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Abstract

:

This study aims to monitor the magnitudes, rates, and directions of spatial urban expansions east of Cairo and their interactions with the initial morphologic landscapes. The approach relies on using CORONA satellite images acquired in 1969 with fine spatial resolution and time series images of Landsat and ASTER from 1984 to 2020. The CORONA images enable retrieval of the initial morphologic components, whereas the Landsat and ASTER images enable the spatial urban expansions to be mapped. The magnitudes of spatial urban expansions have been massive, in the order of 165 km2. These expansions have occurred through four main temporal phases with different spatial extents, rates, and directions in response to common urban policies and socioeconomic settings. Assessing the interactions between urban expansions and the morphology of watersheds in the study area indicates that the directions of urban expansion have been opposite to the geospatial orientations of the watersheds. In addition, significant urban areas in the order of ~8 km2 are under the direct threat of flash floods because they are misplaced within the valley floors of the studied watersheds. The study concludes that successful spatial urban expansion should consider the morphologic characteristics of the initial landscape for the purpose of maximizing interests and avoiding or reducing potential hazards against urban settlements.
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1. Introduction


Urbanization patterns of residential landscapes have accelerated to ~55% of the world’s population and are expected to increase to 68% by 2050 [1]. Spatial urban expansion through landscapes occurs in response to many driving forces, such as socioeconomy and population growth [2,3], gross domestic product [4,5], transportation [6], and land use policy and urban planning [7]. The conversion of rural areas into urban areas is another reason to shifting residential patterns toward more urbanization [8,9]. Due to ever-increasing population rates, urban land use has significantly increased by 34% from 1980 to 2000 and is expected to double by 2030 [2,10]. Aligned with this worldwide trend, the urban population in Egypt is increasing at rates faster than the population of the entire country [11]. Accordingly, the concept of establishing new towns near the deserts has been a common policy in Egypt since the late 1970s [12,13].



The desert area east of Cairo has experienced extensive spatial urban expansions over the last six decades. The principal objectives of these expansions into the desert include relieving the high population density in the capital and the central cities of the governorates [14,15,16] and halting aggression against agricultural lands [17,18]. Three models of new towns—which are autonomous cities, twin cities, and satellite cities—were proposed, planned, and implemented throughout four generations starting in 1978 [16,19]. The majority of new towns in the area east of Cairo were established through the first, second, and third generations, and they were a mix of autonomous (e.g., the 10th of Ramadan City, 55 km to the northeast of Cairo) and satellite cities (e.g., Al-Obour and Al-Shorouk, 26 km to the northeast of Cairo and 37 km to the east of Cairo, respectively) [15,16,19]. The massive spatial urban expansions of the new towns have clearly occurred at the expense of the initial physiographic desert landscape in the area east of Cairo. These landscapes are basically comprised of fluvial watersheds of different morphologic, hydrologic, ecologic, and topographic characteristics. The effect of urbanization on these characteristics became a prime concern of many scientific disciplines worldwide [20]. Many environmental consequences could be initiated and propagated in response to spatial urban expansions in watersheds [2,21] unless these expansions follow sustainable urban planning and environmental policies.



Spatial urban expansions pose potential impacts to many aspects of watersheds, including water quality degradation [22,23], soil degradation [24,25,26,27], and local climate changes [28,29,30,31]. These potential impacts also include drastic changes in the ecological settings of watersheds [23,32,33,34]. In addition, the magnitude of surface runoff and total discharge within watersheds significantly increases in response to spatial urban expansion [35,36,37]. These hydrologic alterations can be strongly attributed to reducing the soil infiltration capacity within watersheds because increasing impervious urban layers results in an eventual high runoff coefficient [38]. These changes in hydrologic characteristics could explicitly expose urban areas within watersheds to water-related hazards [39,40,41]. Enormous changes could take place in stream networks and topographic characteristics under spatial urban expansion through watersheds [42]. The previous effects of spatial urban expansion through watersheds are highly expected to occur in the area east of Cairo. Nevertheless, limited studies have been carried out on the magnitudes, directions, and rates of spatial urban expansion in the area east of Cairo (e.g., [43,44]) and on the influence of these urban expansions against the morphologic, hydrologic, ecologic, and topographic characteristics of these watersheds (e.g., [45,46]). Therefore, it is vital that the magnitudes, rates, and directions of spatial urban expansion in the area east of Cairo and their interactions through watersheds be studied using efficient monitoring and analytical techniques, such as remote sensing and GIS.



The long-term and systematic acquisition of satellite images by the scientific community enables the retrieval of initial morphologic settings of landscapes and the monitoring of spatiotemporal changes of dynamic features, such as urban spatial expansion in, on, and/or within these landscapes [47,48,49]. Aerial photographs at appropriate spatial resolution are a potential choice for retrieving the initial settings of a landscape before any urban development. However, the acquisition of aerial photographs with high spatial resolution outside of cities and agricultural areas is rare. In addition, acquiring and processing aerial photographs is expensive and time-consuming. Therefore, CORONA satellite images at a high spatial resolution of up to 0.80 m that were taken in the 1960s and 1970s represent a strong alternative for monitoring the initial morphologic components of landscapes before any anthropogenic interventions. CORONA was a classified United States satellite image system that provided fine spatial resolution images during the 1960s and 1970s. CORONA images were declassified in 1995; since that time, CORONA images have been widely used in many applications [50,51,52,53]. Because of the high spatial resolution, CORONA images have recently been used in studies relating to urban expansion [3,54,55]. In addition, Earth observation satellites, such as Landsat, ASTER, and SPOT, allow scientists from many disciplines to manage spatial urban expansion throughout numerous geographic areas worldwide [56,57,58,59,60,61,62]. Observing the 1.8 spatial resolution CORONA images acquired in 1969 provides the unprecedented opportunity to explore the initial morphologic features of watersheds east of Cairo, and their spatial characteristics, in fine detail from totally different perspectives. Additionally, the long-term and systematic acquisition of optical images, such as those by the Landsat and ASTER satellites, enabled the monitoring of mass urban growth on an annual basis from 1986 to 2020. Careful investigations of both valuable data sets have allowed for the formulation of key questions. First, what are the magnitudes, rates, and directions of spatial urban expansions east of Cairo? Second, what are the initial morphologic and spatial characteristics of the watersheds where these spatial urban expansions have taken place? Third, did the spatial urban expansions consider the morphologic and spatial characteristics of watersheds in the studied area east of Cairo?




2. Study Area


The study area is located east of Cairo and extends over 300 km2. It is bounded from the east by Cairo Ring Road (CRR), from the north by Cairo Suez Road, from the south by Ain Al Sokhna Road, and from the east by the water divides of Wadi Hamid, Wadi Al Anqabiyah Al Murowyanah, Wadi Al Halazoni and the water divides of a sub-watershed of Wadi Degla (Figure 1). The study area is a significant geographic area of the geologically known Cairo-Suez District (CSD) zone in the north of the eastern desert of Egypt. The long and complex geologic and tectonic history of CSD greatly controls the lithologic composition, structural configuration, and topographic expressions of the study area. The bedrocks of the study area range in age from Upper Eocene to Recent. The Upper Eocene rocks occupy a wide strip to the north of Cairo-Ain As Sokhna road in the study area (Figure 1). The spatial extent of Upper Eocene rock is ~29 km2, representing 9.7% of the entire study area. It is composed basically of marly limestone with detrital interbeds [63,64,65,66]. To the north of the Upper Eocene rocks, the Oligocene rock units occupy wide spatial extents of 191.6 km2, representing 64% of the entire study area (Figure 1). The Oligocene surficial rock units occur as wide strips in the middle of the study area and are composed of sand and gravel units with silicified wood in the base and basaltic sheets at the top [63,67]. To the north of the Oligocene rocks and along the Cairo-Suez Road, the Miocene rock units, with a total of 68 km2 occur, representing 23% of the entire study area (Figure 1). The Miocene rocks are comprised of basal marine units overlayed by nonmarine rock units [64,68]. Finally, the Pliocene rocks unconformably overlay the Miocene rocks in a considerable area of 11.3 km2 in the northeast reaches of the study area (Figure 1). The Pliocene rocks are comprised of reworked carbonate rock units [65,69]. Rock formations from the Upper Eocene to the Miocene have experienced multiple tectonic deformations [64]. These deformations produced different structural ridges and basins with various fault mechanisms and geospatial distribution [70,71,72]. The high topographic representations in the study area occur in association with the Upper Eocene rocks in the south of the study area along Ain As Sokhna Suez road. However, the regional topography of the study area shows a decreasing trend in the north and northwest directions. These regional topographically decreasing trends are interrupted by E–W and WNE–ESE elongated ridges south of Cairo-Suez Road, along with scattered isolated hills. Between the ridges of high topography in the south and middle of the study area, gently sloping lowlands occur. The elevations of the study area range from 139 to 470 m, with an average of 300 m indicating high potential energy for developing mass movements. The geologic and tectonic settings, along with the topography, allow the formation and development of watersheds with mature stream networks in the study area in response to infrequent rainstorms.



The area located east of Cairo contains drainage basins of different spatial extents and downstream orientations (Figure 1). The Wadi Al-Forn drainage basin (called the W. Heliopolis drainage basin in the literature) is considered one of the largest basins east of Cairo, with a total area of ~960 km2. To the east of the W. Al-Forn drainage basin, the W. Al-Gafra is the largest drainage basin east of Cairo, with a total area of 1466 km2. The outlet of the W. Al-Forn drainage basin heads up to the west at a location northeast of Cairo (Figure 1). The Wadi Degla drainage basin is the third largest drainage basin east of Cairo, with an area of 250 km2. The W. Degla drainage basin is an elongated east-to-west–oriented basin with an outlet heading to the Nile River south of Cairo at Al-Maadi city (Figure 1). Three small, nested watersheds occur southward between the W. Al-Forn drainage basin and the W. Degla drainage basin: the W. Al-Ezzam, W. Al-Halazoni, and W. Al-Wattwatt watersheds (Figure 1). The total area of the three nested watersheds is 118 km2. Each drainage basin hosts whole or significant portions of the new urban settlements east of Cairo. For instance, the W. Al-Forn drainage basin hosts the largest portions of spatial urban expansions of new towns east of Cairo. These include El Shorouq city, Al-Obour city, Badr city, Madinaty, and Al-Mostakbal city (Figure 1). Similarly, the spatial urban expansions of the last decades have occupied entire small, nested watersheds and significant areas of the upstream reaches of the W. Degla drainage basin (Figure 1). These vast spatial urban expansions have also been supported by the establishment of efficient transportation systems.



In the area east of Cairo, powerful radial and ring road networks were established as infrastructure for the new urban settlements. The radial roads include the Cairo to Ain Al-Sokhna road in the south, the Cairo to Suez and Cairo to Ismailia roads in the middle, and the Cairo to Belbees road in the north (Figure 1). These radial roads connect the new urban settlements with Cairo in the west and the major cities and districts of Egypt in the east (Figure 1). To connect the new settlements with each other and with the northern and southern districts of Egypt, a powerful set of ring roads was also established; these include the CRR, the Middle Ring Road, and the Regional Ring Road (Figure 1). The effect of road networks on the magnitudes, rates, and directions of urban growth is remarkable, not only in the area east of Cairo but worldwide as well [73,74,75].



The spatial urban expansion east of Cairo was initiated after the establishment of the CRR in 1986. The landscape of the study area has entirely changed during the 34 years extending from 1986 to 2020 (Figure 2). The 1986 Landsat image shows that the study area was a barren land with primarily well-developed surface stream networks (Figure 2). These networks were organized to form the fundamental landscape morphologic units in the study area comprised of arid watersheds (Figure 2). These watersheds had different directions, shapes, spatial extents, and topographies. For instance, the principal orientations of these watersheds were north–south, northwest–southeast, and northeast–southwest (Figure 2).



Massive spatial urban expansions have taken place over these watersheds of complex morphologic characteristics over the last 34 years. Monitoring the annual spatial urban expansion in the study area using time series imagery through the time period 1986 to 2020 provides an opportunity to study the temporal and spatial changes in the magnitudes, rates, and directions of the spatial urban expansion. In addition, the study analyzes whether the spatial urban expansions have considered the complex morphological characteristics of watersheds in the study area.




3. Materials and Methods


To achieve the objectives of the research, a reliable research approach was proposed. The approach relied on geospatial and cartographic frameworks based on remote sensing and GIS technologies. In this perspective, time series images from Landsat and ASTER satellites were used to observe, retrieve, and map the spatiotemporal changes in the urban mass of the study area from 1986 to 2020. On the other hand, the CORONA images acquired in 1969 were used to retrieve the initial morphologic features before any spatial urban expansion took place. Various geospatial and cartographic analysis functions and operations were then enforced on the produced GIS layers and digital elevation model (DEM) to characterize and assess the spatial relationships and interactions between spatial urban expansion and the initial morphologic landscape. The overall research design is shown in Figure 3. The following research procedures were followed.



3.1. Data Acquisition and Preprocessing


Satellite imagery of Landsat systems, including Thematic Mapper (TM), Enhanced Thematic Mapper Plus (ETM+), and Operational Land Imager (OLI) sensors, were acquired on an annual basis from 1986 to 2020. Two ASTER images from 2007 and 2012 were acquired instead of Landsat images because of the failure in the scan line corrector mechanism of Landsat 7 after 2003 [76] (Table 1). Landsat and ASTER images were downloaded from the Earth Explorer (https://earthexplorer.usgs.gov/ [accessed on 15 May 2022]) and Global Visualization Viewer (https://glovis.usgs.gov/app [accessed on 15 May 2022]) websites. The CORONA images had been a potential source of historical data [77] since their declassification in 1995.



CORONA was a series of spy satellites equipped with various panoramic cameras designated by keyhole (KH). These camera models included KH-1, KH-2, KH-3, KH-4, KH-4A, and KH-4B. System specifications and camera model characteristics are given in detail in [78]. The CORONA satellite equipped with KH-4B provided images from September 1967 to May 1972. These images were characterized by fine spatial resolution details in the order of 1.8 m [79] for appropriate urban mapping [80] and for discrimination between different surface features [81]. Two CORONA images of frames 014 and 015 were acquired on 9 December 1969, by the CORONA satellite designator KH-4B on mission number 1108-1. Data specifications of Landsat, ASTER, and CORONA images are presented in Table 1. The CORONA images that cover the study area were accurately georeferenced using a reference Landsat TM image acquired in 1984. The Shuttle Radar Topographic Mission (SRTM) DEM with a spatial resolution of 30 m was used to determine various topographic characteristics, such as elevation, slope, and hillshade. The topographic maps of scale 1:50,000 covering the study area were obtained, scanned, and projected to identify various landforms and valleys and to recognize the major landmarks in the study area. A priori-knowledge of Egyptian housing policies was collected from further studies and reports published on the website of the Ministry of Housing, Utilities, and Urban Communities.




3.2. Data Automation, Analysis, and Assessment


Landsat and ASTER images were both subsetted to the boundaries of the study area. Subset images were processed to enhance their visual characteristics. Enhanced images were displayed for on-screen digitization to automate GIS shapefiles of urban mass and road networks on an annual basis from 1986 to 2020. The total annual urban mass was then calculated and graphically represented to define and discriminate the major time phases of spatial urban expansions. Time phases of urban mass growth were then recognized and compared with the urban policies adopted by the Egyptian authorities and other social constraints. The rates of urban growth within each time phase were calculated and discussed. The directions of spatial urban expansions were calculated and plotted using Excel software.



The CORONA images were subsetted to the boundaries of the study area and enhanced visually. The fine spatial 1.8 m resolution of these images qualified them for accurate definition and mapping of the various initial morphologic features in the study area, such as stream networks, watersheds, the centerlines of the major valleys of watersheds, and the boundaries of the main valleys of watersheds. In addition, many other structural origin features were clearly identified and mapped in the study area, such as structural ridges, dip slopes, and scarp slopes. The overlay analysis was used to compare the directions of spatial urban expansion with the geospatial orientation of structural features, water divides of watersheds, and the main valleys. In addition, the overlay analysis helped define urban masses that are directly located within the spatial extents of the valley floors of watersheds in the study area (Figure 3). To assess the possible impacts of the opposite expansion of urban growth against the geospatial orientation of watersheds, an E–W transverse topographic profile was constructed using DEM. To determine the potential of watersheds for producing flash floods, the topographic analysis of the main valleys was conducted using 3D interpolating shapes and zonal statistics. The 3D interpolating shapes of the centerlines of the main valleys enabled the production of longitudinal profiles of these valleys. Zonal statistics helped define the mean elevations and reliefs of the polygons of the main valleys for eventual evaluation of the potential of watersheds for producing significant flash floods. Using the above research design, it was possible to outline, understand, and discuss the interplay between the spatial urban expansion and the initial morphologic features in the study area through critical considerations, such as whether the directions of the spatial urban expansions are aligned with the geospatial orientations of watersheds, whether the watersheds in the study area are capable of producing flash floods, and whether the spatial urban expansions are vulnerable to the hazards of flash floods.





4. Results


4.1. Regional and Morphologic Setting of the Study Area


The acquisition and 1.8 m fine resolution of old CORONA images provided the opportunity to retrieve the initial landscape of a given geographic area in high detail. Using these images, it was possible to accurately determine the boundaries of the major basins east of Cairo. The W. Heliopolis drainage basin is one of the largest basins east of Cairo. The basin has a circular shape, with its main outlet in locations west of the El-Khanka sand accumulations (Figure 4). The basin is comprised of two sets of watersheds—a northern set and a southern set (Figure 4). They have different shapes and orientations. The southern set has watersheds in a longitudinal, snake-like shape, whereas the northern set has a triangular shape (Figure 4). The orientations of the watersheds in the southern set are northwest and north–northwest; the orientations of the northern set are south and southwest (Figure 4). These orientations allow the main valley to deliver masses of water and sediment into two trunk valleys that head west toward Al Salam City (Figure 4). To the southwest of the W. Heliopolis drainage basin, three watersheds occur: the W. Al-Ezam, W. Al-Halazoni, and W. Al-Wattwatt watersheds (Figure 4). These watersheds are longitudinal, have snake-like shapes, and resemble the shape of the southern set of W. Heliopolis’ sub-basins; however, the trend is in a northwest direction (Figure 4). The geospatial configurations of all watersheds and their shapes are direct consequences of long tectonic processes and their related structural manifestations in the CSD in the northeastern desert of Egypt.



The CSD has experienced a long tectonic history that has resulted in faulting and folding processes. These processes have produced structural ridges trending east–west, with northward dipping planes and southward scarp slopes (Figure 5). Between these major structural ridges, three tectonic fault trends exist that are north–northwest, northwest, and east–northeast (Figure 5). All of these faults are normal faults, and their faulting criteria include steep dipping planes and high throws [71,72,82], producing structural ridges and basins with distinctive topography throughout the study area (Figure 5). The orientation of normal faults and the geospatial characteristics of their structural ridges and basins represent the principal driving forces that develop watersheds and their associated stream networks (Figure 5). From this perspective, the orientation of the longitudinal, snake-like watersheds is primarily attributed to the influence of the north–northwest and northwest trending faults. In addition, the major valleys of these watersheds follow the original dip slopes of major east–west faults and the structural ridges and basins produced from the north–northwest, northwest, and east–northeast faults. Alternatively, the triangular southward drainage watersheds occur in association with the scarp slopes of the structural ridges produced from the east–west trending faults (Figure 5). The regional setting controls the shape, orientation, and water divides of all watersheds, along with the orientations of their associated main valleys, and also controls the morphologic characteristics inside each watershed in the study area.



The study area comprises the upstream reaches of the north–northwest trending watersheds of W. Heliopolis, the upstream reaches of the nested northwest trending watersheds, and the northern upstream reaches of W. Degla (Figure 6). All the watersheds have trunk valleys defined by a name in the topographic maps of scale 1:50,000 (Figure 6). As the upstream reaches of W. Degla have so many small triangular southward trending watersheds, these watersheds can be categorized into four main watersheds: W. Degla 1 (WDG 1), W. Degla 2 (WDG 2), W. Degla 3 (WDG 3), and W. Degla 4 (WDG 4) (Figure 6). The CORONA images acquired on 9 December 1969, with a 1.8 m spatial resolution, enabled a clear definition of the boundaries of these watersheds (Figure 6). The boundaries of all watersheds are high and connect topographic edges that separate the given watershed from the surrounding watershed(s) (Figure 6). In addition, all boundaries of watersheds are fully and/or partially aligned well with the main east–west, north–northwest, and northwest tectonic fault trends. The foremost and highest topographic boundary in the study area is the east–west topographic boundary that separates both the north–northwest and northwest watersheds from the southward trending watersheds of W. Degla (Figure 6). Maintaining the boundaries of the main watersheds through urban planning is critical for successful watershed hydrological management in the study area. Three major landscape components exist within the topographic boundaries of each watershed that are highly important for successful spatial urban expansion in watershed landscapes; these components include stream networks, hillslopes, and structural lineaments.



The stream networks of all watersheds are well developed (Figure 6), indicating a high potential for water erosional processes and potential topographic differences. Each watershed has a main valley that receives water and sediment from the adjacent hillslopes. The main valleys are not primarily located in the middle of watersheds throughout the study area, implying the dominance of tilted strata within all the watersheds. The main valleys of the north–northwest and northwest trending watersheds are antecedent streams; their upstreams initiate from the crest of the main east–west cuesta that represents the highest topographic boundary within the study area (Figure 6). These valleys follow the prevalent northward dip slope trend in the north–northwest and northwest directions to their downstream reaches. Through their courses from the upstream to the downstream reaches, these valleys represent the main water paths in the study area. The locations of these valleys and their geometric characteristics should be maintained rather than improved under the stresses of spatial urban expansion for the purpose of efficiently discharging any possible surface runoff.



Throughout the study area, numerous numbers of stream branches conjoin the main valleys of watersheds. These stream branches discharge the adjacent hillslopes, which are characterized by different geospatial orientations rather than having dip slope and scarp slope sides, of tilted strata. Clearly, the study area has a complex morphologic setting inherited from a complex history of interaction between the tectonic and erosional forces. This interaction has produced salient morphologic landforms, such as watersheds, stream networks, and hillslopes. In this context, these hillslopes could be considered the principal land blocks or rock blocks for possible planning of spatial urban expansion. The principal concern is whether the massive spatial urban expansions have considered the morphologic setting of the study area. This research aims principally to test this hypothesis by studying the magnitudes, rates, and directions of spatial urban expansions and their spatial relationships with the geospatial orientations of the watersheds and their potentials for developing flash floods.




4.2. Spatial Urban Expansion


The systematic and regular acquisition of satellite images from the Landsat and ASTER earth observation systems enables scientists from different disciplines to monitor monthly and yearly dynamic spatial features, such as urban expansion. Images were collected on an annual basis for a 34-year period to monitor massive spatial urban expansions that occurred in the study area east of Cairo. Through this time period, a spatial urban expansion that was initiated with limited spatial extents from the 1980s to 2000 became rapid urban growth from 2000 to 2020 (Figure 7). The rates of urban growth varied at times throughout the entire study period in response to socioeconomic factors and the various regulations of urban policies. The spatial urban expansion in the study area east of Cairo can be categorized into four phases, according to the remarkable changes in the total urban mass and the growth rates (Figure 7).



In the first phase, extending from 1986 to 2000, the CRR was established. The early spatial urban expansion occurred in scattered locations to the east of the CRR. The urban growth rate was limited in the first phase in the order of 0.48 km2/yr from 1986 to 1995. The real urban expansion in the first phase occurred in 1996 in response to an urban expansion policy that Egypt adopted in the north and northeasterly directions. Accordingly, the development of the road network was massively accelerated through the last four years of the first phase, from 1996 to 2000. Through this time period, the spatial urban expansion extended to occupy a total area of 60 km2, with a tangible growth rate of 10.5 km2/yr.



The second phase of urban expansion occurred from 2001 to 2006 (Figure 7). In this phase, the total urban expansion reached 90 km2, with a rate in the order of 3.1 km2/yr. The principal direction of the urban growth was in the east, parallel to the main radial roads perpendicular to the CRR.



The third phase of spatial urban expansion occurred from 2007 to 2011 (Figure 7). The total area of spatial urban expansion east of Cairo reached 110 km2. This expansion was in the east on both sides of the main roads—90th Street and North 90th Street. Both roads accelerated the increase of the urban populations in these urban satellites; however, the rate of urban growth in the third phase was similar to the second phase in the order of 3.2 km2/yr.



The fourth phase extended from 2012 to 2020 and can be subdivided into two subphases: the 2012–2014 subphase and the 2015–2020 subphase (Figure 7). The rate of urban growth in the first subphase declined from the previous phase and was in the order of 0.5 km2/yr. The principal cause of this declination was the social instabilities that occurred in 2011 and the subsequent few years. In the second subphase of 2015–2020, spatial urban expansion revived again and reached a total area of 165 km2, with a high rate of urban growth in the order of 7.8 km2/yr. The principal area of spatial urban expansion in the last phase occurred in the northeast and east. The high rate of spatial urban expansion and its direction was potentially influenced by the establishment of the new administrative capital that is located directly to the east of the study area. These massive spatial urban expansions occurred over the various morphologic components in the study area. The pattern of interactions between the spatial urban expansion and some of the morphologic features in the study area are defined, analyzed, and assessed in the following discussion.





5. Discussion


The landscape is the backdrop for all human activities and ecosystems. Each landscape is comprised of distinctive morphologic and topographic characteristics that are controlled by particular earth surface processes. The principal earth surface processes in the study area are the fluvial processes. These processes develop surface runoff within topographically delineated watersheds in response to infrequent precipitation. Surface runoff produces masses of water and sediment from the upstream reaches of watersheds through the transportation systems (i.e., major valleys) to the downstream reaches of watersheds, where outlets are located. The interaction between surface runoff and the morphologic features and topographic parameters produces various landforms, such as stream networks and hillslopes. Accordingly, in response to the fluvial processes, the study area comprises many watersheds that include well-developed stream networks over hillslopes of tilted strata. In the following sections, the interplay between the spatial urban expansions and the spatial characteristics of watersheds, stream networks, and hillslopes will be presented and discussed from two perspectives—these are the geospatial orientation of watersheds and the spatial locations and extents of the main watershed transportation systems (i.e., major valleys) in the study area.



5.1. Spatial Orientation of Watersheds


Sixteen main watersheds can be recognized in the study area. In response to the regional structural settings previously discussed, the boundaries of the watersheds and their major transporting valleys follow the major structural trends. Consequently, nine watersheds trend in the north–northwestern directions, three watersheds trend in the northwestern directions, and the watersheds of the W. Degla drainage basins trend in the southern directions. The primary topographic boundaries of the watersheds (water divides) and their main valleys determine the major spatial orientations of the watersheds. To determine whether the directions of spatial urban expansions align with the geospatial orientations of watersheds, a rose diagram of the urban growth was created for the previously defined four phases; these are 1986–2000, 2001–2006, 2007–2011, and 2012–2020. Figure 8 was produced with the satellite images acquired at the starting and ending dates of each phase. Both images are overlaid by the spatial extents of urban expansion through the phase. The rose diagrams of each phase are placed between the starting and ending images of each phase. In addition, the boundaries of watersheds are also displayed in the images. In the first phase, extending from 1986 to 2000, the spatial urban expansions were primarily in the northeastern direction, with a secondary northerly direction (Figure 8). In the phase of 2001 to 2006, the spatial urban expansions occurred principally in the northeastern direction (Figure 8). In the phase of 2007 to 2011, the spatial urban expansions were principally in the eastern direction, with a secondary northeastern direction (Figure 8). Finally, in the last phase, extending from 2012 to 2020, the spatial urban expansions in the study area were massive and equivalent in both the northeast and eastern directions (Figure 8). Overall, the net directions of the spatial urban expansions through the entire period extending from 1986 to 2020 have occurred basically in the northeast, with subordinate directions in the north and east (Figure 9). These directions may be controlled by road networks (Figure 8 and Figure 9) or by other administrative and urban planning policies. Plainly, the northeastern and eastern directions of spatial urban expansions are opposite to the principal geospatial orientations of both water divides and main valleys of watersheds in the study area (Figure 8 and Figure 9).



This opposition has resulted in the aggression of spatial urban expansions against the main morphologic components of the landscape, including water divides, main valleys, and the adjacent hillslopes around the main valleys. These morphologic components have distinctive topography at various regional and local scales. On the regional scale, the topography of the landscape varies significantly from 378 m in the east to 247 m in the west, with a total elevation difference in the range of 131 m (Figure 10). On the local scale, the eastern and western water divides of all watersheds present remarkable elevation differences, with the exception of W. Umm Russaiss (Figure 10). Similarly, all watersheds show high internal topographic variations with the exception of W. Umm Russaiss (Figure 10). Because the spatial urban expansions occur opposite to the geospatial orientations of the watersheds, these east–west elevation differences could represent core challenges to urban expansions. This setting would compel the urban planner to conduct planation processes on the landscapes before urban construction (Figure 11). Planation processes definitely change the topographic characteristics of the areas holding water divides. Altering the topographic characteristics in these areas could potentially displace the water divides in new locations. Watershed sizes could then be changed, resulting in increased sizes of some watersheds at the expense of the occupied areas adjacent to these watersheds. Accordingly, it is recommended that the hydrological parameters of all watersheds in the study area be studied and analyzed with these new morphologic and topographic settings for the purpose of establishing proper strategies to avoid flash flood hazards.




5.2. Spatial Relationships between Urban Spatial Expansions and Main Valleys of Watersheds


All watersheds have well-developed stream networks indicating the mutual interplay between potential topography and surface runoff. Each watershed has a main trunk valley that transports masses of water and sediment from the upstream hillslopes through stream networks. Morphologic and morphometric investigations of the main valleys imply high potentials for transporting masses of water and sediment. The main valleys actively incise in the bedrock without developing alluvial plains. They tend to be straight with sharp edges. The longitudinal topographic profiles of the main valleys were extracted from the DEMs of spatial resolution 30 m using the GIS 3D interpolation function technique of vector lines (Figure 12). The longitudinal topographic profiles indicate high potentials for the main valleys of watersheds to transport masses of water and sediment from the surrounding hillslopes into the main downstream reaches (Figure 12). The average elevations of the main valleys range from 202 m for W. Al Bondairah (a very short distance represented in the study area) to 357 m for Wadi Degla 4, with a mean value of 275 m asl (Figure 13). W. Degla 4, W. Degla 3, W. Al Halazoni, W. Umm Russaiss, W. Al Nasouri, and W. Al Anqabiyah have the highest elevation values (Figure 13). Most of these valleys also have the highest reliefs, ranging from 236 m for W. Al Anqabiyah to 248 m for W. Al Nasouri, 263 m for Degla 1, and 287 m for W. Al Halazoni (Figure 13).



The analysis of longitudinal profiles, elevation means, and reliefs of the main valleys strongly indicates that the main valleys of the watersheds in the study areas have a high potential to develop powerful flash floods in response to infrequent rainstorms in the arid regions. The potential of these valleys to develop flash floods entails leaving the valley floors free from any urban expansion in order to avoid the hazards of possible flash floods. However, analysis of visual interpretations of the multi-temporal satellite imagery can help recognize the spatial relationships between spatial urban expansion and the valley floors of watersheds (Figure 14). Urban expansions have primarily occurred within the main valleys of watersheds in the study area (Figure 14). The hazards of flash floods alongside urban expansions within the main valleys in the study area have been reported and documented over the last few years [46]. Using GIS analytical functions and operations, it is possible to determine urban masses that are under the direct threat of flash flood hazards (Figure 15). A total area of 8.14 km2 of urban areas is directly located within the valley floors of the studied watersheds. The spatial extents of these urban areas vary from one valley to another (Figure 15). The urban areas threatened by flash floods increase in W. Al Halazoni, W. Al Nasouri, W. Umm Russais, and W. Al Wattwatt, reaching 2.0, 1.3, 1.0, and 0.9 km2, respectively (Figure 15). Limited urban areas under the threat of flash floods are recorded in other valleys (Figure 15). The valley floors of W. Hamid and W. Degla 4 did not have any spatial urban areas under the threat of flash flood hazards until the spatial urban expansion in February 2020 (Figure 15).





6. Conclusions


Successful spatial urban expansion should adhere to appropriate watershed management practices. Earth observation satellite imagery enabled retrieval of the initial morphologic features before any spatial urban expansions. The CORONA images taken in 1969 with high spatial resolution enabled accurate tracking of watershed morphologic features, such as boundaries of watersheds, stream networks, and hillslopes, along with the spatial locations and extents of main valleys. The Landsat TM and ASTER satellites provided annual images of the study area extending from 1986 to 2020. The annual spatial urban expansions were automated into GIS layers for determination of the annual magnitudes of urban masses along with urban growth rates and directions. The study indicates that massive spatial urban expansions have occurred throughout the studied time period, with different rates in each phase of these expansions. The directions of spatial urban expansions have occurred principally in the northeastern directions, which are opposite to the geospatial orientations of the studied watersheds. The conflicting spatial urban expansions to the geospatial orientations of watersheds would strongly result in significant changes in topography through the planation processes of the urban construction.



These topographic changes may result in potential disturbances in the hydrologic parameters of watersheds in the study area. In addition, the topographic analyses asserted that the main valleys of the studied watersheds have a high potential for transporting masses of water and sediment from the surrounding hillslopes into the downstream reaches of the watersheds. Therefore, these main valleys can produce potential flash floods in response to rainstorms that occur intermittently in arid regions. The overlay and cartographic GIS analyses helped define and quantify urban areas that are located within the main valleys of the studied watersheds and are under direct threat of flash flood hazards. The potential of these main valleys to produce strong flash floods is expected to increase in response to the extensive spatial urban expansion throughout these watersheds. This study clearly indicates that the once bare arid fluvial watersheds in the area east of Cairo have been transformed into urban watersheds over the last few decades. Given this irreversible transformation, it is critical to carefully study and reassess the morphologic, topographic, and hydrologic characteristics of these urban watersheds to adopt successful watershed management strategies for the purpose of achieving social and environmental safety.
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Figure 1. The location of the study area. 
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Figure 2. The spatial pattern of the spatial urban expansion through the time period 1986–2020. 
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Figure 3. Flow chart of the research methodology. 
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Figure 4. Regional morphologic and geospatial setting of the major drainage basins and their sub-watersheds in East Cairo. 
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Figure 5. The major tectonic fault trends in the areas east of Cairo. 
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Figure 6. The upstream reaches of NNW and NW watersheds and the northern upstream reaches of W. Degla watersheds. 
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Figure 7. Urban mass growth between 1986 and 2020 per km2. 
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Figure 8. The directions of spatial urban expansions through the main time periods extending from 1986 to 2020. 
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Figure 9. The overall directions of spatial urban expansions and the orientation of water divides and main valleys of the studied watersheds. 
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Figure 10. East–west variation of topography across watersheds in the study area (the vertical dashed lines represent the locations of the main valleys in watersheds). 
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Figure 11. The aggression against water divides (A), the internal hillslopes (B), and planning across the major trunk valley of W. Al Halazoni (C). 
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Figure 12. The longitudinal topographic profiles of the main active channels of watersheds in the study area. 
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Figure 13. The mean elevations and reliefs of the main valleys of watersheds in the study area. 
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Figure 14. The aggression of urban spatial expansion against the valley floors as demonstrated by the comparison between CORONA and Landsat OLI images acquired in 1969 and 2020, respectively. 
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Figure 15. Urban mass that is under threat of flash flood hazards within the watersheds in the study area east of Cairo. 
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Table 1. Technical specifications of remote sensing imagery used in this study.






Table 1. Technical specifications of remote sensing imagery used in this study.





	
Satellite

	
Landsat

	
ASTER

	
CORONA






	
System/Camera

	
Optical satellite systems

	
Designator KH-4B




	
Sensor/Camera type

	
TM

	
ETM+

	
OLI8

	
ASTER

	
J-3, panchromatic




	
Acquisition dates

	
1986–1998

2004–2006

2008–2011

	
1999–2003







	
2013–2020





	
2007

2012





	
9 December 1969




	
No. of images

	
20

	
5

	
8

	
2

	
4




	
Spatial resolution (m)

	
30

	
30

	
30

	
30

	
1.8




	
Mission

	
Landsat 4–6

	
Landsat 7

	
Landsat 8

	

	
1108-1




	
Data frames

	
176/039

	
176/039

	
176/039

	
Two Granules

	
014 & 015




	
Ground coverages (Kkm2)

	
180 × 180

	
180 × 180

	
180 × 180

	
60 × 60

	
13.8 × 188




	
Orbit inclination

	
98.2

	
98.2

	
98.2

	
98.2

	
15
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