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Since the 1970s oil boom, nations surrounding the Arabian Gulf have witnessed rapid coastal urbanization, which accelerated in the early 2000s with the emergence of large-scale coastal ‘mega-projects’ designed to accommodate growing populations, attract international investments, and promote tourism. This development surge has had profound environmental impacts, including significant habitat modification, land use and land cover (LULC) change, and increased environmental pressure. Remote sensing (RS) technologies have become indispensable tools for monitoring these changes, offering cost-effective and non-intrusive methods to map and assess coastal zones. However, RS applications across the Arabian Gulf have been spatially limited, often focusing narrowly on specific cities or habitats while neglecting the broader geographical and coastal dimensions of urbanization. This study addresses this gap by conducting a systematic review of peer-reviewed RS literature from 1971 to 2022, covering the coastal regions of the eight nations bordering the Arabian Gulf. A total of 186 publications were categorized into three focal areas: 1) coastal urbanization and LULC, 2) coastal and marine habitats, and 3) environmental pressures and state changes. The results reveal a significant increase in RS studies in recent years, with around two-thirds of the publications (64.3%) appearing between 2016 and 2022. Studies predominantly focused on environmental pressures and state changes (35%), followed by habitat modification (27%), and coastal urbanization (20%). Geographically, RS research primarily concentrated on the coasts of the southern Gulf (UAE and Qatar) and western Gulf (Bahrain and Saudi Arabia), where major urban centers are located, while the northern Gulf (Kuwait and Iraq) and Iranian coast have been less studied. The systematic review highlights the need for integrated RS and GIS-based monitoring systems that combine different sources of RS data and in situ measurements to evaluate the Gulf as a unified system. Expanding spatial coverage, enhancing temporal analysis, and fostering regional collaboration are necessary to improve the understanding and management of coastal urbanization and environmental changes in the Arabian Gulf. This approach will more effectively inform decision-makers, and support more sustainable coastal management and long-term environmental resilience in the region.
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1 INTRODUCTION
The accelerated modification of landscapes and seascapes at global scales has produced a variety of environmental impacts on coastal ecosystems, despite these being some of the most biodiverse and economically valuable ecosystems on Earth, where nearly half of the human population and two-thirds of the world’s megacities are located (Burt, 2014; Burt and Bartholomew, 2019). The magnitude of this matter has been notably pronounced in the Arabian Gulf (also known as the Persian Gulf and hereafter referred to as the Gulf) - a water body with geopolitical significance in the energy and trade sectors, but also underappreciated importance for the marine ecosystems that line its shores. These include saltmarshes, mudflats, sabkhas (salt flats) and mangrove forests in the intertidal zone, as well as algal beds, seagrass meadows and coral reefs in nearshore habitats (Burt, 2014; van Lavieren et al., 2011; Vaughan et al., 2019). As a subtropical sea lying between 24°N and 30°N latitude and 48°E and 57°E longitude, the Gulf operates as a biogeographic extension of the Western Indian Ocean (Burt et al., 2011). Its shallow depths (mean: 30 m) and geographic isolation from the Indian Ocean position it as one of the most extreme seas on Earth, with waters characterized by hyper-salinity, highly variable and severe temperatures (12°C–36°C annually), high turbidity and intermittent hypoxia (Burt and Paparella, 2023). While each of these natural stressors affect the physiology of marine organisms, they are also overlain by anthropogenic pressures arising from the growth of coastal populations (Friis and Burt, 2020).
The eight states surrounding the Gulf, consisting of Oman, the United Arab Emirates (UAE), Qatar, Bahrain, the Kingdom of Saudi Arabia (KSA), Kuwait, the Republic of Iraq, and the Islamic Republic of Iran, have witnessed rapid urban development over the past five decades. This development can be distinctly observed by the regional quadrupling of the population from 48 million in 1971 to 189 million in 2021 (Figure 1) (Asghar Pilehvar, 2021; Burt and Bartholomew, 2019). While the ancient settlements of Dilmun in Bahrain (3,000 BC to 400 BC), Um Alnar in Abu Dhabi (2,800 BC), and Failaka in Kuwait (2,300 BC), among others, show that urbanization is not a novel phenomenon in this region, scholars suggest that it is the nature and rate of such urban development have drastically increased since the discovery of oil and gas and through the ensuing migration, economic initiatives, and social welfare policies enacted (El-Arifi, 1986; Ramadan, 2015). Presently, the Gulf has assumed a key geo-economic role as a major maritime conduit by carrying approximately 21 million barrels of oil daily to the world (U.S. Department of Energy, 2019). And, despite country-level variations in urban rates and increased levels of prosperity for coastal communities, it has become increasingly clear that rapid urbanization has exerted substantial pressure on coastal ecosystems.
[image: Figure 1]FIGURE 1 | The population growth in the eight Gulf countries from 1971 to 2021 in million (M) (Source: World Bank (World Total Population)(12)). The growth percentage over the 50-year period is indicated at the end of each line.
The prominent features of urban development, including the iconic coastal mega-developments characterized by quay walls, piers, breakwaters, and accompanying infrastructure along coastal cities, as well as the exurban industrial networks supporting these burgeoning urban populations, resulted in significant coastal footprints. These have been exacerbated in marine systems by dredging of shipping channels, infilling and reclamation for ports expansion, construction of defence structures around power and desalination facilities, and the installation of hundreds of wellheads and thousands of kilometers of subsea piping that supports regional oil and gas industries (Bugnot et al., 2021). The need to accommodate a growing population, attract international investments, and promote tourism also spurred the development of massive coastal ‘mega-projects’ across the Gulf. Some notable mega-projects include the ‘Palm Islands’ and ‘World Islands’ in the UAE, the ‘Pearl’ in Qatar, the ‘Durrat Al Bahrain’ in Bahrain, and Sabah Al Ahmed City in Kuwait (Burt, 2014; van Lavieren et al., 2011).
With this pace of development often outstripping regulatory and management efforts in this region, there has been a growing need to assess and evaluate future urban growth and its environmental consequences (Burt and Bartholomew, 2019; Burt et al., 2017). Geospatial technologies, particularly remote sensing (RS) and geographic information systems (GIS) are essential tools for understanding the spatiotemporal patterns of regional coastal development and urbanization. By employing tools that extend across decadal time-frames and national borders, these tools can reveal insights into development patterns, environmental impacts, and the underlying forces driving them, surpassing the limitations of single-site or ‘snapshot’ perspectives often encountered in the past. RS, particularly, proves invaluable for documenting changes in land use and land cover (LULC) and monitoring the spatiotemporal trajectories of various habitat types (Alqurashi & Kumar, 2016; Dahy et al., 2021; Dahy et al., 2022; Issa et al., 2023; Issa et al., 2021). Features such as a synoptic view of RS data, repetitive data acquisition, digital formats optimized for computer processing, and cost-effective and accessible archival RS data offer great potential for the detection and mapping of long-term LULC change (Lu et al., 2004; Ramachandra et al., 2012).
RS approaches have been applied across the globe to analyze trends in coastal urbanization through the use of satellite imagery, aerial photos, or drone-based imagery (Mahrad et al., 2020) to document the urban expansion of recently built infrastructure (Wong et al., 2019), reclaimed land and/or dredged waterways (Chen et al., 2017; Duan et al., 2016; Wu et al., 2022; Zhang et al., 2017). These techniques have also been used to inform coastal and marine environmental management by retroactively tracking temporal changes in ecosystems in response to coastal development, such as changes in coral (Bennett et al., 2020; Purkis, 2018; Xu and Zhao, 2014), seagrass beds (Bakirman et al., 2016; Elso et al., 2017; Traganos et al., 2018) and mangrove forests (Wang et al., 2019; Yancho et al., 2020). RS can also be applied to address environmental impacts, including the degradation of coastal and marine habitats (e.g., direct removal or damage of critical habitats such as seagrass, corals, and beaches) (Cunning et al., 2019; Hill et al., 2014), changes in hydrodynamics (Mancini et al., 2012), reduced water quality (e.g., turbidity and contamination) (Naimaee et al., 2024), the overexploitation of marine resources (e.g., destructive fishing methods) (Klemas, 2013), and the introduction of non-native aquatic species (Mannino et al., 2021; Theriault et al., 2006). In the Gulf region, RS-based research has increasingly been utilized to collect primary data. However, these studies have typically concentrated on urbanization alone or focused on specific cities (Yaqoub and Kolan, 2006; Daoudi and Niang, 2021), countries (Asghar Pilehvar, 2021; Uddin et al., 2010), or habitats (Rondon et al., 2023; Khan and Kumar, 2009). The broader coastal and environmental dimensions of these studies have often ambiguous or insufficient. No study, to date, has comprehensively and systematically reviewed RS literature on coastal urbanization and development across the eight nation-states bordering the Gulf. Consequently, there is limited information on the various remote sensed data-types and techniques used to understand LULC change, marine habitat impacts and environmental pressures. To address this knowledge gap, this study conducted a systematic review to collate all published peer-reviewed literature related to RS techniques and approaches applied to coastal zones across the eight countries surrounding the Gulf, spanning from the earliest publication in 1971 through to 2022. The objectives of this study serve to (a) illustrate the temporal and spatial distribution of the reviewed RS-based articles in the Gulf (Section 3.1), (b) highlight RS data and methods used for mapping and detecting LULC changes, emphasizing the “coastal urban” class and coastal/marine habitats (Section 3.2; Section 3.3), (c) situate the findings of RS-based studies within the regional environmental context, focusing on environmental pressures and state changes in the Gulf (Section 3.4), and (d) identify opportunities for future RS-based studies and present recommendations that can contribute to sustainable coastal development and management moving forward (Section 5).
2 MATERIALS AND METHODS
As one of the most robust methods for the selection, consolidation, and evaluation of emergent evidence, systematic reviews rely on transparent and reproducible processes to identify areas where evidence may be lacking, contradictory, or entangled, to inform evidence-based decision making and to illustrate the historical development of knowledge, with many more directed advantages (Aromataris and Pearson, 2014). This review pursued a broad search strategy for all RS publications examining coastal areas and zones in the Gulf, which was then distilled down through the categorization and sub-categorization of the included studies to understand trends, not simply across time and space, but also with three critical topics: coastal urbanization, habitats, and environmental pressures. This approach serves to strike a balance between search strategy sensitivity and precision as well as to prevent the omission of relevant articles.
2.1 Sources and search strategies
We developed and computed a search strategy within three databases: ScienceDirect, Scopus, and Web of Science. The Boolean search string, as depicted below, employed the truncation function (*) to account for variation in word endings in the terms “remote sens*” (e.g., remote sensing and remote sensors) and “coast*” (e.g., coastline and coastal erosion) as well as listed the eight bordering countries and urban centers in the region (Supplementary File 1 for search strings per database).
Search String Line 1: “remote sens*” and “coast*”
AND.
Search String Line 2: “Arabian Gulf” OR “Persian Gulf” OR “Oman” OR “UAE” OR “United Arab Emirates” OR “Qatar” OR “Bahrain” OR “Saudi Arabia” OR “Kuwait” OR “Iraq” OR “Iran” OR “Musandam” OR “Ras Al*Khaimah” OR “Umm Al*Quwain” OR “Ajman” OR “Sharjah” OR “Dubai” OR “Abu Dhabi” OR “Doha” OR “Manama” OR “Dammam” OR “Al*Khobar” OR “Dhahran” OR “Qatif” OR “Ras Tanura” OR “Khafji” OR “Kuwait” OR “Basrah” OR “Khor Al*Zubair” OR “Bandar Abbas” OR “Bushehr” OR “Qeshm Island” OR “Kish Island”
In complement with these three databases, the reference lists of included papers were also reviewed and screened for eligibility.
2.2 Study selection
As per the inclusion and exclusion criteria (Table 1), the review included English and/or Arabic language peer-reviewed journal articles that relied on remote sensing approaches in coastal zones of urban centers and nations around the Gulf that were published prior to 31 December 2022. Reviews, book chapters, policy reports, editorial material, and conference papers were excluded to confine the scope to high-quality and peer-reviewed original research (Meline, 2006).
TABLE 1 | Inclusion and exclusion criteria.
[image: Table 1]2.3 Data screening and extraction
In line with best practice, we followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines by tracking all journal articles identified, included, and excluded in a PRISMA flow diagram (Figure 2) (Page et al., 2021). The initial search yielded 651 hits: ScienceDirect (n = 370), Scopus (n = 218), Web of Science (n = 186), and Other (n = 47). Using the software COVIDENCE, 190 duplicates were removed, after which two independent reviewers (MA and AA) screened the papers for eligibility using, first, the title and abstract review and, secondly, the full text (Babineau, 2014). A total of 186 articles were included in the review, whereby we then extracted information on the study country, year, marine province, RS sensors used, study objective, GIS integration with fieldwork, classification, and change detection techniques, accuracy assessment methods, coastal habitat types (algal mats, corals, mangroves, and multiples), and main findings.
[image: Figure 2]FIGURE 2 | PRISMA workflow representing the systematic literature review process.
2.4 Data analysis
In accordance with the information extracted from the full-text screening, included studies were coded into four broad categories to cluster how remote sensing was deployed, whether it relates to primarily: 1) coastal urbanization (e.g., LULC), 2) coastal and marine habitats (e.g., coral reefs, seagrass, mangroves), 3) environmental pressures and state changes (e.g., oil spills, sea surface temperature) and 4) other. Under each category, relevant sub-categories were defined based on the specific coastal region (southern, western, northern, or Iranian coasts) or topic covered. The four mentioned coasts exhibit environmental divergence, representing unique subsections from an environmental perspective. The categories and subcategories, along with the extracted information, serve as the basis for the generation of figures and tables.
It is worth mentioning that the authors did not delve deeply into the ‘other’ category, which includes articles unrelated to the main focus areas but were included due to their relevance to RS coastal applications. This category covers diverse topics such as air quality (Beegum et al., 2018; Hamidi et al., 2014; Karami et al., 2021; Tariq et al., 2022), land surface temperature (Jaber, 2020; Lazzarini et al., 2013; Nassar et al., 2016; Radhi et al., 2013), geomorphological changes (Al-Hinai et al., 1987; Al-Hurban, 2014; Al-Rashidi and Al-Hurban, 2019; Al Hurban et al., 2008; Heidarzadeh et al., 2020; Miliaresis, 2013; Mirakhorlou et al., 2017), soil erosion and salinity (Abdelfattah et al., 2009; Alanazi and Ghrefat, 2013), meteorological factors (Nodej and Rezazadeh, 2018; Sultana and Nasrollahi, 2018; Zanchetta and Zecchetto, 2021), geometry and mapping bathometry (Albanai, 2021; Liu et al., 2019; Moeinkhah et al., 2019), and fish catches (Al-Abdulrazzak and Pauly, 2014).
3 RESULTS
3.1 An overview of remote sensing literature on Gulf coasts
The first published study employing RS techniques to analyze Gulf coastal systems was published in 1971 (Szekielda et al., 1971), as part of a global assessment. The second paper was not published until 1986, focusing on the Iranian coast (Asanuma et al., 1986). This was followed by an additional study in 1987 centered on the KSA coast (Al-Hinai et al., 1987). After a 4-year gap, one paper in 1991 examined oil spills in KSA and Kuwait coasts (Cross, 1992), succeded by a paper on marine habitats in KSA in 1992 (Khan et al., 1992). The first paper on the UAE and Bahrain coasts was published in 1993 (Jensen et al., 1993; Zainal et al., 1993), and from 2003 to 2006, studies on Gulf coasts solely concentrated on the UAE (n = 6) (Al Jawdar et al., 2005; Althausen et al., 2003; Essa et al., 2005; Howari, 2004; Saito et al., 2003; Yagoub and Kolan, 2006). The first paper on Qatar’s coast appeared in 2007 (Al-Manni et al., 2007), while the inaugural study on Iraq was in 2009 (Hadeel et al., 2009). Temporally, the data illustrates a significant increase in published studies that utilize RS techniques to analyze Gulf coasts over the past five decades, indicating overall growth in research output on the topic within the Gulf region (Figure 3). Spatially, RS-based studies predominantly focused on the coasts of Iran (22.6%) and the UAE (22.6%), followed by KSA (11.8%) and Kuwait (11.3%). Qatar, Bahrain, and Iraq are the least studied of the Gulf nations. Additionally, 15.6% of papers take a broad perspective, analyzing the entire Gulf region. Figure 4 shows a word map of common themes identified in article text and titles.
[image: Figure 3]FIGURE 3 | Historical overview of RS publications on the Gulf waters over time by country. Note: ‘Entire Gulf+' denotes study areas covering either the entire Gulf or the entire Gulf along with multiple water bodies. ‘Multiple’ signifies study areas spanning multiple countries.
[image: Figure 4]FIGURE 4 | Word map of article titles highlighting themes in existing literature.
In terms of topics explored, the most common focus among the 186 papers (35%) was environmental pressures. A significant portion of these papers were centered around Iran, the UAE, and the entire Gulf region. Over a quarter of papers (27%) focused on habitats, mainly originating from Iran and the UAE. A fifth of the papers (20%) were on coastal urbanization, with the UAE and Qatar having the highest number of papers on this topic. Nearly half (43.5%) of the papers used GIS techniques in their RS studies, with most being related to habitats and environmental pressures (Figure 5). The first paper to utilize GIS techniques was published in 1993 by Jensen et al. (1993) (Jensen et al., 1993), and since then, there has been a significant increase in research complementing this geospatial tool with RS. Regarding accuracy assessments of the produced maps, 37.1% of the papers evaluated the accuracy, with most of them being related to habitats, followed by coastal urbanization (Figure 5). The first paper that assessed the accuracy of maps produced using RS was published in 2003 (Saito et al., 2003). Over half (55.9%) of studies supplemented RS with field surveys, ground-truthing, or in situ data (Figure 5), primarily in papers concerning environmental pressures and habitats. The majority of the papers utilized optical sensors (50.5%), leveraging the strengths of different satellite platforms to analyze changes (Figure 5); remaining papers used multi-sensors (47.3%), radar (1.6%), and Lidar (0.5%).
[image: Figure 5]FIGURE 5 | Summary of RS-based studies in the Gulf region. The distribution is based on (A) inclusion of a GIS component, (B) integration with field measurements, (C) reporting accuracy assessments, and (D) the types of sensors utilized.
For mapping the coastal urbanization, the most commonly used RS data were Landsat products with moderate spatial resolution, namely, Multispectral Scanner (MSS) (80 m), Thematic Mapper (TM) (30 m), Enhanced Thematic Mapper (ETM+) (30 m), and Operational Land Imager (OLI) (30 m) (Abdi and Nandipati, 2010; Abulibdeh et al., 2019; Al-Manni et al., 2007; Al-Ruzouq et al., 2014; AlDousari et al., 2022; Algharib, 2008; Aljaddani et al., 2022; Alqurashi et al., 2016; Baby, 2015; El-Kholei et al., 2019; Elhag, 2016; Hadeel et al., 2009; Jaad and Abdelghany, 2021; Kourosh Niya et al., 2019; Kwarteng and Chavez Jr, 1998; Liu et al., 2016; Loughland et al., 2007; Rahman, 2016; Rahman et al., 2017; Yagoub and Kolan, 2006). Some studies used other moderate spatial resolution sensors such as Satellite Pour l'Observation de la Terre (SPOT) (10 m) (Hashem and Balakrishnan, 2015) or a combination of Sentinel-2 (10 m) with Landsat (Subraelu et al., 2022), or Linear Imaging Self-Scanning Sensor (LISS-3) (24 m) with Landsat (Al Kuwari and Kaiser, 2011). Some studies used high spatial resolution RS data (Bualhamam, 2009), or combined high spatial resolution RS data, such as IKONOS (4 m) (Aljenaid S. S. et al., 2022), QuickBird (2.6 m) (Shandas et al., 2017), GeoEye-1 (0.46 m) (Dadras et al., 2015), DubaiSat (4 m) (Nassar et al., 2014), and aerial photos (Baby and Al-Sarawi, 2014; Dadras et al., 2015; Nassar et al., 2014), along with moderate spatial resolution RS data. Night-time light data, combined with Landsat imageries, can provide a valuable source of information for mapping the space-time dynamics of urban growth across very large areas (Alahmadi and Atkinson, 2019). The utilization of multi-source/multi-sensor data for the study of coastal urbanization in the Gulf can be observed as a prevailing trend in publications over the past decade (Al-Ruzouq et al., 2022; Al-Ruzouq et al., 2019; Alahmadi and Atkinson, 2019; Dadras et al., 2015; Hussein et al., 2017; Nassar et al., 2014; Shandas et al., 2017; Subraelu et al., 2022). Most studies utilized GIS techniques alongside RS techniques, with a smaller subset relying solely on GIS methodology (Hashem and Balakrishnan, 2015; Zainal et al., 2012).
Technically, when extracting the urban areas, caution is necessary when using RS data and approaches, a matter that has garnered significant attention among regional researchers. Harris (1985) suggested a statistical model to improve the classification of RS data in arid and urban areas in Al Jahra-Shuwaikh, Kuwait (Harris, 1985). Others have focused on enhancing high-frequency information in both bright desert and dark urban areas and utilizing specific band combinations to handle urban pixels (Kwarteng and Chavez Jr, 1998). Additionally, researchers have worked on selecting suitable change-detection techniques for the region (Sohl, 1999), applying advanced statistical image processing techniques to identify specific upland and coastal features (Althausen et al., 2003), proposing novel approaches to predict urban expansion (Boulila et al., 2021; Paul et al., 2021), and extracting road networks and urban objects (Ghandorh et al., 2022; Manandhar et al., 2019) using time-series satellite images.
A significant number of studies have utilized the conventional classification method, relying on pixel-based classification (PBC) techniques focusing on specific bands and/or retrieved indices. PBC encompasses diverse technical approaches, with the supervised classification method being predominantly favored by many researchers (Abdi and Nandipati, 2010; Aljenaid S. et al., 2022; Chouari, 2022; Hadeel et al., 2009; Hashem, 2015; Hussein et al., 2017; Kourosh Niya et al., 2019; Rahman, 2016; Rahman et al., 2017). The unsupervised classification method has also been employed (Algharib, 2008; Loughland et al., 2007), but there have been instances where researchers have harnessed the benefits of both supervised and unsupervised PBC techniques, thereby applying hybrid classification methods (Al Kuwari and Kaiser, 2011; Nassar et al., 2014; Shandas et al., 2017; Yagoub and Kolan, 2006). It is worth noting that the on-screen digitizing classification method, despite being a traditional approach, continues to be employed even in recent studies, particularly when the study area is relatively small in size (Al-Ruzouq et al., 2019; Kourosh Niya et al., 2019) or digitizing the coastlines (Subraelu et al., 2022). A limited number of recent studies have employed non-conventional classification methods, such as the object-oriented classification method (OBC) (Al-Ruzouq et al., 2022; Alqurashi et al., 2016) and machine learning classifiers (Al-Dousari et al., 2023; Jaad and Abdelghany, 2021). These methods go beyond considering solely the spectral attributes of urban features, as in traditional pixel-based classification methods. Instead, they also consider other relevant attributes such as shape, spatial relationships, and topographic characteristics of the urban features. For change detection, nearly all studies included in this review utilized the post-classification comparison method (PCC). However, a few exceptions were observed where researchers employed alternative approaches such as image differencing (Al-Ruzouq et al., 2014; Elmahdy and Mohamed, 2018; Loughland et al., 2007) and the Continuous Change Detection and Classification (CCDC) algorithm (Aljaddani et al., 2022).
3.2 Remote sensing of coastal urbanization and LULC
The Gulf region is home to 26 major urban centers, with a coastal population of about 15 million. This population represents approximately 8% of the total number of people living within 50 km of the coast across the entire region. The Arabian coastal zones of the Gulf, particularly in Kuwait, Bahrain, Qatar, and the UAE, are heavily urbanized, with most of the population residing here (Figure 6). These urban centers, once modest fishing communities that also held significance as trading hubs and pearl markets, have undergone transformational development into modern metropolises.
[image: Figure 6]FIGURE 6 | Populations of the major urban centers (≥100,000) located along the coastal zone of the Arabian Gulf.
3.2.1 Southern Gulf coast
The southern coast stretches from the Musandam peninsula in Oman across the UAE to Qatar. Despite only constituting 20% of the Gulf coastline, the southern coast stands out with a remarkable contribution to coastal urban change research in the region. The southern coast acquired most RS-based studies addressing coastal urbanization (39.5%) of all sub-regions. RS-based studies concentrated on seven urban centers situated along the southern coast of the Gulf, including Ras Al Khaimah (RAK), Ajman, Sharjah, Dubai, Abu Dhabi in the UAE, and Al Khore and Doha in Qatar (Supplementary Table S1).
Different time frames, sensors, and RS classification approaches were used in the aforementioned studies, making comparison of urban growth among urban centers difficult. Despite this, the collective period of studies covered an extensive range from 1971 to 2021, most relying on freely archived Landsat imagery and applying the PBC approach to map and/or detect changes in urban class. Study scopes were limited to city borders or local coasts. One study covered the entire UAE coast (Subraelu et al., 2022), while another compared the patterns of two cities on the southern coast, Dubai and Doha, after technically unifying the RS data and approach (Jaad and Abdelghany, 2021). Overall, all studies indicate urban growth in the southern coast’s urban centers, correlating with population trends. The pattern of the temporal increase in built-up areas across coastal zone sections shows that the ‘at-coastal’ section (∼2.5 km distance from the coast) exhibited the highest level of urbanization compared to the ‘near-coastal’ (∼20 km distance from the coast) and ‘far-coastal’ (∼46 km distance from the coast) sections. Urbanization began earlier in the ‘at-coastal’ and ‘near-coastal’ sections (Al-Ruzouq et al., 2022).
In terms of urbanization indicators or urban growth metrics, Ajman’s built-up areas experienced approximately a 12-fold increase over 40 years (1975–2015) (Al-Ruzouq et al., 2019). Abu Dhabi City expanded nearly seven and a half-fold over 31 years (1972–2003) (Loughland et al., 2007), while Doha’s built-up areas increased around six and a half times over 27 years (1990–2017) (Abulibdeh et al., 2019). The actual urban areas in square kilometers in the southern coast can provide further insights into urbanization in this coastal zone. For example, from the UAE’s federation in 1972–2000, the built-up and areas under development in the capital, Abu Dhabi, increased from approximately 20 km2–257 km2 in 2000 (Yagoub and Kolan, 2006). The built-up area in Dubai grew from 96 km2 in 2000 to 624 km2 in 2015 in just 15 years (2000–2015) (Elmahdy and Mohamed, 2018), while the urban area of Doha expanded from only 106 km2 in 1987 to approximately 421 km2 in 2013, gaining around 315 km2 over 26 years (1987–2013) (Shandas et al., 2017). In terms of annual urban growth, Dubai averaged an annual growth rate of 10% over 39 years (1972–2011) (Nassar et al., 2014), while the Doha metropolitan area exhibited an annual growth rate of approximately 5.5% in urban area over 26 years (1987–2013), with a peak growth rate of more than 13% over a 5-year period (1998–2003) (Shandas et al., 2017).
A significant surge in urban and industrial development along the southern coast of the Gulf has been observed since the turn of the millennium. In Dubai, the majority of urban growth occurred after 2000, with an average annual increase of 31 km2 per year over 11 years (2000–2011) (Nassar et al., 2014). Elmahdy and Mohamed (2018) calculated Dubai’s urban growth in the first 5 years of the new millennium to be approximately 234 km2, representing a growth rate of around 6% (2000–2005) (Elmahdy and Mohamed, 2018). Before the new millennium, Doha’s built-up area increased only by approximately 35 km2 over 30 years (1972–2002) (Al-Manni et al., 2007). However, the built-up areas of Doha increased substantially by around three times over only 13 years (1997–2010), and recreational spaces increased by more than four times over the same 13 years (Hashem and Balakrishnan, 2015).
Urbanization in the southern coast drives the demand for coastal land reclamation. Subraelu et al. (2022) revealed that cumulative land reclamation reached 119 km2 along the entire UAE coast, with Dubai accounting for over 70% (68 km2), including the development of Palm Deira and waterfront islands, followed by Abu Dhabi with 35 km2 and RAK with approximately 7 km2 (Subraelu et al., 2022). In another RS-based study conducted in Abu Dhabi in 2001, urban expansion was observed on new islands, including Lulu, Saadiyat, Yas, and Al Reem (Hussein et al., 2017). Coastal land reclamation in the southern coast of the Gulf before the new millennium was also investigated. For example, Abdi and Nandipati (2010) found that between 1972 and 2000, new land areas in Abu Dhabi waters amounted to around 16% of the total land area (Abdi and Nandipati, 2010). In Doha, reclamation and dredging activities added 10 km2 to coastal area between 1972 and 2002 (Al-Manni et al., 2007).
3.2.2 Western Gulf coast
The western coast includes the eastern KSA and Bahrain coasts. The RS-based papers addressing coastal urbanization in the western coast of the Gulf focused on five urban centers: Muharraq and the main island of Bahrain, and Al Khobar, Dammam, and Ras Tanura in KSA (Supplementary Table S1). Two papers conducted on the Bahrain landscape have the longest study periods, allowing for the investigation of more historical LULC classes: The first spans 45 years (1963–2008) (Zainal et al., 2012), and the other spans 56 years (1951–2007) (Modara et al., 2014). Most of the studies applied GIS tools for spatial analysis of coastal urbanization and retrieving urban growth metrics and was extensively used in the last two mentioned papers. Additionally, they used old aerial photographs and converted scanned analog images to digital data, then geo-referenced the images to understand historical dynamics in LULC changes and track urbanization trajectories. Similar to RS-based studies applied in the southern coast, most studies in the western coast utilized optical sensors, mainly the moderate spatial resolution of Landsat, and employed PBC methods to classify the images. However, one paper utilized high spatial resolution imagery from IKONOS (Modara et al., 2014), and another utilized calibrated DMSP-OLS nighttime lights imagery to extract more details (Alahmadi and Atkinson, 2019). Additionally, papers published in recent years applied OBC methods in their studies (Aljenaid S. S. et al., 2022; Alqurashi & Kumar, 2016; Chouari, 2022; Rahman, 2016; Rahman et al., 2017).
The built-up areas on Bahrain’s main islands exhibited an annual increasing trend of 7.5% over 34 years (1986–2020), covering approximately 40% of the main islands—specifically, Bahrain, Muharraq, Sitra, and Nabih Saleh (Aljenaid S. et al., 2022). Similarly, the urban expansion rate in Dammam was calculated to be 7.8% over 34 years (1985–2019) (Aljaddani et al., 2022). Dammam, the most populated city on the eastern KSA coast, saw its built-up area increase to approximately 29% of the total area over 24 years (1990–2014), and it is predicted that the urban area will encompass 55% of the city by 2026 (Rahman et al., 2017). In general, urban expansion can be observed in other western coast human settlements as well. For instance, Al Aba Oasis’ built-up area, west of Ras Tanura, increased from 1 km2 in 1985 to 2.5 km2 in 2000, and to more than 14 km2 by 2021 (Chouari, 2022).
The urban expansion pattern of Dammam has primarily grown inland towards the west, given its geographic constraints between Gulf Saihat to the north and Al Khobar and Dhahran to the south, limiting coastal growth (Aljaddani et al., 2022). Unlike the pattern observed in the southern coast (Subsection 3.2.1), the onset of the new millennium did not trigger extensive coastal urbanization on the Gulf’s western coast. In Al-Khobar, built-up areas saw a 117% increase over 11 years (1990–2001) and a 43.5% increase over the subsequent 12 years (2001–2013) (Rahman, 2016), while Dammam experienced a total urban expansion of approximately 42.5 km2 over 34 years (1985–2019), with more than 25 km2 occurring during the last 4 years interval (2015–2019) (Aljaddani et al., 2022). Broader geographical scope and specific time intervals enable an accurate analysis of coastal urbanization trajectories in the western coast of the Gulf. A study encompassing the entire eastern coast of KSA (1992–2013) with 7-year intervals revealed that urban areas increased by 31% (1992–1999), 19% (1999–2006), and 37% (2006–2013) (Alahmadi and Atkinson, 2019).
Coastal land reclamation studies were only reported for Bahrain on the western coast. The total extent of reclaimed coastal areas amounted to 91 km2 (1963–2008), with accelerated growth observed between 1997 and 2007, averaging 21 km2 annually (Zainal et al., 2012). The land area of Bahrain increased from 695 km2 (1989) to 814 km2 (2018) due to accelerated sea reclamation (El-Kholei et al., 2019). Specifically, Muharraq island’s coastline expanded from 35 km2 to 166 km2 (1951–2007) (Modara et al., 2014).
3.2.3 Northern Gulf coast
The northern coast comprises the Kuwait and Iraq coasts, with a total coastal length of 557 km (499 km for Kuwait and 58 km for Iraq). Most RS-based studies on urban growth in the northern Gulf coast used Landsat imagery and the PBC method to detect LULC classes in urban centers in Kuwait City and Basra City, Iraq. One study employed UAVs (Hassan et al., 2020), while Al-Dousari et al. (2022) utilized Sentinel-2 with a machine learning-based classification algorithm (AlDousari et al., 2022).
Three papers covered relatively short study periods ranging from 5 to 12 years (AlDousari et al., 2022; Algharib, 2008; Hadeel et al., 2009), while the three others covered longer durations of 30–40 years (AlDousari et al., 2022; Baby, 2015; Tao et al., 2023) (Supplementary Table S1). The main difference in urbanization patterns between Kuwait City and Basra is that urbanization in Kuwait is more likely to involve the conversion of bare soils to urban areas, similar to other GCC cities, while urban expansion in Basra involves a reduction in vegetation areas (Tao et al., 2023). Also, the annual urban growth in Basra was calculated at 1.2% over 13 years (1990–2003) (Hadeel et al., 2009), which is relatively limited and does not follow the rates observed in the southern and western coasts of the Gulf (see Subsections 3.2.1 and 3.2.2). Over 30 years (1990–2020), the built-up area in Basra increased by approximately 218 km2 (Tao et al., 2023), while Kuwait’s built-up area increased by 205 km2 over 39 years (1972–2011) (Baby, 2015). Considering the significant difference in population and area between the two countries, this represents a relatively large amount of urbanization in Kuwait. Baby (2015) found that urban expansion in Kuwait is polarizing towards the Gulf coasts, encompassing approximately 157 km2 over 18 years (1972–1990). Additionally, about 1.5 km2 of water was converted to urban areas, notably around Kuwait Tower and the artificial green island, which became the first artificial island in the Gulf and opened to the public in 1988.
In Kuwait, the urban area constitutes 32.5% of total area and has increased by 10% over only 13 years (1989–2001) (Algharib, 2008). By 2016, the urban area of Kuwait was 329 km2, expanding to 455 km2, which accounted for 53% of total area in 2021. The projected increase in the built-up area is expected to reach 582 km2 (68%) by 2026 (AlDousari et al., 2022).
3.2.4 Iranian Gulf coast
Iranian Gulf coastal cities have lower population densities and slower growth compared to most urban centers in the mainland of the Islamic Republic of Iran. Apart from Bandar Abbas, with a population exceeding half a million, only three other coastal towns—Bushehr, Bandar-e Mahshahr, and Khorramshahr—have populations exceeding 100,000 (Figure 6). RS-based studies dedicated to coastal urbanization along the Iranian Gulf coast have focused solely on two urban centers: one in Bandar Abbas (Dadras et al., 2015), the largest Iranian city on the Gulf, and another on Qeshm Island (Kourosh Niya et al., 2019), the largest island in the Gulf. The first paper covers a period of 56 years (1956–2012), while the other spans only 18 years (1996–2014) (Supplementary Table S1). The long-term study utilized multi-source/multi-sensor data with varying spatial resolutions, including aerial photos (Dadras et al., 2015). The other study employed time-series Landsat imagery and traditional on-screen digitizing techniques suitable for studying small areas like Qeshm Island (Kourosh Niya et al., 2019). Both studies demonstrated significant growth in the built-up class across the Iranian coast and over the study periods. Bandar Abbas’ built-up areas expanded from approximately 4 km2 in 1956 to around 50 square kilometers in 2012, representing a more than ten-fold increase (Dadras et al., 2015). The highest urban growth reached 123% between (1975–1987), with a minimum of 29% observed between (2001–2012). Overall, the main drivers of urbanization along the Iranian coast include high demand for construction, population growth, and migration from rural areas to urban centers.
3.3 Remote sensing of coastal and marine habitats
RS is applied to address environmental impacts of urbanization, including mapping and detecting the changes of coastal and marine habitats in the Gulf. Habitats such as mangrove forests (43%) have received the most attention, followed by a focus on multiple habitats (29%) (e.g., seagrass and mangroves and sabkha), nearshore subtidal habitats like coral reefs (20%), and lastly algal mats (sabkha) and tidal vegetation such as saltmarsh (8%) (Figure 7).
[image: Figure 7]FIGURE 7 | Percentage of type of coastal habitats assessed in the review. Seagrass beds were consistently studied alongside multiple habitats.
Supplementary Table S2 summarizes RS-based studies under review aimed to map and detect changes in habitats (mangroves, corals, algal mats, and seagrasses) along the coastal zones of the Gulf.
3.3.1 Mangroves
Mangrove forests are vital, as they provide wildlife habitat, store blue carbon in sediment, and protect shorelines (FAO, 2007; Kristensen et al., 2008). Regarding the geographic distribution of mangrove forests in the Gulf, Almahasheer (2018) identified and mapped the spatial coverage of mangroves along the entire coastlines of the Gulf in 2017, achieving an accuracy of 90.6%. The study revealed that there are around 7,000 mangrove communities in the region, with Iran accounting for 48% of the mangrove extent, followed by the UAE with 40%, Qatar with 5.6%, KSA with 4.5%, Kuwait with 0.6%, and Bahrain with 0.4% (Almahasheer, 2018). Urban development has led to increased nutrient and water exchange through dredged channels, benefiting mangroves and expanding habitat area (Burt, 2014; Burt et al., 2021). The majority of studies have focused on the Iranian coast (n = 15) and the UAE (n = 15) (Supplementary Table S2). The eastern coasts of KSA (Li et al., 2019; Sardi et al., 2020; Zayed Abdalla, 2022) and Bahrain (Aljenaid S. et al., 2022) have received relatively less attention in terms of RS-based research on mangroves, whereas there is currently no available RS-based research focused on the northern coast (Kuwait and Iraq), where mangroves do not naturally occur, although introduction efforts have been initiated in Kuwait (Loughland et al., 2020).
All RS-based studies of mangroves employed optical sensors, with few studies integrating active sensors performed in Qatar Peninsula (Butler et al., 2021; Butler et al., 2020) and Qeshm Island (Ghorbanian et al., 2022; Ghorbanian et al., 2021). The predominant sensor used was Landsat imagery (30 m resolution) (n = 25), followed by high-resolution data from satellites like worldview-2 and IKONOS (n = 11), and aerial photos (n = 3). A multi-source/multi-sensor approach to improve mapping and change detection in Gulf mangroves was evident in 13 papers. RS approaches for mangrove mapping and investigating environmental interactions in the region have been employed since the early 1990s (Jensen et al., 1993). This approach has successfully produced habitat maps for the northern Emirates of UAE (Sharjah, Ajman, Umm Al Quwain, and Ras Al Khaimah) (Mateos-Molina et al., 2020) and the northeastern region of Qatar (Warren et al., 2016), resources of value to coastal environmental and planning managers. Additionally, using the RS approach has successfully identified environmental threats to mangrove forests in Qatar (Butler et al., 2021; Butler et al., 2020).
The efforts of mapping and classifying local mangroves in the Gulf using RS approach were relatively focused on UAE’s and Iran’s coasts. Loughland et al. (2007) mapped Abu Dhabi’s coastal vegetation area and classified mangroves under broader vegetation classes together with intertidal vegetation and salt marsh. However, advanced RS techniques allow for more precise identification and mapping of mangroves, making them easily distinguishable from other coastal vegetation classes. These methods can quantify changes using various approaches such as single-band analysis or combined with single indices (e.g., narrow-band NDVI) and multi-indices approach (Hajjdiab et al., 2017; Li et al., 2019). Furthermore, mangrove forests can be categorized into more detailed subclasses based on their density (high, moderate, low) (Elmahdy and Mohamed, 2013), flooded/not flooded conditions (Saito et al., 2003), and levels of disturbances (Toosi et al., 2022). Using RS and GIS, mangrove areas in the northwestern Emirates were calculated to be approximately 20 km2 (Mateos-Molina et al., 2020). RS approach successfully detected and mapped even small mangrove areas (approximately 0.11 km2) on the coast of Bushehr using aerial photos combined with moderate spatial resolution Landsat imagery (Etemadi et al., 2021). Additionally, high overall accuracy mangrove maps (>93%) were provided using automated ML algorithms in the Google Earth Engine (GEE) cloud (Ghorbanian et al., 2021). ML classifiers have been reported to demonstrate robustness compared to traditional classifiers, achieving good overall accuracy in distinguishing between dense and dispersed mangroves in the UAE (Elmahdy et al., 2020). Furthermore, incorporating spatial landscape metrics enabled a more detailed classification of Qeshm Island’s mangroves, affected by human population growth, industrialization, and economic development, into five levels of disturbances: 202 km2 (very low), 276 km2 (low), 251 km2 (medium), 120 km2 (high), and 35 km2 (very high disturbance) (Toosi et al., 2022).
The majority of RS-based studies indicated a significant reduction in mangroves along the Gulf coasts, except in the area of Khor Al Bazam in the southwestern part of the UAE, where an increase likely due to plantation activities, closure of nearby shipyards, and increased public awareness regarding mangrove preservation (Howari et al., 2009). However, in Abu Dhabi’s coastal zone, there has been a reduction in wetlands, including mangroves, from approximately 1.2 km2–2.8 km2 over 28 years (1972–2000) due to coastal human activities such as reclamation and dredging (Yagoub and Kolan, 2006). Another RS-based study confirmed the reduction of mangroves in Abu Dhabi, indicating a decrease in mangrove area by −0.104% (∼2.9 km2) over 10 years (1990–2000) and a continued decrease of −0.091% (∼2.2 km2) over the next 6 years (2000–2006) (Elmahdy and Mohamed, 2013). Additionally, in the northern Emirates of the UAE, mangroves along the Gulf have shown a slight decrease over 3 decades (1990–2019) compared to those along the Gulf of Oman (Elmahdy et al., 2020). A recent study in Bahrain, covering a long period of 53 years (1967–2020), showed that the total mangrove area of Ras Tubli, Ras Sanad, and Sitra declined by 95%, from approximately 3.3 km2–0.5 km2 (Aljenaid S. et al., 2022). In the vicinity of Bahrain islands, particularly Tarut Bay, Qatif, another recent study investigated anthropogenic-induced geomorphological changes on mangroves. It observed a substantial reduction in mangroves from around 13 km2–4.5 km2 over 35 years (1986–2021), with certain mangrove sites experiencing complete loss due to continuous mangrove tree cutting (Zayed Abdalla, 2022).
Human-induced actions have adversely affected the distribution and density of mangroves, as observed in other RS-based studies. These include local cutting activities along the Qeshm island coast (Kourosh Niya et al., 2019), coastal urbanization activities along the UAE coast (Elmahdy et al., 2020; Subraelu et al., 2021), landfilling and reclamation activities from Al-Khafji to Dammam coast (Sardi et al., 2020), and oil transportation and refining activities in Ras Tanura port. Significant reduction in mangrove forests along the western Gulf coast, particularly in the northern Jazirat Al Kazzami and southern Gurmah island regions, has been observed, attributed to the 1991 Gulf war’ oil spill (Sardi et al., 2020). Worth mentioning, RS-based studies of Gulf mangroves have revealed their environmental benefits, including cooling surfaces in surrounding areas during daytime along the Dubai and Abu Dhabi coasts (Frey et al., 2007), and enabled estimation of carbon storage in the total biomass of mangroves in Bushehr, Iran (Amiri, 2021).
3.3.2 Coral reefs
Out of the 11 papers focused on coral reef habitats in the Gulf, six were from Iran (Kabiri et al., 2013a; Kabiri et al., 2013b; Kabiri et al., 2018; 2020; Kabiri et al., 2014; Mousavi et al., 2015), three from the UAE (Ben-Romdhane et al., 2016; Ben-Romdhane et al., 2020; Riegl and Purkis, 2009), and one each from Qatar (Riegl and Purkis, 2009), and Kuwait (Gholoum et al., 2019) (Supplementary Table S2). Most RS-based studies of Gulf coral reefs utilized high spatial resolution data from airborne and satellite-borne sensors such as worldview-2, IKONOS, QuickBird, and DubaiSat, as well as commercial drones. Limited studies adopted a multi-source/multi-sensor approach, with two incorporating active sensors like LiDAR to enhance reef and water property detail. Additionally, only a small number of papers extensively utilized GIS, one to assess the suitability for coral artificial reefs in Kish Island (Mousavi et al., 2015), and the other to conduct spatial analysis of Musandam’s coral reef distribution and proximity to human influence and activities (Mansour et al., 2017).
The first paper explicitly focusing on corals in the Gulf emerged in 2005, where coral in Dubai was classified into dense live, dense dead, and sparse coral (Riegl and Purkis, 2005). Subsequently, coral reefs, along with other delineated habitats, have been mapped using RS approaches in the northern Emirates of the UAE (Mateos-Molina et al., 2020) and Qatar (Warren et al., 2016). Additionally, along the southern coast of the Gulf, RS techniques revealed that reef communities collectively represent only 2% of the sea bottom in Qatar, with a significant presence on Halul Island (Butler et al., 2020). In the Iranian coast, considerable attention has been directed towards mapping and monitoring changes in the corals of Kish Island using RS. High spatial resolution imagery enabled the classification of corals at the species level rather than solely distinguishing between dense or sparse coral. The results of the RS approach revealed both the covered areas of Kish Island corals (∼4,500 m2 of the surveyed area) and the dominant coral types (Kabiri et al., 2014). Additionally, the RS approach has not only confirmed the presence of previously known coral areas in Qatar but also provided new details where corals had not been previously mapped (Warren et al., 2016).
The accuracy of coral maps depends not only on the spatial resolution of RS data but also on the spectral resolution. Mapping coral density on Kubbar Island in Kuwait, the sole RS-based reef study conducted on the northern coast of the Gulf, demonstrated that accuracy could be improved by incorporating high spectral resolution RS data and ancillary data (e.g., water turbidity, temperature, and salinity) (Gholoum et al., 2019). In Bahrain, coral habitats, among other marine habitats, were mapped with approximately 84% overall accuracy using moderate-resolution RS data from Landsat (Al-Jenaid et al., 2017). The use of high spatial resolution QuickBird data enabled mapping of the coral environment of Kish Island with an accuracy of 89.2% (Kabiri et al., 2013b). Utilizing images from commercial drones achieved higher accuracy compared to other methods and proved capable of differentiating between various coral types, visually detecting bleached corals, and cost-effectively identifying larger corals (Kabiri et al., 2020).
Detecting changes in corals, especially after coral bleaching and mortality events, is a significant research area. Butler et al. (2021) identified high-risk coral reef habitats in Qatar, including Al Zubarah, Al Ruwais, Al Khor, Al Dhakira, Mesaieed, Jazirat al Bushayriyah, and Halul Island (Butler et al., 2021). Analyzing reflectance changes in pre and post-bleaching images over 3 years (2005–2008) in Kish Island successfully identified 28% of bleached corals (Kabiri et al., 2013a). Change detection analysis of Delma Island corals in UAE suggested that the coral reefs in the UAE may exhibit greater resilience against thermal stress caused by global warming events, such as El Niño episodes (Ben-Romdhane et al., 2018).
3.3.3 Algal habitats
Macroalgae and cyanobacterial mats (together called algal mats here), as a land cover class, have typically been investigated alongside other coastal classes such as mangrove forests along the coasts of the Gulf, particularly the southern coast (UAE, Qatar) (n = 9) and in western coast (n = 3) (Supplementary Table S2). Algal communities have been assessed within sabkha ecosystems (salt flats) in Abu Dhabi using a multispectral visible/near-infrared camera (Hajjdiab et al., 2017). The study characterized two types of algae, namely, active and non-active algae, based on their spectral reflectance properties. Active algae exhibited high near-infrared (NIR) band reflectance and lower red band reflectance, while inactive algae showed low NIR band reflectance and higher red band reflectance (Hajjdiab et al., 2017).
Algal habitats have been mapped using moderate spatial resolution sensors such as Landsat (Al-Jenaid et al., 2017; Al-Thukair and Al-Hinai, 1993; Althausen et al., 2003; Elmahdy and Mohamed, 2013; Jensen et al., 1993; Khan et al., 1992). In the Abu Dhabi-Dubai coast, two classes of algal mats were distinguished (cyanophyceae and algal deposit), facing threats from industrial and urban development as well as oil spills, using a multi-source multi-sensor approach that included SPOT4 (20 m) and ASTER (15 m) (Saito et al., 2003). High spatial resolution RS data (<5 m) offer greater detail on algal mats distribution (shallow/deep algae) (Riegl and Purkis, 2005) and enhance separability of algal mats from other habitats (algae with coral/dense algae) (Warren et al., 2016). Ben-Romdhane et al. (2018) used DubaiSat imagery (5 m) to analyze changes in macroalgae-dominant habitats on Dalma Island between 2014 and 2016 (Ben-Romdhane et al., 2018), while Butler et al. (2020) combined worldview-2 (1.84 m) with LiDAR to distinguish between dense and sparse algae habitats along the coast of Qatar and Halul Island (Butler et al., 2020).
3.3.4 Seagrass
Seagrass beds in the Gulf have been examined alongside multiple other ecosystems in RS-based studies but lacked dedicated analyses despite being identified as a high-risk habitat in recent studies along the Qatar coast (Butler et al., 2021; Butler et al., 2020). Land reclamation and dredging activities in Bahrain, close to Qatar, have had a significant impact on seagrass beds, resulting in a 23.5% decrease, and on a mixed class of sands/seagrass/algae, causing a 34% reduction from 1963 to 2008 (Zainal et al., 2012). RS-based studies on seagrass were limited to the southern coast (n = 6) and the western coast (n = 4), with no RS paper published for seagrass in other Gulf coasts (Supplementary Table S2). A comprehensive RS-based approach along the coasts of the northern emirates of UAE revealed a seagrass coverage of approximately 21.6 km2 in Ras Al Khaimah and Umm Al Quwain (Mateos-Molina et al., 2020).
The resolution (spatial/spectral) of the sensors used is crucial for mapping and detecting changes in seagrass habitats. Howari et al. (2009) utilized a combination of high and moderate spatial resolution from two multispectral sensors and observed potential expansion of seagrass beds in the Khor Al Bazam area (Abu Dhabi) over 9 years (1994–2003), although accurately quantifying this increase posed challenges. Also, sparse and dense seagrass in Qatar on the southern Gulf coast were successfully mapped using worldview-2 satellite data (Warren et al., 2016). Utilizing worldview-2 satellite imagery with airborne LiDAR bathymetry, it was found that sparse seagrass covers around 14% of the Qatar shelf area, while dense seagrass occupies approximately 13% of the shelf (Butler et al., 2021; Butler et al., 2020).
3.4 Remote sensing of environmental pressures and state changes
In this section, we collate RS-based studies that examined the pressures and state changes in the Gulf marine environment linked to natural phenomena or anthropogenic activities. These studies encompass diverse aspects, including chlorophyll concentration and harmful algal blooms (29.3%), shoreline changes (15.4%), oil spills (15.4%), sea surface temperature (SST) changes (13.9%), water quality indicators (9.3%) such as turbidity and clarity, salinity (1.6%) and paper examining multiple pressures (7.7%) (Figure 8). Most chlorophyll concentration and harmful algal bloom studies were done on the entire Gulf region, while majority of the oil spill studies were done on KSA and Iran, with most shoreline change studies focused on Iran, followed by Kuwait (Supplementary Table S3).
[image: Figure 8]FIGURE 8 | Number of peer-reviewed journal articles using RS for studying the pressure and state changes in the environment within the Gulf waters.
3.4.1 Oil spills in Gulf waters
The significant oil spill off the Kuwait coasts in January 1991, during the first Gulf War, heightened environmental awareness among researchers in the region regarding marine oil pollution. The resulting pollution posed a significant threat to various species and habitats, including birds and mangrove ecosystems, dugongs (sea cows), offshore coral islands, green turtles, shrimping grounds, fisheries, and humpback dolphins (Price et al., 1993; Sheppard et al., 2010). The Gulf War oil spill emphasized the necessity for practical RS methods to assess oil slick extents resulting from spills (Cross, 1992), develop environmental sensitivity indices for clean-up operations (Jensen et al., 1993), establish early warning systems to protect the marine environment of the Gulf States from oil pollution (Essa et al., 2005), and create spatial predictive models for oil spill probability (Mokhtari et al., 2015).
Addressing oil spill incidents and their environmental impacts using RS in the Gulf is primarily focused within the national borders of countries, namely, Iran (n = 4), KSA (n = 3), UAE (n = 3), Qatar (n = 1), and one paper addressed Kuwait and KSA maritime borders together (Cross, 1992). In terms of sensor usage, AVHRR data (1 km spatial resolution) was found to be a suitable information source during oil spill events (Asanuma et al., 1986; Cross, 1992). Utilizing various types of satellite imagery and employing a multi-source, multi-sensor approach appears to be a feasible and practical method for marine oil spill surveillance (Essa et al., 2005). GIS techniques have proven effective in constructing early warning systems to safeguard the Gulf marine environment from oil pollution, modeling oil spill probabilities, and identifying high-risk areas with active oil facilities and heavy ship traffic (Essa et al., 2005; Mokhtari et al., 2015). This aids in environmental risk assessment and detailed oil spill simulations. Recent studies along the KSA coast, from Al-Khafji to Dammam, including Abu Ali and Tarut islands, identified Safaniyah, Khursaniyah-Jubail, Tarut Bay, and the offshore islands as areas of highest priority for protection in the event of an oil spill (Sardi et al., 2020).
3.4.2 Turbidity and suspended sediments
RS-based studies on suspended sediments in the Gulf have been relatively recent, with only a few papers published in the last decade. These studies have primarily focused on the waters of Iran (n = 4), UAE (n = 1), and Kuwait (n = 1). The sensors used in these studies include moderate spatial resolution RS data such as Landsat and Sentinel-2 (n = 3), as well as coarse resolution sensors like MODIS and MERIS (n = 4), which provide pixel sizes sufficient for studying suspended sediments. Two papers highlighted the impact of coastal urbanization activities and changes in LULC on the increase of suspended sediments in Gulf waters. The first paper focused on coastal sedimentary processes in the Zohreh River delta, Iran, revealing that 80% of the sediment is transported to the subtidal zone of the Gulf, while 20% is deposited at the river mouth due to changes in land use and river bank erosion (Gharibreza et al., 2014). The second paper demonstrated that the construction of Palm Jumeirah artificial island in Dubai led to an increase in water reflectance within the 0.5–0.8 µm wavelength range, indicating elevated levels of suspended sediments (Mansourmoghaddam et al., 2022).
Mapping water depth in the northern Gulf coast using RS data offered valuable insights into water transparency and quality dynamics in extensive coastal environments (Alsahli and Nazeer, 2022). Kabiri (2022) utilized Landsat OLI and Sentinel-2 to assess water clarity indicators in the near-shore zone of Kish Island, Iran, estimating Secchi disk depth (Zsd) values as a measure of water clarity with satellite data. These findings are significant for monitoring and managing coastal water quality (Kabiri, 2022).
3.4.3 Chlorophyll concentration and harmful algal blooms
Regional and local factors like dust storms and anthropogenic activities can have a significant impact on transparency levels and influence phytoplankton growth in Gulf waters (Moradi, 2021). RS monitoring techniques for chlorophyll concentration and harmful algal blooms provide high-frequency and large-scale observations, enabling the assessment of nutrient levels and water quality (Al Shehhi et al., 2017a; Mahrad et al., 2020). Eight papers (out of 21) consider the entire Gulf in their RS approach, and nine papers covered the southern coast (with three of them in Dubai), Iran (n = 2), and Kuwait (n = 1). Using high spatial resolution RS data for mapping chlorophyll seems effective and can eliminate the need for costly in situ monitoring, as shown in Dubai Creek (Bachir, 2015); however, applying in large water coverage is not practical. Free satellite-derived products of chlorophyll concentrations offer valuable environmental insights into the factors influencing phytoplankton variability in the Gulf. Chlorophyll concentration information extracted over 15 years (2004–2019) across the Gulf using satellite-derived products revealed that the temporal seasonal averages change in annual cycles and that the trend decreased from 2004 to 2019, by about 0.7 mg/m3 (Albanai, 2022). Another study spanning 23 years (1998–2020) successfully identified phytoplankton bloom growth metrics, including the timings of initiation, peak, termination, and duration across the Gulf using satellite-derived ocean color chlorophyll (Zoljoodi et al., 2022). A recent study, supported by field observations, observed that the surface waters in the inner part of Kuwait Bay exhibited a dark brownish color, indicating the occurrence of a red tide in that area (Saburova et al., 2022).
However, satellite-derived chlorophyll concentration data overestimated field observations by up to ∼170–270% in Iranian coastal areas (Moradi, 2021). With its low spatial resolution, MODIS was used in 15 out of 21 papers for deriving chlorophyll concentration products. However, the coarse resolution of MODIS thermal bands (1 km) makes it less sensitive to local variations in temperature, which can influence chlorophyll estimation (Al Muhairi et al., 2009). To address this issue, one of the initial RS-based studies combined MODIS-derived chlorophyll data and high-resolution DubaiSat data (5 m) for detecting and monitoring red tide outbreaks along the southern coast of the Gulf (Muhairi et al., 2010). Additionally, Al Shehhi et al. (2017b) introduced a customized atmospheric correction model specifically designed for MODIS images, adapted to the dusty atmosphere of the region, to enhance chlorophyll concentration estimation across the entire Gulf (Al Shehhi et al., 2017a).
In a recent study in the Bushehr region, Iran, Tehrani et al. (2021) merged Landsat OLI with MODIS data and applied a chlorophyll extraction algorithm, successfully determining water surface chlorophyll concentration in the region. They noted higher chlorophyll levels in Bushehr Port compared to the Bushehr coast (Tehrani et al., 2021). It is worth mentioning that the fluorescence-based method using MERIS outperformed the chlorophyll anomaly approach in detecting harmful algal blooms and distinguishing between different algal species, successfully aiding in monitoring a prolonged harmful algal bloom outbreak in the Gulf region (Zhao et al., 2015).
3.4.4 Shoreline changes
A considerable number of shoreline change studies in the Gulf region have employed RS techniques (n = 15) to develop shoreline management plans (Dibajnia et al., 2012), assess and map vulnerabilities to environmental hazards (Mafi-Gholami et al., 2019), and measure coastal erosion and accretion (Aldogom et al., 2020). RS-based studies on Gulf shoreline changes focused on the Iranian coast (n = 6), Kuwait (n = 5), UAE (n = 3), and Tarut Island in the western coast of the Gulf (n = 1). The predominant studies utilized optical moderate spatial resolution RS data, particularly Landsat products, with two studies applying GIS functions for spatial analysis of coastal characteristics. Geospatial technologies, including RS, employ various techniques such as simple band subtraction, principal component analysis, and fuzzy logic to retrieve and measure detailed shoreline change metrics and coastal land dynamics (Ghanavati et al., 2008).
Based on coastal slope classification, it was found that about 25% of total shorelines in the Hormozgan province (∼2,240 km) exhibited high and very high vulnerability to environmental hazards and high risk of erosion (Mafi-Gholami et al., 2019). Based on erosion and accretion rates, the UAE shoreline was classified into five categories (high erosion, erosion, low erosion, accretion, and high accretion). It was found that the maximum erosion was measured at Umm Al Quwain and Ras Al Khaimah coasts, while the maximum accretion was measured at the Abu Dhabi coast (Aldogom et al., 2020). In the Hendijan River delta in Iran, the shoreline has migrated approximately 4 km into the Gulf, with an average annual advance rate of 90 m, while approximately 82 km2 of water near the delta has been filled with sediment (Ghanavati et al., 2008). In another Iranian river delta, the shoreline regression has remained relatively constant, with a rate of 0.6 m per year, as revealed in a study aimed at mapping and analyzing coastal sedimentary processes in the Zohreh River delta (Ghanavati et al., 2008). In the northern coast of the Gulf, the initial length of Kuwait’s coastline increased from ∼339 km to ∼479 km over a span of 39 years (1972–2011) (Baby, 2013). Another study found that over 40–50 years, sea levels rose by approximately 120–150 mm, exacerbating coastal erosion in southern Kuwait due to beach house construction near the high-water line and slipways blocking sand movement (Neelamani, 2018). In the southern coast of the Gulf, detailed coastal land dynamics over 31 years (1990–2021) across the seven emirates of the UAE have revealed observed retreat in Ajman and Umm Al Quwain, spanning 22 km of coastline. This area experienced a net erosion of 300 m2 and an annual erosion rate of 30 m2 per year over the past 21 years (2000–2021). Meanwhile, Dubai, Abu Dhabi, and Ras-Al Khaimah have undertaken extensive coastal reclamation projects, with Dubai leading the way by expanding its coastal areas by over 68 km2 since the early 2000s (Subraelu et al., 2022). In the western coast, significant transformations were observed in Tarut Bay and Tarut Island, KSA, leading to a notable decrease in the aquatic area from ∼393 km2 to ∼346 km2 over 35 years (1986–2021). This increase expanded the area of Tarut Island from about ∼22 km2–∼32 km2 during the same period due to human activities, particularly the extensive filling of shallow waters to facilitate urban development (Zayed Abdalla, 2022).
3.4.5 Sea surface temperature (SST)
RS technologies are effective for monitoring sea surface temperature (SST) to assess its impacts on coastal and marine ecosystems. Five out of 14 RS-based studies focused on SST across the entire Gulf, while the remainder examined the southern coast (n = 5), Iran (n = 3), and Kuwait (n = 1). Although it is low in spatial resolution, MODIS, and their derived SST products were used in eight out of 14 studies, while two studies employed high spatial resolution RS data such as DubaiSat, and three utilized moderate spatial resolution data from Landsat. Recently, 17 years of high spatial resolution SST data were compared with SST measurements from ten offshore locations in the shallow coastal waters of the UAE, revealing significant agreement between the two datasets (Nesterov et al., 2021).
Utilizing the thermal bands of RS data is crucial for extracting SST information and often requires calibration with ground measurements, particularly for low spatial resolution data, which can make the thermal bands less sensitive to local temperature variations (Al Muhairi et al., 2009). Atmospheric correction was applied to the thermal bands of AVHRR (NOAA-7 satellite) to obtain accurate SST measurements of the Gulf (Asanuma et al., 1986). MODIS’ SST products have been validated in Gulf waters, showing lower negative bias for both Aqua and Terra. MODIS-Aqua exhibited greater sensitivity to SST signals at night, while MODIS-Terra was more sensitive during the day (Saleh and Al-Anzi, 2021). In Kuwait and the northwest Gulf waters, it was found that the thermal band 10 of Landsat OLI is more accurate than thermal band 11 in monitoring SST, with a difference of ±1.1° (5.8%) (Albanai and Abdelfatah, 2022).
RS-based studies in the Gulf have observed a relationship between SST and other environmental pressures, noting that the high temperature of desalination brine has a local impact on surrounding water (Al Muhairi et al., 2009). A positive spatial correlation was found between satellite-derived chlorophyll concentrations and SST in shallow regions of the Iranian coast without any time lag. However, the correlation was negative in deeper regions with a time offset of 3–5 months (Moradi and Moradi, 2020). RS approaches are useful to detect the relationship between Gulf marine and coastal habitats and SST. A study employed high spatial resolution satellite images to detect changes in UAE coral reefs, concluding that live coral habitats exhibit tolerance to extremely high SST, suggesting resilience in the face of such temperature anomalies (Ben-Romdhane et al., 2018).
3.4.6 Water salinity
Salinity can change due to natural and human factors, and RS techniques can measure and assess these variations in sea surface salinity (SSS) (Kao et al., 2018). Only one RS-based study in the hyper-saline environment of the Gulf focused on SSS (Zhao et al., 2017). This study used Landsat OLI with 30 m spatial resolution to avoid limitations associated with retrieving products of coarse resolutions RS data. These limitations include viewing factors such as adjacent effects, mixed water-land pixels, and stray light contamination (Vanhellemont and Ruddick, 2015). Therefore, higher-resolution satellite imagery, like Landsat, is more suited to monitor water quality in the Gulf, especially in coastal areas. The researchers proposed an algorithm that showed good agreement between satellite-derived and in situ measurements, enabling the assessment of sea surface salinity (SSS) changes during extreme events compared to normal conditions (Zhao et al., 2017).
4 DISCUSSION
With the number of people living in global coastal zones expected to grow from 2.15 billion in 2000 to 2.9 billion by 2,100, current pathways for the future development, research, and management of coastal zones, resources, and environments needs to be reformed. This increase in population pressures will be most acute near growing urban centers and, by consequence, lead to adverse effects for surrounding coastal ecosystems. To manage this complex and evolving dynamic, governments need reliable data that can be easily communicated to inform marine spatial management. Remote sensing, unlike traditional techniques, which can be intrusive, costly, and restricted in coverage, has been employed to monitor areas connected to coastal and marine environments globally; however, limited information has been available on the use of RS in the Arabian Gulf. Considering this knowledge gap, this systematic review synthesized published RS literature that focused on coastal zones of the eight states surrounding the Gulf, spanning five decades from 1971 through 2022.
This review offers the first comprehensive interpretation of how RS has been utilized along the coast of this rapidly developing region. The results of this review will serve as a useful reference tool for stakeholders from across a variety of disciplines, including environmental scientists, RS specialists, urban planners, coastal managers, and real estate developers. This review mapped the spatiotemporal patterns of the 186 publications extracted from three research databases and then subsequently categorized and sub-categorized how these publications used RS through the following four overarching categories: 1) coastal urbanization, 2) coastal and marine habitats, 3) environmental pressures and state changes, and 4) other. Results revealed that the largest proportion of papers applied RS techniques to explore topics related to environmental pressures and state changes (35%), with comparably lower proportions on coastal and marine habitats (27%) and coastal urbanization (20%). This greater concentration on environmental pressures and state changes can be attributed to several factors, such as major oil spill events (e.g., Gulf War), which elicited the first RS papers, and the region’s role as a major maritime conduit for global energy supplies which necessitated the monitoring of several environmental hazards (Yacoubi et al., 2024). The availability of open-access satellite data, along with its derived products, has also advantageously provided researchers with high-temporal frequency and large coverage scales to document environmental pressures more extensively. The smaller proportion of papers on coastal and marine habitats may be associated with the need for higher spatial resolution (Hedley et al., 2016), and the even smaller concentration of papers on coastal urbanization may be explained by the relatively recent emergence of coastal development projects in the Gulf within the past two decades.
4.1 Temporal and spatial trends
Temporally, the results illustrated that, despite slow growth from 1971 to the late 1990s, the number of peer-reviewed RS publications in the Gulf dramatically increased since 2001, signaling that this field has been gaining acceptance and credibility among the scientific community and with regional decision-makers. More than a third of RS-based studies (45.7%) were published in the last 3 years under review (2019–2022), the quantity of which will be expected to rise even further thanks to NASA and Sentinel’s open and free data access policy launched in 2008 and 2016, respectively, allowing access to Landsat and Sentinel products and archived images. This observed regional expansion aligns with the observations of Zhuang et al. (2013), who analyzed global RS literature from 1991 to 2010, revealing that the annual number of publications increased by 24.6% in those 2 decades, with a concentration in research in North America, Western Europe and East Asia (Zhuang et al., 2013). Our review indicates that research in the Gulf region is rapidly gaining ground and aligning with global trends in RS. This review extends the temporal range to 2022, expands knowledge on this understudied region, and introduces a coastal dimension to the discourse on urban RS which is often missing in the literature (Wentz et al., 2014). Additionally, our findings are consistent with those of de Araujo Barbosa et al. (2015), who, in their systematic review of RS applications in ecosystem services from 1960 to 2013, observed growth from 115 to 5,920 scientific publications and noted a relative deficiency in research within the Middle East, including the Arabian Gulf (de Araujo Barbosa et al., 2015). With the recent rapid growth in regional research, this data deficit is likely to be filled soon.
This temporal increase in RS publications appeared to be largely spatially siloed within national borders. Nearly half of the publications were split between Iran (22.6%) and the UAE (22.6%), with the remainder relating to KSA (11.8%) and Kuwait (11.3%). Qatar, Bahrain, Oman, and Iraq held the fewest publications. The review further demonstrated that most studies were conducted on the southern and western coasts of the Gulf, indicating that the large volume of RS publications may be connected to higher rates of coastal urbanization in populated centers along the coastlines of the UAE, Qatar, Bahrain, and KSA relative to the less populated northern and Iranian coasts. There are merits to national, city, and district-level applications of RS, as it can contextualize studies within their unique political, economic, and environmental conditions; however, scholars have consistently called for greater Gulf-wide RS applications to account for the shared nature of this water body (Zhao et al., 2017). Of the 15.6% RS-based studies on the wider Gulf region, most investigated large-scale variation in chlorophyll concentration and SST. The tendency to examine these two parameters at a broad scale may be connected to the availability of open-source RS data and derived products from NASA’s MODIS; but they fall short of producing sufficient transboundary papers on other environmental pressures and parameters and, therefore, restricts the production of a synoptic and regional view of the Gulf. Regional analyses would also enhance the accuracy of observations as estimations would be averaged over larger areas thereby reducing the impact of local anomalies and increasing the reliability of the data (Pitarch et al., 2016).
4.2 Coastal urbanization
This review illustrated that RS researchers have managed to extract coastal urban areas as pixels or objects in an arid and semi-arid region. While optical RS data in such an arid environment is minimally affected by cloud cover for most of the year, the ability to extract coastal urban areas serves as a great step forward in this field, given the considerable challenge associated with the spectral separability of urban areas from their surrounding soil and exposed rock (Althausen et al., 2003; Boulila et al., 2021; Ghandorh et al., 2022; Harris, 1985; Kwarteng and Chavez Jr, 1998; Manandhar et al., 2019; Paul et al., 2021; Sohl, 1999). Publications using RS in Gulf coastal urban zones relied on several RS techniques, including statistical modeling, change-detection methods, and advanced image processing to improve classification, predict urban expansion, and identify features such as road networks and urban objects from time-series satellite images. In terms of topics, studies highlighted a direct correlation between intensified human activities (e.g., reclamation, dredging, tree cutting) and widespread mangrove reduction: in Abu Dhabi from ∼1.2 km2 to ∼2.8 km2 over 28 years (1972–2000) (Yagoub and Kolan, 2006), in Tarut Bay, KSA from ∼13 km2 to ∼4.5 km2 over 35 years (1986–2021) (Zayed Abdalla, 2022), and in Ras Tubli, Ras Sanad, and Sitra, Bahrain by 95%, from 3.3 km2 to 0.5 km2 53 years (1967–2020) (Aljenaid S. et al., 2022). These findings echo that of Burt and Bartholomew (2019), who contend that coastal development has significantly degraded critical ecosystems that have historically offered goods and services to coastal communities for centuries (Burt and Bartholomew, 2019). This notion signals the growing demand for tools such as RS that can inform more effective and sustainable urban planning and development. Although RS applications on coastal urbanization constituted a fifth of all papers analyzed in this review, the number of suitability studies used for urban planning was alarmingly low at merely two papers (Mousavi et al., 2015). In practice, suitability studies such as environmental impact assessments (EIAs) are integrated into the management structure of nations surrounding the Gulf, but due to data confidentiality purposes, there is a lower inclination to publish the results. Organizations should strive to publicly distribute all data while also conducting cost-effective EIAs aided by RS.
4.3 Coastal and marine habitats
Land reclamation and dredging activities have adversely affected marine habitats in the Gulf, degrading the nursery areas for fish, feeding sites for both resident and migratory birds, and important habitats for key species such as dugongs, green turtles, and commercially important fishes (Bualhamam, 2009; Friis and Killilea, 2023; Zainal et al., 2012). Underscoring calls by scholars such as De Leeuw et al. (2010), Heumann (2011), and Pettorelli et al. (2014) to better employ remote sensing technologies in environmental management and conservation, this review demonstrated a significant variation in coverage among ecosystems (De Leeuw et al., 2010; Heumann, 2011; Pettorelli et al., 2014). More publications used RS methods to assess mangrove forest habitats (43%) compared to multiple habitats (29%), coral reefs (20%), and algal mats and vegetation (8%). This variation likely reflects both the ease of satellite detection (e.g., mangrove forests) and biodiversity value (e.g., coral reefs), leaving extremely extensive and biologically important habitats such as seagrass and algal mats understudied. To date, no regional reviews have examined the use of RS across multiple habitats in the Gulf. A notable review by Rondon et al. (2023), however, presents an insightful synthesis into remote sensing applications on mangroves in the Gulf Cooperation Council (GCC) from 2010 to 2022, revealing a decrease in mangrove cover in Saudi Arabia, Oman, Bahrain, and Kuwait, while noting an increase in Qatar and stable populations in the UAE due to afforestation and restoration initiatives (Howari et al., 2009). To develop a more comprehensive understanding of environmental change, an integrated monitoring program focusing on multiple habitat types across various spatial and temporal scales is warranted. Other notable barriers towards the integration of this technology in environmental management and conservation may also need to be addressed, including concerns around the cost and accuracy of data products, lack of interdisciplinary collaboration, as well as an absence of publicly accessible portals to facilitate informed decision-making (McCarthy et al., 2017; Schaeffer et al., 2013).
4.4 Environmental pressures and state changes
The current review demonstrated that RS literature in the Gulf has been applied to study a diverse range of topics on environmental pressures and state changes ranging from water quality (9%), including aspects such as turbidity and clarity, oil spills (15%), chlorophyll concentration and harmful algal blooms (29%) to shoreline changes (15%) and SST variability (14%), with a number of papers examining multiple pressures (8%) and salinity (2%). There were also noticeable geographic disparities on where these pressures were studied; for example, research on chlorophyll/harmful algal blooms and Gulf water quality received the most attention when considering the entire Arabian Gulf as the study area, followed by RS-based studies on SST. Additionally, oil spill studies were primarily conducted in Iran and KSA, with SST studies concentrated in the southern coast, specifically the UAE. Satellite-derived concentrations of chlorophyll, like that produced by MODIS, offer valuable environmental insights into the factors influencing phytoplankton variability in the Gulf (Alsahli and Nazeer, 2022). However, RS researchers in the Gulf identified errors in MODIS-derived chlorophyll mapping in coastal waters and proposed solutions by combining modeling techniques to improve accuracy.
Discharge from thermal desalination plants, which are widespread in the Gulf, has an impact not only on water quality but also on the thermal properties of the water (SST) and its trends, leading to adverse environmental impacts caused by heated effluents (Mahrad et al., 2020; Nesterov et al., 2021). Moreover, climate change will affect the Gulf region, as shown in recent RS-based studies that used MODIS data to map SST (Hereher, 2022). Of the reviewed papers, 15% investigated shoreline changes or sea level rise, contributing to understanding multi-decadal drivers of coastal change, evaluating potential climate change impacts, and supporting urban adaptation strategies in coastal areas (Vitousek et al., 2023). Certain studies created coastal models that predicted shoreline changes, which were subsequently used as guides for urban construction. Such guidelines enhance the efficacy of tackling problems like reduced sediment supply, extensive beach loss, and sea level rise, serving as a crucial manual for coastal managers. This integration aligns with the overarching development goals of promoting sustainable coastal management and enhancing resilience to environmental pressures. Adopting a synoptic regional approach to comprehensively study this semi-enclosed Gulf is crucial given the interconnectedness of its processes, such as river sediment dispersal from Iraq and Iran affecting water quality (Ghanavati et al., 2008; Gharibreza et al., 2014), and desalination plant discharges altering temperature and salinity profiles (Dawoud, 2012), consequently impacting habitats across boundaries.
4.5 Remote sensing techniques for coastal research in the gulf
The review also demonstrated that most papers used optical sensors (50.2%), while others used multi-sensors (47.5%), radar (1.6%), and Lidar (0.5%). Methodologically and technically, multi-source and multi-sensor data should be developed to maximize the benefits of any available RS data. Rondon et al. (2023), in their review on mangroves in the GCC, reported that results on the country-level distribution and cover change of mangroves varied among the literature due to the absence of a standardized methodology, variations in the resolution of satellite imagery and classification approaches. Over half of the studies complemented RS with field surveys, ground-truthing, or in situ data, primarily in papers concerning environmental pressures and habitats. This current review also highlighted the need for UAV ground truthing to validate satellite data. A third of all papers (37%) evaluated some component of accuracy; however, they frequently did not report the error matrix. This omission makes it challenging to evaluate the accuracy of the results and the subsequent measurements, comparisons, and recommendations that rely on maps produced from the data.
In general, the findings of this review cement the immense value geospatial technologies offer in deriving valuable ecological information from spectral information at a distance, at a low cost, and by eliminating in situ expenses, enabling the survey of areas difficult to access and providing repetitive coverage for periodic monitoring. RS is the only approach that can feasibly produce consistent and frequent data on large-scale settings such as the ocean and coastal provinces, but it does not negate the value of related approaches, such as in situ monitoring which is necessary to validate RS output. Only a few recent studies have utilized non-conventional classification techniques, such as the object-oriented classification method (OBC) (93, 109) and machine learning classifiers (91, 122). These approaches extend beyond the consideration of spectral attributes alone, as seen in traditional pixel-based classification methods. Rather, they also incorporate additional pertinent attributes such as shape, spatial relationships, and topographic characteristics of urban features. Scientists and practitioners should strive to use multiple methods as a complementary approach that can yield more robust insights that can also more effectively map complex phenomena like ecosystem services (Amani et al., 2021).
5 CONCLUSION AND RECOMMENDATIONS
With increasing coastal populations, growing investments in infrastructure and the continued use of land reclamation and dredging for constructing coastal mega-projects, RS technologies, including satellite, aerial, and drone-based tools, can ensure coastal managers can keep pace with the impact of rising population pressures and urbanization on coastal resources and habitats. To address the prior lack of comprehenive data on the use of RS applications to monitor coastal change in the Arabian Gulf, this study presents the first systematic review on the uses and applications of remote sensing along the coastal zones of the eight countries bordering the Gulf from 1971 to 2022. The review extracted, synthesized, categorized, and sub-categorized published peer-reviewed literature over the past five decades by searching through three of the largest research databases: Web of Science, Scopus, and ScienceDirect. The spatiotemporal patterns of the 186 included publications revealed a slow progression in RS coastal research in the first 3 decades, and a dramatic increase in productivity after 2001. Specifically, nearly half of all literature (46%) was published in the most recent 3 years alone (2019–2022), with around two-thirds (65%) published since 2002. Most publications, however, were spatially clustered in Iran and the UAE, followed by Saudi Arabia and Kuwait, with fewer studies focused on Qatar, Bahrain, Oman, and Iraq. Among the categories of coastal urbanization, coastal and marine habitats, and environment pressures and state changes, most RS applications were used to investigate the latter, and primarily on pressures related to harmful algal blooms, shoreline changes, and oil spills. Additionally, most papers used remote sensing to evaluate a single ecosystem (mangroves), with relatively less focused on coral reefs, algal mats, or multiple habitats. Overall, this review suggests the need to adopt policies and management tools that mitigate the negative impacts and risks associated with urbanization in the Gulf’s coastal and marine ecosystems.
As a result, the authors of this review encourage all stakeholders, from RS specialists and environmentalists to urban planners and policymakers, to collaboratively take advantage of this technology through the following 15 recommendations for policy and research (Figure 9). In terms of policies, countries around the Gulf should establish long-term regional monitoring systems using a combination of GIS and RS techniques coupled with in situ approaches for the iterative and transboundary mapping and conservation of coastal areas and hotspot zones (Hussein et al., 2017; Loughland et al., 2007; Yagoub and Kolan, 2006) as well as for the assessment of unsustainable land use patterns (Al Kuwari and Kaiser, 2011; Alqurashi & Kumar, 2016; Chouari, 2022; Hashem, 2015; Rahman, 2016; Shandas et al., 2017; Zainal et al., 1993; Zainal et al., 2012). Along with frequent synoptic monitoring, these eight countries should set up local interventions at ecologically suitable spatial scales to establish more effective systems for coastal management (Sale et al., 2014), which can inform decision-making processes seeking to minimize and mitigate anthropogenic-induced social and ecological consequences like dredging and reclamation (Abdi and Nandipati, 2010; Loughland et al., 2007; Yagoub and Kolan, 2006). These RS observations can then be used to corroborate regulation standards and set preventative measures (e.g., stop-work turbidity thresholds near dredging) for a range of industries involved in coastal development, including the real estate, maritime, and manufacturing industries.
[image: Figure 9]FIGURE 9 | Policy and research recommendations for remote sensing coastal zones and areas in the Arabian Gulf.
Moreover, RS satellite databases should strive to consolidate current data to produce an open-access Gulf-focused repository that is easily accessible by decision-makers and practitioners (Al Kuwari and Kaiser, 2011) and compatible with GIS systems, which would be an invaluable resource for conservation and spatial planning (Mateos-Molina et al., 2021). To complement this repository, the recent emergence of space agencies in the countries surrounding the Gulf that are involved in developing and launching local satellites (Rubin, 2024) should use them to inform coastal urban planning and conservation measures and support sustainable development (Al Mansoori et al., 2019). Contingent for the increased deployment of RS to understand urban spatial planning and development would be the enactment of a published and publicly available suitability study for all coastal urban projects. As RS data becomes more available, policymakers should remove administrative bureaucracy to allow the integration of RS into decision-making processes for effective environmental governance (Cerbaro et al., 2020). Lastly, countries should institutionalize professional training in geo-informatics tools (Bualhamam, 2009) and build national capacity to take advantage of these evolving technologies to ensure the sustainable management of Gulf coasts.
While this review has shown that there has been rapid growth and evolution of RS-based research in the Gulf region, there remain knowledge gaps and areas in need of deeper attention that can be addressed through research. Concerning research methods and approaches, academia must prioritize multidisciplinary research on the sustainable development of the Gulf’s urban centers and its social, ecological, and environmental consequences. Scholars should venture beyond measuring, mapping, and monitoring coastal urbanization to statistically model environmental changes and pressures, particularly between RS predictors and in situ variables. This transition from descriptive to predictive models will enable the development of future scenarios for coastal vulnerability and the selection of sites for restoration of coastal and marine habitats and/or for urban expansion that are environmentally sustainable (Alahmadi and Atkinson, 2019; Alqurashi & Kumar, 2016; Hashem, 2015).
RS studies investigating coastal urbanization in the Gulf should strive to embed all coasts as one study area using a consistent time frame and year interval. This standardized approach would allow for a more reasonable comparison of the rates of change and the additions/losses of urban areas across the region. Additionally, they should accelerate the adoption of a multi-source and multi-sensor approach while exploring new image classification algorithms such as ML and DL that go beyond pixel-based classification to consider the spectral, shape, spatial, and topographic characteristics of urban features for more accurate LULC maps and predictions in arid environments (Aljaddani et al., 2022). RS experts are encouraged to broaden the utilization of high-resolution imagery for change detection within the ‘coastal urban’ classification, supplementing it with ground truthing. Simultaneously, there is a call for introducing a cost-effective remote sensing approach that upholds accurate LULC classification while monitoring coastal urbanization (Al-Ruzouq et al., 2014; Elmahdy and Mohamed, 2018). Future studies should use high-spatial resolution RS data (<5 m) carried by satellites, commercial drones, or even underwater drones on all habitats, especially focusing on benthic habitats. Such studies should also consider all types of construction, including urban centers, ports, shipping channels, industrial infrastructure, and marine construction facilities, with a vertical extent of 30 km to the coastal zone, to comprehensively understand the impact of human activity on the Gulf coastlines and sea. These research pursuits should, ultimately, foster a comprehensive understanding of historical urban growth dynamics, identify the causes and drivers by utilizing available historical aerial photos for LULC classification, quantify spatial and temporal growth, and address the demands for residential, commercial, and industrial lands (Alahmadi and Atkinson, 2019; Aljaddani et al., 2022; Chouari, 2022).
The implementation of the aforementioned policy and research recommendations can contribute to the sustainable management of the Gulf’s coastal and marine ecosystems while fostering the socio-economic development of its inhabitants residing along the coast. The information derived will not only aid in promoting collaboration among industrial and scientific communities within the Gulf region but also will act as a diplomatic catalyst towards enhancing relationships among nations surrounding the Gulf and facilitate their active participation in global environmental protection efforts.
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