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Abstract


A probabilistic seismic hazard assessment in terms of peak ground acceleration (PGA) and spectral acceleration (SA) values, for both 10% and 5% probability of exceedance in 50 years, has been performed for the United Arab Emirates, Qatar, and Bahrain. To do that, an updated, unified, and Poissonian earthquake catalog (since 685 to 2019) was prepared for this work. Three alternative seismic source models were considered in a designed logic-tree framework. The discrimination between the shallow and intermediate depth seismicity along the Zagros and the Makran regions was also considered in this assessment. Three alternative ground-motion attenuation models for crustal earthquakes and one additional for intermediate-depth ones have been selected and applied in this study, considering the predominant stress regime computed previously for each defined source. This assessment highlights that the maximum obtained hazard values are observed in the northeastern part of the studied region, specifically at Ras Al-Khaimah, Umm Al-Quwain, and Fujaira, being characterized by mean PGA and SA (0.2 s) pair values equal to (0.13 g, 0.30 g), (0.12 g, 0.29 g), and (0.13 g, 0.28 g), respectively, for a 475-year return period and for B/C National Earthquake Hazards Reduction Program (NEHRP) boundary site conditions. Seismic hazard deaggregation in terms of magnitude and distance was also computed for a return period of 475 years, for ten emirates and cities, and for four different spectral periods.
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1. Introduction


During the last few decades, the Arabian (Persian) Gulf countries (United Arab Emirates (UAE), Qatar and Bahrain) have experienced huge economic growth reflected by the development of their infrastructure and construction industry, as well as a considerable increase of population. Several significant national projects worth billions of dollars have been built, or are under construction, in those countries (e.g., Khalifa Tower, Dubai Metro, Dubai Creek Tower, Expo 2020 Dubai in the UAE; FIFA World Cup Qatar 2022 stadiums, Sharq Crossing, Lusail City, Water Security Mega Reservoir Project, and Hamad Airport expansion project in Qatar; Bahrain World Trade Centre, Abraj Al Lulu, Bahrain Financial Harbour, and Durrat Al Bahrain in Bahrain).



Geographically, the three countries (Figure 1) share the political sea borders of the Arabian Gulf with Iran. Tectonically, they are located within the eastern part of the stable continental region of the “Arabian Plate”, which was formed 25–30 million years ago due to the opening of the axes of the Great African Rift System [1] along the Red Sea and the Gulf of Aden. Significant potential seismotectonic sources are surrounding those regions [2]: (a) the Zagros-Biltis Fold Thrust Belt (ZBFTB) from the northeastern side [3], (b) the Makran Subduction zone defining the Arabian-Eurasian plate boundary, towards the east [4], and (c) the Owen-Murray Transform plate boundary delimiting the Arabian and Indian Plates, towards the southeastern border [5] (Figure 1a). Significant earthquake activity was recorded along the previously mentioned plate boundaries (Figure 1b). Despite the large distance between those plate boundaries and the studied countries, they are the main potential contributors to the seismic hazard in these countries.



The current building regulations [7,8,9] of the studied countries (UAE, Qatar, and Bahrain) are not fully compatible with the seismic design concepts of the modern building codes around the world. The best and most effective way to mitigate such natural phenomena and reduce disasters caused by earthquakes is to compute reliable seismic hazard values that greatly serve to improve what is considered in building regulations. The computation of these probabilistic seismic hazard values establishes the crucial first step towards reaching a reliable and representative seismic provision in the building codes for any region or country. Taking into consideration the substantial development and mega construction projects in those countries, as well as the current incomplete and non-uniform regulations for the seismic design, a new comprehensive seismic hazard assessment based on a systematic approach is required.



In the current work, a new probabilistic seismic hazard assessment (PSHA) for the three Gulf countries is developed in terms of the mean horizontal peak ground acceleration (PGA), hazard curves, and spectral acceleration (SA) ordinates. A typical zoning approach combined with a spatially smoothed seismicity model has been applied based on an up-to-date compiled and unified Poissonian earthquake catalog and a seismic source model published recently by Sawires et al. [2,6]. A logic-tree design that considers the epistemic uncertainties related to four main inputs has been constructed: the seismic source model, the Gutenberg–Richter b-value, the maximum expected magnitude, and the ground-motion attenuation model. Here, we present the results of this detailed seismic hazard assessment for the whole studied region, in general, and for selected mega cities in particular, for B/C National Earthquake Hazards Reduction Program (NEHRP) boundary site conditions, and for return periods of 475 and 975 years. This study, initially, will provide engineers and designers with the necessary updated seismic hazard values (PGA and SA), hazard curves, and uniform hazard spectra (UHS), in order to update and/or create a uniform building code for those countries. A significant result from this assessment has been the deaggregation analysis, providing the necessary data of the most contributing seismic sources to the hazard at a particular site, which could be used by engineers and analysts to both select the ground-motion acceleration records and generate scenario earthquakes required for the seismic design. This assessment also provides the necessary seismic zoning maps, as well as a new proposed design spectrum, that are fully compatible with the requirement of the new building codes all over the world.




2. Review of Previous Assessments and Building Regulations


Since 1990s, several seismic hazard assessments have been conducted in the Arabian Gulf region including the countries of UAE, Qatar, Bahrain, Oman, and Saudi Arabia. Depending on their availability, they are arranged chronologically as the following: Al-Haddad et al. [10], Grünthal et al. [11], Abdalla and Al-Homoud [12], Sigbjornsson and Elnashai [13], Peiris et al. [14], Musson et al. [15], Malkawi et al. [16], Aldama-Bustos et al. [17], Shama [18], El-Hussain et al. [19], Khan et al. [20], and Al-Shijbi et al. [21]. Table 1 represents an attempt to shed light on and compare those seismic hazard assessments performed previously upon the surroundings of the region of interest. Terms of comparison are the study region (local, regional, or specific sites), the applied attenuation relationships based on the considered seismic sources, the software code used, and the main output results. As it can be seen from Table 1, some of these studies were conducted in order to assess the seismic hazard at a regional level, like those for the Middle East [11], the Arabian Peninsula [10,21], or the Arabian Gulf countries [14,19]. While, other studies focused on the UAE (e.g., [12,15,20]), or specifically on some important big cities (e.g., [13,16,17,18]).



In terms of the implemented seismic source model (Table 1), some of these studies applied a simple and a regional model (e.g., [10,13,14,15,16]) in which the ZBFTB, the Makran subduction zone, and the Arabian Gulf Craton (see Figure 1) were considered as a single potential seismic source. Meanwhile, other studies, e.g., [12,17,19,20,21], tried to delimit different seismic zones differentiating the prevailing seismotectonic environment in their studied regions (see Table 1). Accordingly, a variety of different ground-motion attenuation models were applied in each individual study. Some of the most commonly used models in the previous assessments, for the shallow active crustal regions, were those developed by Ambraseys et al. [22,23], Abrahamson and Silva [24], Campbell and Bozorgnia [25], Akkar and Bommer [26,27], Boore and Atkinson [28], and Chiou and Youngs [29]. The applied models for the active subduction regions were those of Youngs et al. [30], Atkinson and Boore [31], and Zhao et al. [32]. Furthermore, for some assessments that considered the Arabian stable cratonic area, the models by Atkinson and Boore [33,34] and/or Campbell [35] were used.



From the previously-mentioned seismic hazard assessments, applying different source models and attenuation relationships for each individual study, and by using different software codes (see Table 1), different results have been obtained and presented in different forms and formats (e.g., hazard curves, UHS, PGA, and SA values for some spectral periods, with return periods ranging from 100 up to 10000 years).



Great differences in the obtained results from subsequent studies, for the same studied sites, have been observed (e.g., see PGA values for Dubai and Abu Dhabi in Table 2). These differences can be attributed to the following main reasons: (a) the considered earthquake catalog and its completeness, which affects significantly the obtained hazard values especially in regions with moderate seismicity, (b) the seismic source model in relation to the prevailing seismotectonic context of the studied region, and (c) the selection of the most appropriate representative ground-motion attenuation model(s) representing the attenuation characteristics in the region under study.



Additionally, there is not a unified and specific seismic design code/regulation applicable for buildings all over the three studied countries. However, hazard assessments could be incorporated into the well-known internationally applied seismic design codes, e.g., [48,49,50]. The UBC [48] classifies the emirates of Abu Dhabi, Dubai, and the cities of Doha and Manama to be located within Zone 0, which means that they do not need any seismic regulation because there is no “significant” seismic hazard (according to this code). The only exception is that for those tall buildings with more than five stories in the Dubai municipality. They were considered within Zone 2A (PGA value equals to 0.15 g) defined by the UBC [48]. In contrast to the UBC [48] format, that uses the PGA values as a direct input for the seismic design criteria, the Abu Dhabi municipality has recently adapted the IBC [50] and enforced the ADIBC [7] which depends mainly on the SA values at 0.2 and 1.0 s. This enforced code was based mainly on the IBC [50] regulations published by the International Code Council, considering the regional subdivision of the UAE by Khan et al. [20]. These authors classified the UAE into four main zones, based on a seismic hazard assessment for B soil conditions (NEHRP classification) for the whole country, and for a return period of 2475 (check whole paper) years. The corresponding SA (0.2 s) and SA (1.0 s) pair values (2475 years return period) for the defined zones all over the UAE are equal to 0.21 and 0.07 g, 0.28 and 0.11 g, 0.42 and 0.17 g, and 0.70 and 0.22 g, for zones 1, 2, 3, and 4, respectively. In addition, the Qatar National Construction Standards [9] and earlier editions did not enforce any seismic design requirements for the construction and design of buildings in the country. However, the specifications of the QGOSM [8] suggested that some seismic acceleration values should be adopted for the design of new buildings and structures in the country. The most acceptable design spectra for Qatar are those developed by Peiris et al. [14] and Pascucci et al. [51] for a return period of 2475 years [51].



The previously mentioned building regulations do not provide a unified seismic design regulation nor PGA and SA values specifically for each major city or significant site. Instead, they divide each country (when available) into broad zones, assigning to each of them a single or pair seismic hazard value(s). Therefore, the justification for a new seismic hazard assessment and its subsequent homogenous seismic design maps/values for the countries of UAE, Qatar and Bahrain is a necessity, from our point of view, taking into account all relevant uncertainties in the seismicity parameters and the applied ground-motion attenuation models, and taking advantage of the newly developed earthquake catalog and seismic source model by Sawires et al. [2,6].




3. The Earthquake Catalog


An updated Poissonian earthquake catalog [52,53,54] as well as a better understanding of the seismotectonic setting in the region under study constitute the fundamental basis to define a reliable and representative seismic source model, which is the first crucial element in order to perform a reliable PSHA. In the current research, a new catalog from the available original data sources was compiled. Thus, a unified catalog in terms of m (spatial extent between 47° and 66° E longitudes, and between 21° and 31° N latitudes), and spanning the time period from 685 to 2019 has been assembled and published by Sawires et al. [2,6]. For its compilation, several published papers, bulletins, and data sources were considered (e.g., published papers [17,19,52,53,54,55], the International Seismological Center (ISC) bulletin [56], the global instrumental ISC-GEM catalog [57], the EHB catalog [58], the International Institute of Earthquake Engineering and Seismology and the Iranian Seismological Center [59], the 2014 Seismic Hazard Model for the Middle East “EMME-SHM14” database [60,61] and the United States Geological Survey (USGS) bulletin [62]). During the merging process, it was necessary to avoid any possible duplication for earthquake records from different catalog sources. Differences in origin time less than one minute, and in coordinates less than one degree, have been identified. Such records have been manually examined and the duplicated events were removed. Initial compiled magnitude sizes were described by several scales (surface-wave “Ms”, body-wave “mb”, local “ML and MN”, and moment “Mw” magnitudes). Sawires et al. [2,6] applied some magnitude conversion scaling relationships (Equations (1)–(5)) to unify the recorded magnitudes into moment magnitude. Some of these relationships were developed originally by Shahvar et al. [52] for Central Iran and Zagros regions.


   M w  = 0.611  (  ± 0.010  )   M s  + 2.314  (  ± 0.047  )  … … “  M s  < 6.1 ”  



(1)






   M w  = 0.949  (  ± 0.029  )   M s  + 0.243  (  ± 0.192  )  … … “  M s  ≥ 6.1 ”  



(2)






   M w  = 1.030  (  ± 0.017  )   m b  − 0.057  (  ± 0.082  )   



(3)






   M w  = 0.763  (  ± 0.029  )   M L  + 1.355  (  ± 0.142  )   



(4)






   M w  = 0.834  (  ± 0.028  )   M N  + 0.932  (  ± 0.143  )   



(5)







As a following step to remove any dependent (non-Poissonian) earthquake such as foreshocks, aftershocks or earthquake swarms, the authors applied the Gardner and Knopoff [63] procedure to identify those dependent earthquakes. Finally, the completeness of the obtained catalog (Figure 1) has been analyzed, for different magnitude ranges, by plotting the cumulative number of earthquakes above a specific magnitude. Different completeness periods, with different activity rates, have been obtained for both shallow-depth (≤35 km) and intermediate-depth (>35 km) earthquakes. For instance, the catalog for shallow earthquakes was found to be complete for magnitudes above Mw 5.0 and 6.0 since 1945 and 1920, respectively. However, the intermediate-depth events catalog was found to be complete, for the same previous magnitude sizes, only since 1995 and 1975, respectively (for more details, refer to Sawires et al.) [2,6].




4. The Considered Seismic Source Models


The delimitation and characterization of the possible potential seismic sources in the region of interest is another key point for any PSHA [61,64]. Area sources are usually used to delimit the distributed seismicity that could not be associated directly to active faults. In this regard, the estimated seismicity recurrence parameters are assumed to be uniform inside each individually defined source zone. When delineating the possible active source areas, all available information about geology and seismotectonics of the region (focal mechanisms and active faults), as well as seismicity (historical and instrumental), was taken into account [2,64]. In the current assessment, and to consider the uncertainty in the source model, three alternative sets of recently published source models are used in a logic-tree scheme; one of them is a spatially-smoothed seismicity model, and the other two are the area source models developed by El-Hussain et al. [65] and Sawires et al. [2] for the Arabian Peninsula and the surroundings of the UAE (see Figure 2).



The area source model by Sawires et al. [2] was developed specifically for the UAE and its surroundings. Using the previously quoted catalog [6], alongside with available data about active faults in the Zagros and the Makran regions [61], as well as the geology and crustal thickness information [66,67], the authors proposed a new seismic source model consisting of a total of 12 area seismic sources. Those area sources can be categorized into two main groups: crustal shallow-depth (h ≤ 35 km) area sources (from Sh-01 to Sh-10; see Figure 2a), and intermediate-depth (35 < h ≤ 70 km) area sources (IN-01 and IN-02; see Figure 2b). The defined sources cover the possible potential active seismic regions that may contribute to the seismic hazard in the studied countries. The authors delimited the sources Sh-01 (Arabian Gulf), Sh-02 (Foredeep and Mountain Front), Sh-03 (Simple Fold Belt), Sh-04 (High Zagros Thrust Belt), and IN-01 (Zagros Intermediate-depth Earthquakes) to cover the seismicity along the ZBFTB. Additionally, the sources Sh-05 and Sh-06 were delimited specifically to cover the crustal shallow earthquakes along the Nayband-Gowk Fault zone and the Zagros-Makran Transition Zone, respectively (see Figure 2a,b). Furthermore, three different area sources were defined to delimit both crustal and intermediate-depth seismicity along the Makran Subduction Zone (Sh-07 “Western Makran”, Sh-08 “Eastern Makran”, and IN-02 “Makran Intermediate-depth Earthquakes”). The last shallow crustal area sources were delineated specifically to include the potential seismicity located within the Oman Mountains and Dibba Fault (Sh-09), and the Owen-Murray Fracture zone (Sh-10) (see Figure 2a,b) (for more information about the specific characteristics for each delimited area source, see Sawires et al. [2]). Similar to the Earthquake Model for the Middle East [60,61], the Sawires et al. [2] seismic source model considers the intermediate-depth earthquakes as separate source areas. All related seismicity parameters (annual rate of earthquakes above Mw 4.0, b-value, mean seismogenic depth, and maximum recorded and expected magnitudes), as well as the mean stress regime for the defined seismic sources, have been imported and considered in the current assessment and tabulated in Table 3.



A second alternative model is a spatially smoothed seismicity model. It was chosen to be used in the current assessment to consider the uncertainty in the knowledge of the boundaries of the previous zoning model, as well as to consider earthquakes where they really happen (e.g., low-magnitude earthquakes occurred in the Arabian cratonic area to the southwest from the defined sources). This model is based on the approach proposed by Frankel [68] to model the distributed seismicity, i.e., the seismicity that cannot be assigned to specific tectonic structures. The employed procedure is detailed on the following. The region was divided into square cells (bins) of 0.1° × 0.1° in size and the number of earthquakes above a certain magnitude was counted inside each cell. In this case we have used the catalog compiled by Sawires et al., [6], and a reference magnitude equal to Mw 5.0 since 1940 for crustal earthquakes, and since 1965 for intermediate-depth events. Thereby, initially, the annual number of events above Mw 5.0 is counted into each cell. From this value, (a) the annual number of earthquakes above Mw 4.0 into each cell is derived using the Gutenberg-Richter relationship with the corresponding b-parameter from the source where the cell is included, and (b) finally, these values are spatially smoothed using a Gaussian filter with a c parameter equals to 0.2°. The selected dates of 1940 and 1965 are considered those for which the Mw 5.0 events can be considered complete for crustal and intermediate-depth events, respectively [2]. The Gaussian filter is used to preserve the total number of earthquakes [68], and the selected c value considers the uncertainty in the earthquake location in this region. This procedure is the same followed by the authors in similar works, for instance, by Peláez and López Casado [69] in all the Iberian Peninsula, Peláez et al. [70] in Algeria, and Peláez et al. [71] in SE Spain. The obtained result, the annual number of earthquakes above magnitude Mw 4.0 in each cell (Figure 3), is considered the input for the seismic hazard assessment when using this approach, where each cell is assumed to be an area source. b-values and maximum magnitudes are the same values as estimated in the Sawires et al. [2] model.



The third alternative seismic source model is the one developed by El-Hussain et al. [65] that used before to assess the seismic hazard for the Arabian Peninsula. Among the 57 area sources defined by El-Hussain et al. [65] for the whole Arabian Peninsula, only twenty-two area sources (Figure 2c) have been considered, which can influence the seismic hazard in the studied region. The considered seismic sources, as labelled from the authors, are the following: from 1 to 18, and from 54 to 57 (see Figure 2c). Labelled sources Z-1 (Makran East), Z-2 (Makran Intraplate), Z-3 (Makran West), Z-4 (Jaz-Murian), Z-5 (Zendan Fault), Z-6 (Jiroft Fault), Z-7 (Ali Abad), and Z-8 (Gowk Fault) are covering the seismicity along the Makran subduction zone. However, sources labelled as Z-9 (Arabian Gulf), Z-10 (Zagros Foredeep), Z-11 (Zagros Simple Fold), Z-12 (High Zagros), Z-13 (Sabz-Pushan Fault), Z-14 (Karebas Fault), Z-15 (Kazerun Fault), Z-16 (Borazjan Fault), Z-17 (Dezful Embayment), and Z-18 (Mesopotamia) cover the seismicity along the Zagros region. Finally, an additional four sources (Z-54, Z-55, Z-56, and Z-57) were included by the authors to cover the seismicity along the Owen, Murry Ridge, Oman Mountains, and the Arabian Cratonic region, respectively. This last source (Z-57) is acting as a background zone in this assessment in particular, i.e., an area source without any identifiable fault sources, modeling the diffuse seismicity. Used seismicity parameters (seismogenic depth, annual rate of earthquakes above Mw 4.0, b-value, and maximum expected magnitude) are those considered by El-Hussain et al. [65] and listed in Table 4.




5. Selected Ground-Motion Attenuation Models


The selection of the ground-motion attenuation model is mainly dependent on the prevailing seismotectonic setting of the region, and on the availability of strong motion data. The strong motion data are very limited in the studied countries. In fact, there is not enough strong motion data to derive a region-specific attenuation model, nor for the calibration of some selected attenuation equations. All the previously mentioned seismic hazard assessments (Table 1) were performed by applying worldwide or regionally adopted ground-motion attenuation model(s) developed for other regions/countries.



Taking into account the prevailing seismotectonic environment, the global ground-motion attenuation models are broadly falling into one of the following categories: (a) active tectonic regions dominant by shallow crustal seismicity, (b) active tectonic regions with subduction zones, and (c) stable continental regions. In the current assessment, and considering the proposed seismic source models and following the global tectonic regionalization model by Chen et al. [72], the delimited potential seismic sources fall into the first two groups: the active shallow crustal and subduction sources.



Since most of the potential seismicity that could contribute to the seismic hazard in the considered countries are located mainly on Iran (the Zagros region and the Makran subduction zone), worldwide as well as region-specific ground-motion attenuation models were preferred to be applied in this assessment. Farhadi et al. [73] assessed the applicability of several ground-motion attenuation models against the local recorded strong-motion data for assessing the seismic hazard in Iran. They initially selected several ground-motion models that developed for different geographic regions (Iran, Turkey, the Middle East, Europe, the Western United States and Japan), for the active shallow crustal regions. They considered attenuation models from five groups: (a) four models from the North Generation Attenuation-West2 (NGA-West2) Project [74,75,76,77], (b) local attenuation models of Iran [78,79,80,81,82], (c) models from Turkey [83,84], (d) two Japanese models [32,85], and (e) models proposed for Europe and the Middle East [86,87,88]. They evaluated and compared the selected attenuation models against the local database in Iran (643 strong-motion records coming from 240 earthquakes within the magnitude range Mw 3.9 to 7.3, for Joyner–Boore distances up to 300 km). As a final conclusion for this study, the authors recommended the application of the region-specifically developed attenuation models by Sedaghati and Pezeshk [79], Zafarani et al. [81], and Farajpour et al. [82], as well as the regional attenuation models by Zhao et al. [32] and Bindi et al. [87], to assess the seismic hazard, considering the whole strong-motion database. In the current assessment, and taking into account the results from this recent published study, the most recent ground-motion attenuation models by Zafarani et al. [81] and Farajpour et al. [82], alongside the NGA-West2 model proposed by Abrahamson et al. [75], were considered within a logic-tree scheme (Figure 4). They were considered to characterize the attenuation characteristics for the active shallow crustal regions for the considered seismic source models. Additionally, the ground-motion model developed by Zhao et al. [32] was considered for the defined intermediate-depth seismic sources (IN-01 and IN-02, see Figure 2b) proposed in the source model by Sawires et al. [2]. Those selected model [32,75,81,82] were found to be the best compatible ground-motion attenuation models in terms of their magnitude, distance, and period range definitions.



The first selected attenuation model by Zafarani et al. [81] was considered for the active shallow crustal seismic sources (Figure 4). This attenuation model was developed using the Iranian strong-motion database. It was developed to predict the PGA and the pseudospectral accelerations (for 5% damping ratio) for oscillation periods up to 4.0 s. This ground-motion prediction model is accounting the style of faulting and the site conditions according to the European Committee for Standardization EC-8 [89]. The distance measure in this model is the horizontal distance to the surface projection of the rupture plane (the Joyner–Boore distance RJB). It is valid for a moment magnitude range of 4.0 ≤ Mw ≤ 7.3, and for distances up to 200 km. The second considered attenuation model is that developed by Farajpour et al. [82] (Figure 4). It was also developed specifically for Iran. This attenuation model includes PGA and pseudospectral acceleration ordinates (5% damping ratio) for oscillation periods ranging from 0.01 s to 4.0 s. It is valid within a moment magnitude range of 4.8 ≤ Mw ≤ 7.5, and for rupture distances (Rrup) up to 400 km, taking into consideration the faulting mechanisms. In addition, it includes a definition for the soil conditions based on the value of the average shear-wave velocity for the upper 30 m of soil (VS,30). In the current study, a value of 760 m/s for this parameter has been considered, reflecting the B/C NEHRP boundary site class boundary, i.e., the transition between very dense soil and soft rock conditions. The third selected attenuation model is that developed for shallow crustal regions by Abrahamson et al. [75] which considered as one from the NGA-West2 models (Figure 4). This attenuation model is applicable for earthquakes in the range Mw 3.0 to Mw 8.5, at RJB distances up to 300 km, and for PGA and spectral periods from 0.01 to 10.0 s. It includes a regional variability in the source, path, and site effects as well. In favor of using this relationship, for instance, is the fact that NGA-West2 database [90] includes large Iranian events, as the 2003 M 6.6 Bam earthquake, and that several recent seismic hazard studies in low to moderate seismic areas, e.g., [91,92,93] have considered to use this ground motion prediction equation. The last selected ground-motion model used for the intermediate-depth seismic sources is that published by Zhao et al. [32] (Figure 4). This attenuation model was developed for interface/interplate, inslab/intraslab, and crustal earthquakes, using a strong-motion database from Japan, Iran, and Western United States. It has a valid spectral period range from 0 to 5.0 s, and a valid Rrup up to 300 km, within a magnitude range from Mw 5.0 to 8.3. This model also considers the style of faulting, as well as the soil characteristics. In the current assessment, the SCI site class (VS,30 > 600 m/s) has been chosen to be compatible with the previously selected attenuation models.



The ground-motion attenuation models by Zafarani et al. [81], Farajpour et al. [82], and Abrahamson et al. [75] are used together as three alternatives, in a logic-tree framework, to model the ground-motion attenuation for those shallow-depth earthquakes in active crustal regions, sources from Sh-01 to Sh-10 in the Sawires et al. [2] zoning model, and all sources included in the model by El-Hussain et al. [65] (see Figure 2c). For the remaining sources (IN-01 and IN-02 in the model by Sawires et al. [2]), we implemented the model by Zhao et al. [32] for the intermediate-depth seismicity within the Zagros region and the Makran subduction zone (see Figure 5). The compatibility among the four selected ground-motion attenuation models was also considered for the computation of the seismic hazard values. All models are expressed in terms of the moment magnitude. Even though the models by Zafarani et al. [81] and Abrahamson et al. [75] use the RJB distance as a definition for the distance term, while the other two models use the Rrup distance, the used software code (R-CRISIS; Ordaz et al. [94]) allows the application of different distance definitions. Thus, no distance conversions are required in the current assessment. Finally, all chosen attenuation models consider different styles for the faulting mechanisms. In this study, the different faulting mechanisms have been considered when using R-CRISIS [94], with the aid of the built-in rupture parameters by Wells and Coppersmith [95], to reflect the tectonic environment of each individual seismic source (see Table 3).




6. Logic Tree Framework and Seismic Hazard Computations


Due to the incomplete understanding of the phenomena of earthquakes, several sources of uncertainties are usually associated with any seismic hazard assessment. In the current assessment, and in order to handle and treat such sources of uncertainties in an appropriate way, a logic-tree design has been implemented. After several considerations for the different input parameters, only four elements/inputs were considered in the logic-tree framework. They are the used seismic source model, the Gutenberg-Richter b-value, the maximum expected magnitude, and the used ground-motion attenuation models [75,81,82] for the active shallow crustal regions (Figure 5). In total, 54 branches for the designed logic tree were implemented, with each of them representing an alternative seismic hazard scenario. Considering the seismic source model, three different alternatives have been setup. They are the area source model by Sawires et al. [2], the spatially-smoothed seismicity model using the same catalog and seismicity parameters published by Sawires et al. [2,6], and the area source model by El-Hussain et al. [65] that was used recently by Al-Shijbi et al. [21] and Deif et al. [96] for assessing the seismic hazard for the Arabian Peninsula and Oman, respectively. The assumed subjective weights for the three alternatives are 0.4, 0.4, and 0.2, respectively (Figure 5). A higher weight (0.4) was given to the first couple of models because it is the outcome of the hazard analyst opinion that the model by Sawires et al. [2] is developed specifically and more representative for the region under study rather than the regional model [65] developed for the Arabian Peninsula.



Considering the b-value, the same design and weights as in several publications e.g., [19,97] has been followed (Figure 5). The preferred mean b-value was given a higher weight (0.6) in comparison with the other two alternatives (b-value ± σ) with lower weights (0.2). Two additional branches were setup for the third parameter, the maximum expected magnitude, with a given weight of 0.75 (for the mean value) and 0.25 (for Mmax + σ), using in this case a conservative criterion. For the final input element, the selected ground-motion prediction models for the shallow active crustal seismic sources, it is common to apply an equal weight for different branches, e.g., [60,97,98,99], that represents equal levels of the modeler’s confidence. So, in the current assessment, three equal-weighted branches (0.33 for each) were implemented for the Zafarani et al. [81], the Farajpour et al. [82], and the Abrahamson et al. [75] models (see Figure 5). During the subjective weighting process, we tried as possible to select weights that reflect our confidence in the different input parameters and variables, as well as following some published works, e.g., [19,21,60,97,98,99,100].



Based on the Cornell [101] PSHA methodology, the followed seismic hazard assessment procedure in the current appraisal is the standard one. Seismic hazard was computed applying the well-known total probability theorem and expressed in terms of the rate of exceedance for a specific level of ground motion for the considered site condition. Among several available open-source PSHA software codes (e.g., OpenSHA [102], OpenQuake [103], and EqHaz [104]), the validated and verified R-CRISIS [94] was chosen for this assessment. R-CRISIS [94] provides a friendly graphical interface environment to facilitates data input and compute the seismic hazard. The computations were performed for grid points covering all the studied region at a spacing of 0.1° × 0.1° (about 10 km × 10 km). In order to run the assessment, several input parameters for each individual seismic source (and accordingly in each logic-tree branch) were necessary to be included in R-CRISIS [94]. They are: (a) the minimum magnitude (Mmin) that should be defined in the integration process, which we considered to be equal to Mw 4.0 in our assessment for all included seismic sources (considered as the appropriate magnitude to be used in a good design and construction of buildings e.g., [105]), (b) the annual rate of occurrence for earthquakes of magnitudes equal to or greater than the Mmin, (c) the Gutenberg-Richter β-value (β = b × ln10), and finally, (d) the maximum expected magnitude for each source. Additionally, coefficients of variation for the β values and the standard deviations for the Mmax values were also included to account for the epistemic uncertainties (see Table 3 and Table 4). In order to implement the chosen ground-motion attenuation models into the software, R-CRISIS [94] allows only three categories of attenuation relationships. They are the attenuation tables that could be provided by the analyst, the built-in attenuation models, and the generalized attenuation models. For this current assessment, two attenuation tables for the models by Zafarani et al. [81] and Farajpour et al. [82] were prepared and built following the guided structure defined in, and compatible with, the R-CRISIS [94] software. Additionally, the other two models by Abrahamson et al. [75] and Zhao et al. [32] were defined using a built-in attenuation relationship.



The obtained ground-motion values in the current assessment are presented for two different probabilities of exceedance: 10% in 50 years (475-year return period), and 5% in 50 years (975-year return period), both for the considered site conditions (B/C NEHRP boundary). Seismic hazard results are presented in a series of contour maps (Figure 6) of peak ground horizontal acceleration, and spectral accelerations (for a 5% damping ratio) at periods of 0.2 s and 1.0 s, for each probability of exceedance. The selection of those depicted oscillation periods is considered because of the fact that the hazard values for 0.2 s and 1.0 s spectral periods are greatly representative for the overall shape of the UHS. Additionally, these two values for the spectral periods permit the application of the Malhotra [106] criterion (based on the procedure by Newmark and Hall [107]) to propose a design spectrum for each studied site.



In addition, the seismic hazard results are presented for ten selected emirates and cities (eight major emirates in the UAE, and the two capital cities of Qatar and Bahrain) in terms of hazard curves (Figure 7) for PGA, as well as their UHS in Figure 8. Two horizontal lines on the hazard curves plots (Figure 7) are highlighting the two considered return periods (475 and 975 years). The choice of those significant cities is mainly based on their geographic distribution, population density, and their socio-economic importance in the UAE, Qatar, and Bahrain. As a result of the computed hazard curves and UHS, different characteristic seismic hazard values (mean PGA, SAmax, SA (0.2 s), and SA (1.0 s)) for the studied cities were derived and listed in Table 5.



Finally, seismic hazard values were deaggregated in terms of distance and magnitude (Figure 9), following Bazzurro and Cornell [108] methodology. For each city, the deaggregation was computed and depicted for four spectral periods (PGA, SA (0.2 s), SA (1.0 s), and SA (2.0 s)) for a return period of 475 years, which is usually considered as input for the seismic design of buildings all over the world. Magnitude bins of 0.5 (from Mw 4.0 to 8.0) and distance intervals of 25 km (from 0 to 400 km) were defined using R-CRISIS [94] software and following the USGS guiding procedure by Harmsen et al. [109]. Accordingly, the contribution (%) of the different earthquake scenarios to the total obtained seismic hazard value, at a specific site, was computed and plotted (see Table 6 and Figure 9). Thus, it allows the identification of what is called by the design [110], the control [111], the dominant [108], or the modal [112] earthquake (see Table 6). This control earthquake is usually defined by the modal or mean value for both magnitude and source-to-site distance (Table 6). The mean value is not always representing a realistic hazard scenario, because the modal value corresponds to the distance-magnitude group that defines the largest contribution to the seismic hazard at a site, hence, corresponding to a more realistic source [113]. Following the estimation and comparison of the modal and mean values, at each individual site, it is possible to determine the sources that mainly contribute to the hazard at that site whether they are only one, or many sources at different distances [69,100]. Table 6 shows the obtained deaggregation results for the four studied spectral periods, at the selected cities and emirates, in terms of both the mean and modal values.




7. Results and Discussion


The isoacceleration maps (Figure 6) highlight the hazard in the northeastern edge of the UAE (the emirates of Ras Al-Khaimah, Umm Al-Quwain, Fujaira, Ajman, Sharjah, and Dubai), as the area that has a relatively higher seismic hazard values than the rest of the studied region (the emirates of Al-Ain and Abu Dhabi, as well as the cities of Doha and Manama) in the context of a low seismic hazard region. The depicted hazard maps show the same contour line pattern, as they have a decreasing value towards the southwest, which is greatly expected; the far the distance from the most active seismic sources, the lower seismic hazard. For a 10% probability of exceedance in 50 years, the northeastern region has seismic hazard values up to 0.13, 0.30, and 0.07 g for the mean PGA, SA (0.2 s), and SA (1.0 s), respectively. In this area, the emirates of Ras Al-Khaimah, Fujaira, Umm Al-Quwain, and Ajman share approximately the same PGA value (0.13 g for the first two emirates, and 0.12 g and 0.11 g, for the third and fourth ones, respectively) for a return period of 475 years (Table 5). In addition, the SA (0.2 s) values are equal to 0.30 g, 0.28 g, 0.29 g, and 0.26 g for these four emirates, respectively, for the same return period. The cities of Manama and Doha and the emirate of Abu Dhabi are exhibiting the lower PGA (0.06 g, 0.06 g, and 0.05 g, respectively), and SA (0.2 s) values (0.14 g, 0.13 g and 0.12 g, respectively), for the same return period. Finally, the emirates of Sharjah, Dubai and Al-Ain are characterized by in-between PGA (0.10 g, 0.09 g, and 0.07 g, respectively), and SA (0.2 s) values (0.25 g, 0.22 g, and 0.15 g, respectively), for the same return period. Additional seismic hazard values (for 475 and 975 years as return period, and for the considered site conditions) are tabulated for the selected major emirates and cities in Table 5. It depicts the obtained PGA, the maximum spectral acceleration (SAmax) and its corresponding natural period (Tmax), SA (0.2 s), and SA (1.0 s) values for the selected sites. Those obtained seismic hazard values will provide a solid basis for the subsequent studies for site effects, as well as the estimation of the fundamental frequency and amplification factors for different soil profiles at any particular location.



Another interesting output results from this assessment are the UHS. In Figure 8, the UHS for a 475 years return period, in comparison with the available seismic design regulations, as well as a proposed design spectrum based on Malhotra [106] criterion, are plotted. For each given spectrum, a number of 15 spectral ordinates have been computed in detail during the analysis. They are 0.0 (PGA), 0.04, 0.10, 0.15, 0.20, 0.25, 0.30, 0.40, 0.50, 0.70, 1.0, 1.5, 2.0, 3.0, and 4.0 s. From the displayed UHS in Figure 8, the greatest obtained seismic hazard values (SAmax) for a 475-year return period were obtained for the emirates of Ras Al-Khaimah, Umm Al-Quwain, Fujaira, Ajman, and Sharjah (0.31 g, 0.31 g, 0.30 g, 0.27 g, and 0.25 g, respectively), while the lowest ones were obtained for the emirate of Abu Dhabi (0.12 g). In addition, as can be observed in Figure 8 and Table 5, the corresponding natural periods (Tmax) for the SAmax were observed at natural periods of 0.15–0.20 s (usually, they correspond to buildings of three- to four-stories).



There are clear differences between the obtained UHS in the current assessment and those elastic response spectra considered as design spectra in the regulations by the governmental agencies in each country. Relatively higher seismic hazard values for those cities (Dubai and Doha; see Figure 8) than those included in the available regulations that are officially enforced by these municipalities have been obtained. Such differences can be attributed to several factors: (a) a more updated earthquake catalog (until 2019) than those studies considered in the building regulations for the investigated countries has been used, (b) the different zoning models (three alternative source models weighted in a logic-tree design) implemented in our assessment, (c) the inclusion in this assessment of two different levels of seismicity, and corresponding potential seismic sources, in which the intermediate-depth seismicity was discriminated from the shallower one, and finally, (d) the selected ground-motion attenuation models used in this assessment are worldwide and region-specific models, differing from those considered in previous studies.



Taking into consideration such differences, as well as the fact that some regulations for some emirates and cities only depend on the PGA value in the definition of the design spectra, we propose the application of a different approach for the formulation of the design spectra all over the studied countries. It can be defined using only two SA values (SA (0.2 s) and SA (1.0 s)). This approach was proposed by Malhotra [106] based on the Newmark and Hall [107] procedure for the definition of a design spectrum, and following the same methodology as in the published works by Hamdache et al. [114] for Northern Algeria and Sawires et al. [97] for Egypt. First, the so-called control period (Ts) should be computed from the relationship between the SA (0.2 s) and SA (1.0 s) values obtained from the UHS, as the following:


   T S  =   S A  (  1.0 s  )    S A  (  0.2 s  )    . 1 s  



(6)







Next, the design spectrum is computed using the following equation:


  S A  ( T )  =  {    0.4 · S A  (  0.2 s  )  + 3.0 · S A  (  0.2 s  )  ·  T   T s      T ≤ 0.2 ·  T s      S A  (  0.2 s  )    0.2 ·  T s  < T <  T s      S A  (  1.0 s  )  .   1 s  T    T >  T s       



(7)







The proposed design spectra clearly show a better agreement with the computed UHS for the selected cities (see Figure 8). The reason is that the SA values at 0.2 and 1.0 s, clearly are representative to a great extent of the overall shape of the UHS.



A final result from the current assessment is the seismic hazard deaggregation, for 475 years as return period, for four spectral periods, and depicted as bar charts for both magnitude and focal distance cells against the obtained hazard contribution (Figure 9). Each bar reflects a different earthquake scenario. The height of each bar is representative to the relative contribution of a specific earthquake scenario to the total obtained seismic hazard at the specific site. From the careful inspection of the displayed hazard deaggregation results in Figure 9 and the tabulated values for the modal and mean distance and magnitude values in Table 6, the selected emirates and cities could be categorized into two main groups.



The first category consists of five emirates (Ras Al-Khaimah, Umm Al-Quwain, Ajman, Sharjah, and Dubai; see Figure 9), in which the shape of the deaggregation plots is characterized by a unimodal single–lobe distribution, in which the maximum (modal) peak is relatively close to the studied emirate, while the tail includes the more distant earthquakes. This means that the seismic hazard at the studied location is due to the closest potential seismic sources. In such case, both the mean and the modal value for the control earthquake nearly coincide. Range values of 94–149 km and 88–133 km (Table 6) were obtained for the mean distances for the control earthquake, for this group of emirates, for PGA and SA (0.2 s), respectively, taking into account the fact that the longer period of ground motion, the more contribution of distant earthquake is expected. For longer periods (SA (1.0 s) and SA (2.0 s)), the mean distance ranges for the control earthquake are reaching 163–221 km and 189–242 km, respectively. However, for the second and last group of emirates and cities (Fujaira, Al–Ain, Abu Dhabi, Doha, and Manama; Figure 9), the deaggregation results show mainly a main lobe for the smaller ground-motion ordinates (PGA and SA (0.2 s)), while a secondary one started to exaggerate for the largest ground-motion ordinates (SA (1.0 s) and SA (2.0 s)). In such a case, the secondary lobes appear to be more significant (for the larger periods) than the primary one. This means that this category of cities is affected by far potential seismic sources (distances of more than 300 km) that could be attributed to the ZBFTB or the Makran subduction zone. Taking into account the characteristics of the considered ground-motion attenuation models, the effect of the very distant earthquakes could be underestimated in this case, specifically for the SA (1.0 s) and SA (2.0 s). Some differences between the obtained modal and mean values could be noticeable for the control earthquake at each studied site (Table 6). Mean value ranges of 35–259 km, 39–235 km, 159–307 km, and 215–324 km were obtained for the mean distances of the control earthquake, for PGA, SA (0.2 s), SA (1.0 s), and SA (2.0 s), respectively, for those emirates and cities (Table 6).




8. Summary and Conclusions


The current assessment presents an up-to-date probabilistic seismic hazard study for the UAE, Qatar, and Bahrain. In this analysis, an attempt to achieve an improvement in the seismic hazard with the help of an updated, unified, and Poissonian earthquake catalog, as well as a new updated seismic source model, has been carried out. Additionally, the consideration of three alternative source models throughout the application of a logic-tree scheme, as well as the selection of ground-motion attenuation models was accomplished. The hazard results have been presented in terms of PGA and SA values and contour maps, for a 10% and 5% probability of exceedance in 50 years (return periods of 475 and 975 years, respectively), for the B/C NEHRP boundary site conditions, for the whole studied region. In addition, hazard curves, UHS, and hazard deaggregation for selected significant emirates and cities were specifically derived in comparison with the officially enforced regulations at each individual site. In addition, a design spectrum, based on the SA (0.2 s) and SA (1.0 s) values, has been proposed as a uniform regulation for the seismic design for the studied region.



Significant differences have been observed when comparing the output results from this assessment (UHS for a return period of 475 years) with those available regulations considered by the local authorities (elastic response spectrum) responsible for the seismic design. Thus, a change in the seismic design representation, the seismic hazard results, as well as the recommendation of taking into consideration the new proposed design spectra in the building regulations for the studied countries is advisable. Reflecting the recent scientific advances in the delimitation and characterization of possible potential seismic sources, the consideration of representative ground-motion attenuation models, and application of up-to-date seismic hazard-engineering concepts, we are confident that this assessment represents a clear improvement of the seismic input for the three countries. This assessment also provides the necessary seismic hazard data in a compatible format with the requirements of new building codes. It is worth noting that once more information relevant to the seismicity and seismotectonics is available, more seismic hazard studies should be conducted in the region.
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Figure 1. Regional tectonic setting (a), and shallow and intermediate-depth Poissonian earthquakes (since 658 to 2019) for the surroundings of UAE, Qatar and Bahrain (b) [2,6]. Earthquake sizes have been drawn relative to the moment magnitude. 
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Figure 2. The considered two zoning seismic source models in the current assessment. (a) and (b) shallow and intermediate-depth sources, respectively, by Sawires et al. [2], and (c) model by El-Hussain et al. [65]. 
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Figure 3. The annual number of earthquakes above Mw 4.0 for each cell/bin that is considered for the spatially-smoothed seismicity model for both crustal (upper plot) and intermediate-depth (lower plot) sources (imported from Sawires et al. [2] model). 
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Figure 4. Ground-motion attenuation models considered in the current assessment (for magnitudes Mw 5.0 and 7.0), for the B/C NEHRP boundary site class. 
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Figure 5. Logic-tree design. Considered weights are shown below each individual branch (FPZ19: [82]; Zetal06: [32]; ZLLS18: [81]; ASK14: [75]). 
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Figure 6. Seismic-hazard maps, for B/C NEHRP boundary site conditions, depicting the mean PGA and spectral accelerations [SA (0.2 s), and SA (1.0 s)] for return periods of 475 and 975 years [AAN, Al-Ain, ABD, Abu Dhabi; AJM, Ajman; DOH, Doha; DUB, Dubai; FUJ, Fujaira; MAN, Manama; RAK, Ras Al-Khaimah; SHJ, Sharjah; UAQ, Umm Al-Quwain]. 
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Figure 7. Seismic hazard curves for the studied emirates and cities (Continuous lines: mean values. Discontinuous lines: 90th percentiles). 
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Figure 8. UHS and proposed Malhotra [106] design spectra, both for 5% damping ratio, for B/C NEHRP boundary site conditions and for return periods of 475 and 975 years, in comparison with the available building code regulations. 
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Figure 9. Seismic hazard deaggregation plots, for B/C NEHRP boundary site condition, for a return period of 475 years and for the selected spectral periods. 
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Table 1. Description of previously published regional and local PSHAs performed upon the study area.
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	The Study
	Study Region
	Attenuation Relationships
	Software Code
	Results





	Abdalla and Al-Homoud [12]
	The UAE and its surroundings
	Zare [36] model that was derived for the Zagros region.
	EQRISK [37]
	PGA map for a return period of 475 years



	Sigbjornsson and Elnashai [13]
	Dubai, UAE
	Models by Ambraseys et al. [22] and Simpson [38] were applied to all defined seismic sources.
	Not provided
	Hazard curves, UHS, and PGA values for return periods of 475, 975 and 2475 years.



	Peiris et al. [14]
	The Arabian Gulf including Dubai and Abu Dhabi
	Models by Dahle et al. [39] and Atkinson and Boore [33] were applied for the Arabian stable craton, while those by Ambraseys et al. [22] and Sadigh et al. [40] were considered for the Zagros and Makran regions.
	Not provided
	Hazard curves for the selected cities, UHS, and PGA values for return periods of 475 and 2475 years.



	Musson et al. [15]
	The UAE
	Model by Ambraseys et al. [22] was used for the estimation of SA values, while the Ambraseys [41] model was applied for the prediction of the PGA values.
	Not provided
	PGA and SA values for a return period of 475 years.



	Malkawi et al. [16]
	Fifteen major cities in the UAE
	The model by Atkinson and Boore [33] was applied for the defined source.
	Haz_ph.exe (FORTRAN Execution File)
	Hazard curves, UHS, and PGA maps for a return period of 475 years.



	Aldama-Bustos et al. [17]
	Dubai, Abu Dhabi, and Ras-Al Khaimah (UAE)
	Models by Youngs et al. [30] and Atkinson and Boore [31] were used for the Makran subduction zone. Models by Abrahamson and Silva [24], Ambraseys et al. [23], Boore and Atkinson [28], and Akkar and Bommer [27] were applied for the shallow crustal sources. The Atkinson and Boore [34] model was applied to earthquakes within the stable craton.
	CRISIS 2007 [42]
	Hazard curves, UHS for return periods of 500, 1000, 2500, 5000, 10000 years, and hazard deaggregation for PGA, SA 0.2, 1.0, 3.0 s for the studied three cities.



	Shama [18]
	Dubai (UAE)
	Models by Atkinson and Boore [33], Gregor et al. [43], Youngs et al. [30] were applied to the “intraslab” western segment of the Makran subduction zone. Models by Abrahamson and Silva [24], Campbell and Bozorgnia [25], and Ambraseys et al. [22] were used for the western segment of the Zendan-Minab-Palami Fault. Finally, models by Abrahamson and Silva [24], Ambraseys et al. [22], and Campbell and Bozorgnia [25] were applied for the Dibba Fault. All these combinations were used within logic-trees.
	EZ-FRISK-7.26 [44]
	Hazard curves, and UHS and PGA for return periods of 475 and 2475 years.



	El-Hussain et al. [19]
	Sultanate of Oman, and the UAE
	Models by Ambraseys et al. [22], Abrahamson and Silva [24], and Boore et al. [45] were applied for earthquakes occurring within the defined active shallow crustal sources. Models by Youngs et al. [30] and Atkinson and Boore [31] were applied for the Makran subduction zone. Additionally, for the Arabian stable craton, the model of Atkinson and Boore [34] was also used.
	CRISIS 2007 [42]
	Mean and 84th percentile PGA, and SA (0.1, 0.2, 1.0, and 2.0 s) maps for return periods of 475 and 2475 years. UHS for Dubai, for the previously mentioned return periods were also included.



	Khan et al. [20]
	The UAE
	Models by Boore and Atkinson [28], Abrahamson and Silva [24,46], and Campbell and Bozorgnia [47] were assigned to sources covering the Zagros region and Oman Mountains. Models by Atkinson and Boore [31] and Youngs et al. [30] were used for the Makran subduction zone. Atkinson and Boore [34] model was used for earthquakes within the Arabian Craton.
	EZ-FRISK

V. 7.3 (Risk Engineering Inc.)
	Hazard curves for the main cities in the UAE; UHS for different proposed regions for return periods of 475 and 2475 years; PGA and SA (0.2, 1.0, 2.0, 3.0, 4.0 s) maps for the UAE for a return period of 2475 years; and hazard deaggregation (for PGA and SA 1.0 s) for the city of Abu Dhabi for a return period of 2475 years.



	Al-Shijbi et al. [21]
	The Arabian Peninsula
	They applied Akkar and Bommer [26], Chiou and Youngs [29], and Zhao et al. [32] models for the active shallow crustal seismic sources. While, Youngs et al. [30], Atkinson and Boore [31], and Zhao et al. [32] were used for the subduction zones (Makran and Cyprus). Additionally, for the Arabian stable craton, they used Atkinson and Boore [34], and Campbell [35] models in conjunction with equations by Akkar and Bommer [26], Chiou and Youngs [29], and Zhao et al. [32].
	EZ-FRISK (Risk Engineering Inc.)
	PGA and SA (0.2, 0.5, 1.0, and 2.0 s) values and maps for return periods of 475, 975 and 2475 years. UHS for several cities, including Dubai and Abu Dhabi, for the previously mentioned return periods were also computed.










 





Table 2. Previously estimated PGA (g) values, for rock-site conditions and a return period of 475 years, for the quoted seismic hazard assessments, which arranged chronologically, for the emirates of Abu Dhabi and Dubai, in comparison with the obtained values in the current study.
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	Study
	Abu Dhabi
	Dubai





	Abdalla and Al-Homoud [12]
	0.12
	0.15



	Sigbjornsson and Elnashai [13]
	---
	0.16



	Peiris et al. [14]
	0.04
	0.06



	Musson et al. [15]
	---
	0.05



	Malkawi et al. [16]
	0.10
	0.16



	Aldama-Bustos et al. [17]
	0.04
	0.05



	Shama [18]
	---
	0.17



	El-Hussain et al. [19]
	0.04
	0.06



	Khan et al. [20]
	0.035
	0.047



	Al-Shijbi et al. [21]
	0.033
	0.047



	Current Study
	0.05
	0.09










 





Table 3. Seismicity parameters (average depths, annual rate of earthquakes above Mw 4.0, b-value, maximum observed/recorded and maximum expected magnitudes) and stress regime for the model by Sawires et al. [2].
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	Source
	Depth (km)
	λ (≥4.0)
	b-Value
	Mmaxobs
	Date
	Mmax
	Stress Regime





	Sh-01
	17.2
	2.59 ± 0.44
	0.87 ± 0.31
	5.9
	1956/03/09
	6.00 ± 0.15
	Pure compressional



	Sh-02
	17.7
	8.83 ± 0.55
	0.86 ± 0.10
	6.7
	1703/–/–
	6.85 ± 0.40
	Pure compressional



	Sh-03
	20.0
	8.24 ± 0.71
	0.73 ± 0.15
	6.8
	1440/–/–
	6.85 ± 0.38
	Pure compressional



	Sh-04
	18.0
	6.94 ± 0.87
	1.00 ± 0.11
	6.6
	1990/11/06
	6.65 ± 0.14
	Pure compressional



	Sh-05
	14.0
	3.42 ± 0.34
	0.82 ± 0.04
	7.2
	1981/07/28
	7.40 ± 0.18
	Pure compressional



	Sh-06
	19.1
	1.17 ± 0.28
	0.82 ± 0.06
	6.2
	2013/05/11
	6.35 ± 0.16
	Compressional strike-slip



	Sh-07
	17.4
	1.93 ± 0.26
	0.83 ± 0.15
	6.1
	1979/01/10
	6.20 ± 0.15
	Compressional strike-slip



	Sh-08
	24.0
	3.14 ± 0.35
	0.76 ± 0.09
	8.1
	1945/11/28
	8.10 ± 0.30
	Pure compressional



	Sh-09
	15.1
	0.81 ± 0.16
	0.84 ± 0.12
	6.0
	1497/–/–
	6.20 ± 0.28
	Oblique extensive



	Sh-10
	16.9
	4.82 ± 0.89
	1.11 ± 0.35
	5.9
	1903/01/14

1962/12/26

2008/12/25
	5.90 ± 0.14
	Pure compressional



	IN-01
	46.0
	12.00 ± 1.28
	1.03 ± 0.09
	6.6
	1999/03/04
	6.80 ± 0.18
	Strike-slip compressional



	IN-02
	49.4
	2.49 ± 0.37
	0.86 ± 0.10
	7.7
	2013/04/16
	7.70 ± 0.30
	Pure extensional










 





Table 4. Seismicity parameters (seismogenic depth, annual rate of earthquakes above Mw 4.0, b-value, maximum expected magnitude) for the model by El-Hussain et al. [65].
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	Source
	Depth (km)
	λ (≥4.0)
	b Value
	Mmax





	Z-01
	24.0
	1.822 ± 0.371
	0.68 ± 0.06
	8.40 ± 0.10



	Z-02
	24.0
	0.860 ± 0.198
	0.65 ± 0.06
	7.80 ± 0.30



	Z-03
	32.0
	0.680 ± 0.167
	0.72 ± 0.08
	6.20 ± 0.23



	Z-04
	42.0
	0.423 ± 0.131
	0.68 ± 0.09
	6.80 ± 0.82



	Z-05
	34.0
	0.465 ± 0.133
	0.57 ± 0.09
	6.30 ± 0.22



	Z-06
	28.0
	1.268 ± 0.271
	0.74 ± 0.07
	6.00 ± 0.14



	Z-07
	31.0
	2.157 ± 0.411
	0.66 ± 0.06
	6.80 ± 0.18



	Z-08
	17.0
	1.602 ± 0.299
	0.73 ± 0.06
	7.50 ± 0.34



	Z-09
	17.0
	1.821 ± 0.368
	0.76 ± 0.07
	6.20 ± 0.26



	Z-10
	19.0
	3.359 ± 0.520
	0.79 ± 0.05
	6.80 ± 0.21



	Z-11
	21.0
	8.820 ± 1.160
	0.79 ± 0.03
	6.90 ± 0.21



	Z-12
	22.0
	3.094 ± 0.468
	0.76 ± 0.04
	7.60 ± 0.24



	Z-13
	20.0
	0.686 ± 0.184
	0.73 ± 0.08
	6.30 ± 0.34



	Z-14
	20.0
	0.314 ± 0.104
	0.78 ± 0.09
	5.80 ± 0.46



	Z-15
	20.0
	1.621 ± 0.417
	0.69 ± 0.08
	6.00 ± 0.21



	Z-16
	17.7
	0.989 ± 0.281
	0.70 ± 0.08
	5.80 ± 0.22



	Z-17
	25.0
	5.340 ± 0.817
	0.81 ± 0.04
	6.80 ± 0.12



	Z-18
	27.0
	1.670 ± 0.263
	0.93 ± 0.08
	6.50 ± 0.30



	Z-54
	16.9
	0.594 ± 0.160
	0.57 ± 0.08
	6.80 ± 0.24



	Z-55
	16.9
	0.559 ± 0.193
	0.50 ± 0.10
	6.10 ± 0.25



	Z-56
	15.1
	0.243 ± 0.080
	0.83 ± 0.09
	6.20 ± 0.21



	Z-57
	15.0
	2.000 ± 0.342
	0.99 ± 0.06
	6.60 ± 0.31










 





Table 5. Obtained seismic hazard values for the selected emirates and cities, for return periods of 475 and 975 years [PGA: peak ground acceleration; SAmax: maximum spectral acceleration; Tmax: spectral period related to SAmax].






Table 5. Obtained seismic hazard values for the selected emirates and cities, for return periods of 475 and 975 years [PGA: peak ground acceleration; SAmax: maximum spectral acceleration; Tmax: spectral period related to SAmax].





	
Country

	
Emirate/ City

	
475 Years

	
975 Years




	
Mean

PGA

(g)

	
90th

PGA

(g)

	
SAmax

(g)

	
Tmax

(s)

	
SA-0.2 s

(g)

	
SA-1.0 s

(g)

	
Mean

PGA

(g)

	
90th

PGA

(g)

	
SAmax

(g)

	
Tmax

(s)

	
SA-0.2 s

(g)

	
SA-1.0 s

(g)






	
United Arab Emirates

	
RAK

	
0.13

	
0.18

	
0.31

	
0.15

	
0.30

	
0.07

	
0.16

	
0.22

	
0.44

	
0.15

	
0.42

	
0.08




	
UAQ

	
0.12

	
0.19

	
0.31

	
0.15

	
0.29

	
0.05

	
0.16

	
0.26

	
0.44

	
0.15

	
0.42

	
0.08




	
AJM

	
0.11

	
0.17

	
0.27

	
0.15

	
0.26

	
0.06

	
0.14

	
0.21

	
0.38

	
0.15

	
0.37

	
0.07




	
SHJ

	
0.10

	
0.16

	
0.25

	
0.15/0.20

	
0.25

	
0.05

	
0.13

	
0.19

	
0.36

	
0.15

	
0.34

	
0.07




	
DUB

	
0.09

	
0.14

	
0.22

	
0.15/0.20

	
0.22

	
0.05

	
0.12

	
0.17

	
0.31

	
0.15/0.20

	
0.31

	
0.06




	
FUJ

	
0.13

	
0.18

	
0.30

	
0.15

	
0.28

	
0.05

	
0.17

	
0.25

	
0.46

	
0.15

	
0.42

	
0.07




	
AAN

	
0.07

	
0.13

	
0.15

	
0.15/0.20

	
0.15

	
0.03

	
0.10

	
0.17

	
0.22

	
0.15

	
0.21

	
0.04




	
ABD

	
0.05

	
0.08

	
0.12

	
0.20

	
0.12

	
0.03

	
0.07

	
0.09

	
0.16

	
0.20

	
0.16

	
0.04




	
Qatar

	
DOH

	
0.06

	
0.08

	
0.13

	
0.20

	
0.13

	
0.03

	
0.07

	
0.09

	
0.17

	
0.20

	
0.17

	
0.07




	
Bahrain

	
MAN

	
0.06

	
0.09

	
0.14

	
0.20

	
0.14

	
0.04

	
0.08

	
0.12

	
0.18

	
0.20

	
0.18

	
0.05








AAN, Al-Ain; ABD, Abu Dhabi; AJM, Ajman; DOH, Doha; DUB, Dubai; FUJ, Fujaira; MAN, Manama; RAK, Ras Al-Khaimah; SHJ, Sharjah; UAQ, Umm Al-Quwain.













 





Table 6. Mean and modal seismic hazard deaggregation results (for magnitude and distance) for a return period of 475 years, for the studied emirates and cities, and for the different spectral periods [PGA, SA (0.2 s), SA (1.0 s), and SA (2.0 s)].






Table 6. Mean and modal seismic hazard deaggregation results (for magnitude and distance) for a return period of 475 years, for the studied emirates and cities, and for the different spectral periods [PGA, SA (0.2 s), SA (1.0 s), and SA (2.0 s)].





	
Emirate

/City *

	
PGA

	
SA (0.2 s)

	
SA (1.0 s)

	
SA (2.0 s)




	
Modal

	
Mean

	
Modal

	
Mean

	
Modal

	
Mean

	
Modal

	
Mean




	
Mw

	
D (km)

	
Mw

	
D (km)

	
Mw

	
D (km)

	
Mw

	
D (km)

	
Mw

	
D (km)

	
Mw

	
D (km)

	
Mw

	
D (km)

	
Mw

	
D (km)






	
RAK

	
5.5–6.0

	
50–75

	
5.6

	
94

	
4.5–5.0

	
50–75

	
5.3

	
88

	
6.0–6.5

	
50–75

	
6.5

	
163

	
7.0–7.5

	
200–225

	
6.8

	
189




	
UAQ

	
5.5–6.0

	
75–100

	
5.6

	
112

	
4.5–5.0

	
50–75

	
5.3

	
102

	
5.5–6.0

	
75–100

	
6.5

	
188

	
7.0–7.5

	
200–225

	
6.8

	
212




	
AJM

	
5.5–6.0

	
75–100

	
5.6

	
128

	
4.5–5.0

	
75–100

	
5.2

	
115

	
7.0–7.5

	
200–225

	
6.5

	
203

	
7.0–7.5

	
200–225

	
6.8

	
225




	
SHJ

	
5.5–6.0

	
75–100

	
5.6

	
136

	
4.5–5.0

	
75–100

	
5.2

	
121

	
7.0–7.5

	
225–250

	
6.5

	
210

	
7.0–7.5

	
225–250

	
6.8

	
232




	
DUB

	
5.5–6.0

	
75–100

	
5.6

	
149

	
4.5–5.0

	
75–100

	
5.2

	
133

	
7.0–7.5

	
225–250

	
6.5

	
221

	
7.0–7.5

	
275–300

	
6.8

	
242




	
FUJ

	
4.0–4.5

	
0–25

	
5.1

	
35

	
4.5–5.0

	
0–25

	
5.1

	
39

	
5.5–6.0

	
0–25

	
6.2

	
159

	
7.0–7.5

	
275–300

	
6.7

	
215




	
AAN

	
5.5–6.0

	
100–125

	
5.7

	
235

	
4.5–5.0

	
100–125

	
5.1

	
214

	
7.0–7.5

	
350–375

	
6.4

	
305

	
7.0–7.5

	
300–325

	
6.8

	
322




	
ABD

	
5.5–6.0

	
275–300

	
5.5

	
237

	
4.5–5.0

	
150–175

	
5.0

	
212

	
7.0–7.5

	
350–375

	
6.5

	
302

	
7.0–7.5

	
350–375

	
6.8

	
318




	
DOH

	
4.5–5.0

	
75–100

	
5.4

	
216

	
4.0–4.5

	
75–100

	
5.0

	
189

	
7.0–7.5

	
350–375

	
6.5

	
307

	
7.0–7.5

	
350–375

	
6.8

	
324




	
MAN

	
5.5–6.0

	
225–250

	
5.7

	
259

	
4.5–5.0

	
150–175

	
5.1

	
235

	
7.0–7.5

	
375–400

	
6.5

	
305

	
7.0–7.5

	
375–400

	
6.9

	
316








* AAN, Al-Ain; ABD, Abu Dhabi; AJM, Ajman; DOH, Doha; DUB, Dubai; FUJ, Fujaira; MAN, Manama; RAK, Ras Al-Khaimah; SHJ, Sharjah; UAQ, Umm Al-Quwain.
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