban area (UA) and bare soil (BS)–in the class hierarchy. Several feature sets, including spectral patterns of Landsat TM bands Normalised Difference Vegetation Index (NDVI), Normalised Difference Water Index (NDWI) and brightness (the mean of six TM bands) were used in the classification analysis. The threshold values of the selected feature sets were defined based on previous studies [26,41,42,43]. Then, the classified image of 1985 was converted into a vector layer and used as a thematic layer (reference) to classify the 1990 image (Figure 2). The objects with no change (NC) for each land cover type were assigned as ‘NC’ followed by the name of the class. For example, if an object classified as water (W) in 1985 did not change in 1990, the object assigned in 1990 was NC–W, and so on. The changed objects between 1985 and 1990 were classified according to the new state of 1990. For example, objects classified as vegetation cover (VC) in 1985 and changed to bare soil (BS) in 1990 were then assigned as VC–to–BS. At the end of these processes, 13 subclasses were created in which 4 subclasses were assigned to urban areas and 3 subclasses were assigned to other land cover types. Subsequently, the subclasses were merged into the four assigned classes, which created the final classification of the 1990 image. By following similar analytical steps to the 1990 classification processes, the 2000, 2007, 2014 and 2020 images were classified and produced for all three cities [37,44]. Finally, the other three land cover categories of W, VC and BS were reclassified as non-urban areas, since the aim of this paper is to analyse urban patterns and processes. Therefore, the final classification results presented two classes, including urban and non-urban areas, which were then used for the spatial metrics analysis (Figure 2).




3.3. Accuracy Assessment


The accuracy assessment was conducted using a stratified random sampling method to create the reference points of the 1985, 1990, 2000, 2007, 2014 and 2020 classified images for each city. As the extent of each city was different, the size of the sample points varied among the study areas. For large cities (Riyadh and Jeddah), 800, 900, 1000, 1200, 1500 and 1600 sample points were identified for 1985, 1990, 2000, 2007, 2014 and 2020, respectively. For Makkah (which is a relatively small area), 450, 500, 600, 700, 800 and 900 sample points were selected for 1985, 1990, 2000, 2007, 2014 and 2020, respectively. A confusion matrix, calculated between the classified images and the ground truth points, was created based on the same Landsat images using visual interpretation. The accuracy assessment was computed on two classes–urban and non-urban areas (Figure 2).




3.4. Spatial Urban Metrics


The classified maps of urban areas were then used to calculate landscape metrics for each period between 1985 and 2020. Since a wide range of metrics was developed [29,45], a set of metrics was selected based on previous research [4,32,46,47,48,49]. Therefore, seven metrics were computed, which included the percentage of landscape (PLAND) patch density (PD), edge density (ED), area weighted mean patch fractal dimension (FRAC_AM), mean of Euclidean nearest-neighbour distance (ENN_MN), standard deviation of Euclidean nearest-neighbour distance (ENN_SD), number of patches (NP) and contagion (CONTAG). Table 2 lists the selected metrics and their information, which were adopted from McGarigal et al. [45]. Since this study aims to identify the patterns and processes of urban growth, the calculation of landscape metrics was performed only on a class level [45]. The landscape metrics were calculated by using an open-source R tool called landscapemetrics that was developed by Hesselbarth et al. [50].




3.5. Analysis Framework


The analysis framework for computing landscape metrics was based on the distance from the urban core centre, which was determined by using topographic maps for each city. Buffer rings were generated for each city with equal distance intervals of five kilometres from the urban core centre. The distance intervals of the buffer rings depended on the size of the city. Jeddah and Riyadh have the same distance intervals, while Makkah has different distance intervals. Unlike Makkah, both Riyadh and Jeddah have relatively the same spatial size and the urban cover exceeds the buffer of 40 km from the urban core centre, while in Makkah the urban cover exceeds the buffer of 20 km. Thus, the comparison was made between Jeddah and Riyadh for each metric. Urban landscape metrics were calculated and presented for each buffer. The raster grid for each period was extracted, based on the distance from the urban core centre using the buffer rings. Therefore, eight grids for both Riyadh and Jeddah and four grids for Makkah were created and used to calculate the landscape metrics during each period from 5 to 40 km for the two cities and 5 to 20 km for Makkah. The distance greater than 40 km (>40) in Riyadh and Jeddah and greater than 20 km (>20) in Makkah represented the entire landscape. The entire landscape for each city was calculated individually.





4. Results


4.1. Accuracy Assessment


Table 3 shows the accuracy assessment of the classified images of Riyadh, Jeddah and Makkah for the 1985, 1990, 2000, 2007, 2014 and 2020 classifications. The confusion matrix was calculated on two classes–urban and non-urban areas. Producer’s and user’s accuracies of urban cover as well as overall accuracies and kappa coefficients were presented in terms of percentage. The results indicated high accuracy for all three cities.




4.2. Urban Spatiotemporal Change Detection


A change detection analysis was applied for the five time periods (1985–1990, 1990–2000, 2000–2007, 2007–2014 and 2014–2020) for Riyadh, Jeddah and Makkah. Figure 3 shows the spatiotemporal change of urbanization between 1985 and 2020, and Table 4 lists the percentage of urban growth during the six time periods for each ring buffer from the urban core centre in Riyadh. The urban areas were clustered around the centre between 1985 and 1990 within 20 km only from the urban core (Figure 3A). During the 1990–2000 period, new patches were created, particularly in the north-eastern section (Figure 3B). Mainly, this development occurred alongside the road networks that contributed significantly to the urban growth in the city. However, most of the expansion in Riyadh occurred between 2000 and 2007, when urban cover increased by about 40%. Growth occurred in nearly all directions after 2000. New developments in the north-east and north-west sectors indicated that urban areas were expanding toward the outskirts of the city. Like the 2000–2007 period, the expansion continued during 2007 to 2014 in the same direction, but to a lesser extent (about 18%). However, the growth rate decreased sharply after 2014, with the rate of urbanization increasing by almost 9% between 2014 and 2020.



Figure 4 shows the spatiotemporal change detection of urban cover in Jeddah between 1985 and 2020, and Table 5 represents the increased rate of urbanization for each period in percentage terms. The urban area in Jeddah increased significantly between 1985 and 2020, with most of the growth, about 41%, occurring between 1990 and 2000. Unlike Riyadh, the 2000–2007 period witnessed a relatively low rate of urbanization, while the higher rate of urbanization was during 2007 to 2014, when growth nearly doubled. While the rate of urbanization during the 2014–2020 period was greater than the growth rate of Riyadh for the same period, the percentage increase in urbanization was low compared with other periods. The spatial distribution was controlled by the coastline in the western part of the city. Most of the expansion between 1985 and 2000 was within 25 km of the urban core centre and mostly occurred in the northern sector. After 2000, urban cover increased significantly in the north and exceeded the distance of 35 km from the urban core by 2014. There was also a remarkable development in the south-east sector during that time.



Change detection maps during the five time periods between 1985 and 2020 in Makkah are shown in Figure 5, and the percentage increase of the urban area for each period is shown in Table 6. In common with the other cities, Makkah has experienced rapid development during the last 35 years. Like Jeddah, most of its development, about 43%, occurred between 2007 and 2014 (Table 6). The city also experienced a high rate of urbanization between 1990–2000 and 1985–1990, by 30% and 29%, respectively. While Makkah is highly urbanized within its administrative boundary, urban growth was distributed mostly in the north-eastern sectors between 2007 and 2014 (Figure 5D). The development decreased significantly after 2014 and the rate of urbanization was very low in contrast with other periods.




4.3. Urban Patterns and Processes


Figure 6 shows a comparison analysis of the spatial metrics between Riyadh and Jeddah for each distance (5 to 40 km) from the city centre, and Figure 7 presents a similar comparison for the entire landscape of both cities (>40 km). The percentage of urban cover increased between 1985 and 2020 in the entire landscape for both cities (Figure 7A). The PLAND values were greater than 85% in the central area of Riyadh (five kilometres distance from the urban centre), while the PLAND values in Jeddah were between 60% and 85% between 1985 and 2020 (Figure 6A). The urban central area in Riyadh showed an increase in urbanization between 1985 and 2007, but it decreased after that. In Jeddah, however, the expansion in the central area continued to increase between 1985 and 2020. This indicates that the central part of Jeddah is more active than that of Riyadh, which had already been developed by 2007. It is also clear that the PLAND values decreased with increasing distance from the urban centre in both cities. However, it was observed that the curve direction changed slightly after 2000 in Riyadh, with the change observed within the 15-km buffer zone. This indicates that the vacant lands within the buffer zone are likely to be occupied by urban areas. Therefore, the urban system in Riyadh is becoming more clustered.



The patch density (PD) in Figure 6B shows different results for the two cities. During the 1985 period, a significant number of patches was associated with Jeddah compared with other periods. PD peaked near the city core at 10 to 15 km of the buffer zone and declined thereafter. However, during this period the PD value was higher for the entire landscape. Similarly, the PD values increased near the city centre during 1990 and peaked at 10 to 15 km, but the patch numbers declined for each distance at 20 km. This suggested that the urban patches during 1985 were more fragmented than in other periods. The landscape was comprised of small and unconnected patches of urban land. The landscape of the urban area in Riyadh was less fragmented and relatively less patchy than in Jeddah. This indicates that urban patches in Jeddah, especially during 1985, were likely mixed with other land cover areas, while urban areas dominated the landscape in Riyadh during the same period. The results also showed an increase of the PD value in the entire landscape of Jeddah during 2020 (Figure 7B), indicating that there were new and small urban patches that were not connected to the previous patches. It is suggested, therefore, that the urban land in Jeddah is likely to be more fragmented in the future.



Edge density (ED) is another metric that can explain the process of urban expansion. Like PD, there is a pronounced differentiation between both cities. ED reached its peak during 1985 within a radius of five kilometres in Jeddah and then declined as the distance increased from the city centre. Within the same radius, the ED values decreased throughout the period, indicating that urban areas around the city centre fused together between 1985 and 2020. Riyadh, on the other hand, showed a different ED curve. While the ED declined between 1985 and 2020 within the five-kilometre buffer zone, the ED value in 1985 was low compared with Jeddah (Figure 6C). The comparison analysis for the entire boundaries of both cities showed that ED increased in Riyadh between 1985–2014 and declined between 2014–2020, while in Jeddah, the ED declined between 1985–2000 and increased substantially between 2000–2020. These results indicate that the new urban developments after 2014 occurred near existing developments in Riyadh. Thus, the urban patches tend to be more clustered and the landscape is increasingly dominated by urban areas. In contrast, urban areas in Jeddah tend to be dispersed and the urban landscape is mixed with the other land cover types.



The FRAC_AM metric explains the shape of the urban area by which the distribution of urbanization is either a normal or complex process. The FRAC_AM values varied between Jeddah and Riyadh (Figure 6D). Riyadh showed a relatively simple shaped urban form, in which the FRAC_AM values were less than 1.1 for all buffer zones between 1985 and 2020 (Figure 6D). These results indicate that the urban form tended to be more compact and clustered. However, the situation was different in Jeddah. The FRAC_AM was higher for all time periods and the highest value was during 1990 (Figure 7D). Within the five-kilometre buffer zone, the FRAC_AM values decreased throughout the period (Figure 6D), indicating that the urban pattern in the central area moved from the complex form to compactness between 1985 and 2020. The FRAC_AM values are expected to decrease in the central area due to the lack of change in urban cover near the city centre. Nevertheless, the FRAC_AM is likely to increase within the city boundary, resulting in a more complex-shaped and fragmented urban form.



The Euclidean nearest neighbour distance was computed by the mean (ENN_MN) and standard deviation (ENN_SD), and it is presented in Figure 6E,F for each buffer zone and Figure 7E,F for the entire landscape during each time interval. Urban patches in Jeddah in 1985 were relatively aggregated, although the distance increased to its maximum in 2007 by about 225 metres. The distance decreased during the 2014 and 2020 periods. In Riyadh, the ENN_MN curve shows a relatively sine wave shape between 1985 and 2020 (Figure 7E). The highest value was during 1990, by around 200 metres, while the lowest was during 2014 by approximately 175 metres. On the other hand, the ENN_SD diagram shows different results (Figure 7F). Riyadh experienced a high value of ENN_SD during 1985 and 1990, while the values decreased during 2000, 2007 and 2014, and increased by 2020. The different shape between ENN_MN and ENN_SD between the cities indicates that the urban landscape in Jeddah has a dispersed pattern of patches, but it is more regular than Riyadh, which has an irregular landscape but a concentrated pattern of patches.



The contagion index (CONTAG) is shown in Figure 6H for each buffer zone and Figure 7H for the entire landscape. The CONTAG values around the central area (5 to 15 km) were higher in Riyadh than Jeddah for all time periods, indicating that the area around the urban core was most dispersed and fragmented in Jeddah, while in Riyadh, the central area was more aggregated, especially during 2007, 2014 and 2020. This was found in Jeddah during 1985 and 1990, where the landscape of the city was mostly heterogenous within the central area. In general, the CONTAG values decreased for both cities with a distance from the urban centre to the 20-kilometre buffer in Riyadh and 15-km buffer in Jeddah, and increased as the distance increased, showing a wave-like shape. For the entire landscape, Jeddah showed relatively higher CONTAG values than Riyadh, and the CONTAG decreased throughout time in both cities (Figure 7H).



Figure 8A–H shows a comparison of spatial metrics of urban growth in Makkah for multiple buffer zones (5 to 20 km), and Figure 9 shows the same metrics for the entire landscape during 1985, 1990, 2000, 2007, 2014 and 2020. The percentage of urban landscape increased in Makkah between 1985 and 2020 (Figure 9A). The landscape of the central area (five-kilometre buffer) was covered by urban land use by about ~80% during the 2014 and 2020 periods (Figure 8A). However, the percentage of urban area decreased with the increase of the distance from the urban core centre. In general, Makkah experienced a high rate of urbanization between 2007 and 2014.



The patch density (PD) also increased between 1985 and 2020 in the entire landscape of Makkah (Figure 9B), as the number of patches (NP) increased during the same time (Figure 9G). Analysis of the buffer zones shows that within the five-kilometre buffer, the PD values were relatively high during 1985–1990 and decreased after that (Figure 8B), indicating that in the early stage of development, the central area was more fragmented and most patchy. During this time the landscape became urbanized around the city centre and the PD values decreased. Additionally, the PD values decreased as the distance increased from the urban core during 1985–1990 and increased between 2000–2020. The 2020 period showed the highest value of PD compared with other periods when the distance increased from the urban centre.



The edge density (ED) values also show a variation in results over space and time (Figure 8C and Figure 9C). Since the urban centre showed higher ED values during 1985, 1990, 2000 and 2007, the ED values decreased during these periods when the distance from the urban core increased. The ED values decreased around the central area and increased for the entire landscape during the 2014 and 2020 periods. These results suggest that the central area was dispersed and mixed with other land cover types during 1985. The landscape then became more clustered and dominated mostly by urban areas by 2014–2020 as the ED values decreased throughout time.



The area weighted mean patch fractal dimension (FRAC_AM) values are presented for each buffer zone in Figure 8D and Figure 9D for the entire study area. The FRAC_AM values increased between 1990–2000 and continued at nearly the same level between 2000–2007 and decreased between 2007–2014 (Figure 9D). The results of FRAC_AM in Figure 8D show an increase as the distance increases from the urban core after 2000, indicating that the landscape of the city (>10 km) tended to be a more complex and fragmented urban form. The shape of the central area, however, tended to be at a regular form in recent years (2014 and 2020) as the values become closer to one, which indicates a relatively simple shape.



ENN_MN and ENN_SD are presented in Figure 8E,F for each buffer zone and Figure 9E,F for the entire study area. The 2000 period showed the highest value of the average nearest neighbour and dropped after that time (Figure 9E). This indicates that the 2000 period was the initial phase of diffusion in Makkah as large distances separated new development. For each buffer zone, the ENN_MN values showed an increase as the distance increased from the city centre (Figure 8E), indicating that the urban patches near the core centre are clustered while the patches become isolated as the distance increases from the urban centre. On the other hand, the standard deviation nearest neighbour peaked in 1985 (Figure 9F), which indicates that the distribution of urban patches was irregular across the landscape. However, the SD values decreased after 1985, indicating that the urban patches became uniform across the landscape.



The contagion metric is presented in Figure 8H for each buffer zone and in Figure 9H for the entire landscape. The contagion was lowest within the central area (five kilometres), especially during the 1985 and 1990 periods. During this time, the urban configuration was most fragmented around the city centre. Moreover, in 1985–1990, the contagion increased as the distance increased from the urban core, indicating that during 1985–1990, the landscape was homogenised within 15 to 20 km from the urban centre. In general, contagion decreased between 1985 and 2020 for the entire landscape, suggesting that urban patches of Makkah where dispersion occurred in the early years had become more interspersed in recent years.





5. Discussion


The change detection results showed that all three cities were significantly changed between 1985 and 2020. However, the amount of change during each period varied from city to city. Most of the expansion in Riyadh occurred between 2000–2007, while the expansion in Jeddah and Makkah occurred between 1990–2000 and 2007–2014, respectively. The massive urban growth can be attributed to several factors. First, the government policy that was implemented during the last 40 years. The benefits provided by these cities for the economy of the country encouraged the government to direct development towards these cities. The second factor was the increase in migration towards the three cities. The features that are specific to each city make them attractive to those seeking a better life. Jeddah, for example, has long been recognised as a major commercial centre in Saudi Arabia [51], while in recent years Riyadh has become home to 34% of the production industry of the country [52]. Makkah is also witnessing growth in tourism due to the increasing number of pilgrims. These factors have resulted in a steady rise in migration to these cities that has mainly contributed to the urban expansion.



The shape of urban area can be identified through landscape metrics such as the area weighted mean patch fractal dimension. This metric can measure the degree of complexity and is accepted by researchers because it is normalised [4]. The results indicated that the urban form in Riyadh was relatively simple, while the urban area in Jeddah tended to be more complex and showed irregular form. This is likely due to two reasons. The first relates to the biophysical constraints (e.g., elevation and water) for each city. Vacant lands that are close to the urban areas are relatively flat in Riyadh, especially in the eastern, northern and western parts. These flat areas promote the growth of the city to occur at the edge of the existing development. In contrast, the elevated area in the eastern part of Jeddah and the coastal line in the western part force development to occur at the northern and southern sectors, where it is suitable for new construction. While urban growth was observed in the eastern part of the city, the urban patches were disconnected and separated from the main urban area, which is probably due to the topographic structure. The second reason may be attributed to socioeconomic characteristics. The city centre in Riyadh contains many government buildings, services and commercial agencies [53]. This allowed the expansion to start from the city centre and expand towards the outskirts, which indicates a circular or square expansion [54]. Unlike Riyadh, the city centre of Jeddah is less important, as most of the services and commercial agencies are decentralised.



Makkah, in contrast, has a different urban shape. Although urban growth was relatively simple in its early development during 1985 and 1990, the expansion of the urban area tended to be more complex from 2000 to 2020. In the early stage of development, urban areas were scattered around the city centre, which is the area of and around the Grand Mosque. In the past, that area contained almost all the commercial centres and needs for residents, which attracted people to live there. In addition to the commercial advantages, residents also chose to live around the city centre for religious purposes. In the 1980s, the government started to encourage residents and private sectors to evacuate the central area to accommodate pilgrims and visitors to holy places. The government provided financial compensation to the owners to leave their homes and businesses. This resulted in increased urbanization on the margins of the city. The recent urban growth was distributed mostly in the eastern, north-eastern and northern sectors. However, urban patches in these parts were disconnected due to the topographic constraints, which has mainly resulted in a complex urban form in the city.



The spatial structure of the three cities changed quickly between 1985 and 2020. The change has mostly occurred in the periphery areas (greater than 20 km) of the selected cities that have developed rapidly in recent years. This is probably due to a change in the socioeconomic environment of the country. In the past, the structure of Saudi Arabian cities was in complete contrast with most cities in the western world. High-class residential developments were located in the central area [55] while the low-class residential areas occupied the peripheries. However, the western model has been applied in recent years, with the high-class residential areas locating to the peripheries. This has changed the periphery areas with the demand for high-quality residential developments in those areas.



The pattern of urban growth in the three cities has varied over time. The urban pattern in 1985 in Riyadh was relatively dispersed, especially on the fringes, but this has changed over time to an aggregated pattern. In the early development, urban growth occurred near road networks, but it was not close to the existing development. Later, urban areas were fused together in the city and have become less fragmented in recent years. The urban pattern in Makkah tends to be more fragmented. This is probably due to the natural topography that could inhibit growth to connect it to the other urban areas. New construction occurs wherever available and suitable vacant land can be found. Jeddah has shown a dispersed urban growth: the landscape of the city contains small urban patches that are not connected to other urban areas. The results indicate a lack of urban planning in the city.



While the rate of urban growth decreased between 2014 and 2020 in the three cities compared with other periods, urbanization is expected to increase in the future. The government is currently working to raise the economy of the country through reliance on the investment, tourism and industrial sectors. Major cities will be the target of these sectors due to the demand for the required infrastructure. Although accelerated urbanization is not necessarily aimed at achieving the anticipated economic growth [56], the government will continue to increase the rate of urbanization during the next few years to promote growth in the economy, especially in Jeddah and Riyadh. The expected expansion will require an effective planning policy that can manage the existing growth while simultaneously considering its impact on the natural environment.



Indeed, Saudi Arabia regularly undergoes a variety of environmental changes caused by its harsh environment, such as drought, water shortages and wind erosion [57]. Anthropogenic activity is known to cause more profound changes than natural phenomena and increase the stress on this sensitive environment [14,58]. Such developments have resulted in unprecedented changes and alterations to various components of the environment, such as hydrological processes, climatic systems, landscape ecology and various aspects of land cover patterns. Information regarding urban growth and its impact is urgently required to understand its spatial and temporal patterns, together with its spatial extent. This data could assist planners and ecologists in developing an appropriate and sustainable management strategy that might mitigate future impacts on the environment.



An analysis of urban land use patterns using landscape metrics could be conducted through a variety of procedures. As previous studies have implemented landscape metrics on whole urban boundaries [28,59] or along transects [60,61], the concentric rings procedure can track the changes in an urban area based on the distance from the core centre. Furthermore, it could localise the urban patterns not only in the developed urban areas, but also in the developing areas on the outskirts of cities. Studies that conducted landscape metrics using concentric rings could distinguish changes and patterns on the fringes of urban areas. For example, Seto and Fragkias [4] emphasised that the concentric rings capture development processes from the urban centre of various urban-rural areas. Ranagalage et al. [62] applied a gradient analysis using concentric rings around the urban core centre to capture the spatial distribution dynamics of land use and cover from the city centre to the rural areas. This is emphasised also in this research, in which the analysis of the concentric rings showed the urban patterns for each buffer during each period, including the outskirts.




6. Conclusions


Integrating remote sensing data and landscape metrics has proven to be useful in identifying urban growth patterns and processes. Remote sensing data can detect and track urban changes through space and time. Additionally, landscape metrics can determine the spatial configuration of urban areas. This research used satellite images and landscape metrics to identify urban growth patterns and processes in three of the most expanding cities in Saudi Arabia–Riyadh, Jeddah and Makkah–between 1985 and 2020. The spatiotemporal results indicate that all three cities experienced significant urban expansion during this time. Government policy has contributed significantly to the increase in urbanization by directing development to these cities for economic benefits. Regarding urban patterns and processes, the results indicate that Makkah and Jeddah showed a complex urban form, while urban growth in Riyadh was relatively simple. The spatial patterns of each city also varied among the three cities. Although urban pattern was relatively dispersed in the early stage of development during 1985 in Riyadh, the pattern changed to become more aggregated in recent years. The urban pattern in Jeddah was dispersed, while in Makkah, the urban pattern was fragmented. Urbanization is likely to increase in these cities in the future as the government attempts to reduce its dependency on oil and increase investment in the major cities by elevating the service industry.



This study provides essential information regarding the trajectory of urban growth in Saudi Arabian cities over the past four decades. This information is vital in providing an understanding of urban change patterns and to support the decision-making processes of planners and local authorities in the three cities. The quantification of urban change is also crucial for various ecological and environmental studies.



While the methods used in this research could identify the spatial configuration of urban growth in the three cities, incorporating socioeconomic and biophysical factors–such as population density, elevation and slope–into the statistical analysis could explain the reasons for the spatial pattern and shape of urban growth in each city. It is important to understand the causal factors that create an urban pattern within cities to facilitate better urban planning and to ensure sustainable development.
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Figure 1. The location of the study areas in Saudi Arabia. 
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Figure 2. Flowchart of the research methodology. 
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Figure 3. Urban expansion in Riyadh between 1985 and 2020: (A) 1985–1990; (B) 1990–2000; (C) 2000–2007; (D) 2007–2014; and (E) 2014–2020. 
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Figure 4. Urban expansion in Jeddah between 1985 and 2020: (A) 1985–1990; (B) 1990–2000; (C) 2000–2007; (D) 2007–2014; and (E) 2014–2020. 
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Figure 5. Urban expansion in Makkah between 1985 and 2020: (A) 1985–1990; (B) 1990–2000; (C) 2000–2007; (D) 2007–2014; and (E) 2014–2020. 
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Figure 6. A comparison of landscape metrics between Riyadh and Jeddah across buffer zones: (A) PLAND; (B) PD; (C) ED; (D) FRAC-AM; (E) ENN_EN; (F) ENN_SD; (G) NP; (H) CONTAG. 
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Figure 7. A comparison of landscape metrics between Riyadh and Jeddah for the entire landscape: (A) PLAND; (B) PD; (C) ED; (D) FRAC-AM; (E) ENN_EN; (F) ENN_SD; (G) NP; (H) CONTAG. 
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Figure 8. Landscape metrics of urban growth in Makkah across buffer zones: (A) PLAND; (B) PD; (C) ED; (D) FRAC-AM; (E) ENN_EN; (F) ENN_SD; (G) NP; (H) CONTAG. 
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Figure 9. Landscape metrics of urban growth in Makkah for the entire landscape: (A) PLAND; (B) PD; (C) ED; (D) FRAC-AM; (E) ENN_EN; (F) ENN_SD; (G) NP; (H) CONTAG. 
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Table 1. Information of Landsat data used in this research.
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City

	
Sensor

	
Path/Row

	
Date






	
Riyadh

	
TM

	
165–166/43

	
(13–20 January 1985), (14–15 August 1990), (18–25 August 2000)




	
ETM+

	
(20–29 July 2007)




	
OLI

	
(9–16 August 2014), (2–9 March 2020)




	
Jeddah

	
TM

	
170/45

	
(9 June 1985), (11 September 1990)




	
ETM+

	
(1 November 2000), (17 August 2007)




	
OLI

	
(29 September 2014), (24 May 2020)




	
Makkah

	
TM

	
169/45

	
(30 March 1985), (27 August 1990)




	
ETM+

	
(6 August 2000), (5 August 2007)




	
OLI

	
(5 August 2014), (15 April 2020)











 





Table 2. Urban landscape metrics used in this research. Information adopted from McGarigal et al. [45].
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	Metric (Abbreviation)
	Description
	Equation
	





	Percent of landscape (PLAND)
	A composition metric that measures the percentage of the landscape belonging to urban area.
	   P L A N D =  P i  =     ∑  j = 1  n    a  i j      A  ( 100 )   
	Pi = proportion of the landscape occupied by patch type (class) i; aij = area (m2) of patch ij; A = Area of the total landscape (m2).



	Patch density (PD)
	An aggregation metric that measures the fragmentation of urban landscape.
	   P D =    n i   A  ( 10,000 ) ( 100 )   
	ni = number of patches in the landscape of patch type (class) i.



	Edge density (ED)
	Describes the configuration of urban landscape.
	   E D =     ∑  k = 1  m    e  i k      A  ( 10,000 )   
	eik = total length (m) of edge in landscape involving patch type (class) i.



	Area weighted mean patch fractal dimension (FRAC_AM)
	A shape metric that measures the complexity of patches based on a perimeter to area ratio. Here, area weighting is applied for each patch.
	   F R A C =   2 ln   0.25  P  i j       ln  a  i j       
	Pij = perimeter (m) of patch ij.



	Mean of Euclidean nearest-neighbour distance (ENN_MN)
	An aggregation metric that summarises each class as the mean of each patch belonging to urban area.
	   E N  N  M N   = m e a n ( E N N [ p a t c  h  i j   ] )   
	ENN[patchij] = the Euclidean nearest-neighbour distance of patch ij.



	Standard deviation of Euclidean nearest-neighbour distance (ENN_SD)
	An aggregation metric that summarises each class as the standard deviation of each patch belonging to urban area.
	   E N  N  S D   = s d ( E N N [ p a t c  h  i j   ] )   
	



	Number of patches (NP)
	An aggregation metric that measures the fragmentation of urban area.
	   N P =  n i    
	



	Contagion (CONTAG)
	An aggregation metric that describes the probability of two random cells belonging to the same class.
	   C O N T A G = 1 +     ∑  q = 1    n a      p q  ln    p q        2 ln ( t )     
	Pq = the adjacency table for all classes divided by the sum of the table; t = the number of classes in the landscape.










 





Table 3. The accuracy assessment of urban land cover classification.
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Date

	
Riyadh

	
Jeddah

	
Makkah




	
Producer’s

	
User’s

	
Overall

	
Kappa

	
Producer’s

	
User’s

	
Overall

	
Kappa

	
Producer’s

	
User’s

	
Overall

	
Kappa






	
1985

	
92.7

	
96.2

	
97.8

	
0.93

	
88.1

	
98.0

	
97.1

	
0.91

	
88.9

	
93.5

	
96.9

	
0.89




	
1990

	
88.7

	
96.1

	
96.8

	
0.90

	
90.8

	
95.4

	
96.9

	
0.91

	
95.9

	
92.1

	
97.0

	
0.92




	
2000

	
96.4

	
93.9

	
97.8

	
0.94

	
93.3

	
95.6

	
97.7

	
0.93

	
97.1

	
94.3

	
98.0

	
0.94




	
2007

	
97.7

	
90.8

	
96.9

	
0.92

	
94.4

	
94.0

	
97.3

	
0.92

	
95.1

	
97.2

	
98.0

	
0.95




	
2014

	
96.9

	
95.4

	
97.7

	
0.94

	
94.1

	
90.7

	
96.5

	
0.90

	
97.2

	
92.7

	
96.8

	
0.93




	
2020

	
97.8

	
92.9

	
96.8

	
0.93

	
94.9

	
86.2

	
94.5

	
0.86

	
96.9

	
94.0

	
96.7

	
0.93











 





Table 4. The percentage increase in urban area in Riyadh for each period.






Table 4. The percentage increase in urban area in Riyadh for each period.





	
Distance (km)

	
Increase (%)




	
1985–1990

	
1990–2000

	
2000–2007

	
2007–2014

	
2014–2020






	
5

	
5.3

	
4.8

	
3.0

	
0.4

	
0.9




	
10

	
10.9

	
14.7

	
10.8

	
2.9

	
2.0




	
15

	
17.9

	
21.8

	
20.7

	
6.0

	
4.2




	
20

	
20.5

	
29.3

	
26.9

	
7.8

	
5.5




	
25

	
22.8

	
34.1

	
34.1

	
11.2

	
7.0




	
30

	
23.0

	
34.9

	
37.7

	
14.6

	
8.1




	
35

	
22.6

	
35.2

	
38.6

	
16.4

	
8.6




	
40

	
22.2

	
35.3

	
39.1

	
17.4

	
8.7




	
* >40

	
21.7

	
36.8

	
39.6

	
17.6

	
8.8








* >40 represents the whole city boundary.













 





Table 5. The percentage increase in urban area in Jeddah for each period.






Table 5. The percentage increase in urban area in Jeddah for each period.





	
Distance (km)

	
Increase (%)




	
1985–1990

	
1990–2000

	
2000–2007

	
2007–2014

	
2014–2020






	
5

	
17.4

	
12.9

	
4.5

	
4.2

	
2.4




	
10

	
26.8

	
18.3

	
6.4

	
5.3

	
2.1




	
15

	
33.2

	
28.9

	
10.5

	
10.4

	
4.2




	
20

	
33.9

	
33.2

	
13.0

	
21.0

	
6.9




	
25

	
35.1

	
37.9

	
13.7

	
26.8

	
8.5




	
30

	
35.7

	
39.7

	
15.5

	
29.9

	
9.6




	
35

	
36.5

	
39.9

	
17.4

	
33.4

	
10.5




	
40

	
36.7

	
39.9

	
18.0

	
35.6

	
11.7




	
* >40

	
37.7

	
40.7

	
18.6

	
36.7

	
13.0








* >40 represents the whole city boundary.













 





Table 6. The percentage increase in urban area in Makkah for each period.






Table 6. The percentage increase in urban area in Makkah for each period.





	
Distance (km)

	
Increase (%)




	
1985–1990

	
1990–2000

	
2000–2007

	
2007–2014

	
2014–2020






	
5

	
20.1

	
12.1

	
3.1

	
10.8

	
1.3




	
10

	
28.0

	
30.9

	
10.4

	
27.1

	
6.5




	
15

	
29.5

	
29.8

	
14.6

	
34.2

	
8.1




	
20

	
29.0

	
29.7

	
17.1

	
39.1

	
8.3




	
* >20

	
28.9

	
29.8

	
17.9

	
43.4

	
8.4








* >20 represents the whole city boundary.
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