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Abstract

:

Extreme events such as Marine Heat Waves (MHWs) and Low Chlorophyll-a (LChl-a) in the ocean have devastating impacts on the marine environment, particularly when they occur simultaneously (i.e., the compound of MHWs and LChl-a events). In this study, we investigate the spatiotemporal variability of MHWs and LChl-a events in the Arabian and Omani Gulf. For this purpose, we used satellite-based high-resolution observations of SST (0.05° × 0.05°; from 1982 to 2020) and chlorophyll-a concentration data (0.04° × 0.04°; from 1998 to 2020). Hourly air temperature, wind, and heat flux components from the European Centre for Medium-Range Weather Forecasts (ECMWF) reanalysis (ERA5) were used to explain the link between these extreme events and atmospheric forcings. Moreover, our results revealed that the annual frequency of MHW and LChl-a is related to the El Niño-Southern Oscillation (ENSO) and the Indian Ocean Dipole (IOD). The results revealed an average SST warming trend of about 0.44 ± 0.06 °C/decade and 0.32 ± 0.04 °C/decade for the Arabian Gulf (AG) and the Gulf of Oman (OG), respectively. This warming rate was accompanied by MHW frequency and duration trends of 0.97 events/decade and 2.3 days/decade, respectively, for the entire study region from 1982 to 2020. The highest annual MHW frequencies were recorded in 2010 (6 events) and 2020 (5 events) associated with LChl-a frequency values of 4 and 2, respectively. La Niña events in 1999, 2010, 2011, and 2020 were associated with higher frequencies of MHW and LChl-a. The positive phase of IOD coincides with high MHW frequency in 2018 and 2019. The longest compound MHW and LChl-a event with a duration of 42 days was recorded in 2020 at OG. This extreme compound event was associated with wind stress reduction. Our results provide initial insights into the spatiotemporal variability of the compound MHW and LChl-a events that occurred in the AG and OG.
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1. Introduction


Marine heat waves (MHWs) are becoming more intense and frequent as a result of global warming [1,2] and have been observed in the world’s oceans and regional seas [3,4,5,6]. These extreme MHW events have ecological and socioeconomic impacts, including coral bleaching [7], mortality of benthic communities [8], blooms of harmful algae [9], low chlorophyll-a concentrations [10,11], loss of seagrass, mangroves, and kelp forests [12,13,14], and alteration of fish communities [15]. The most recent definition of MHW is “an anomalous warm water event of at least five days duration with a sea surface temperature (SST) above the 90th percentile climatology” [16]. Numerous studies around the world have examined the factors that influence individual MHW events. For example, a combination of local oceanic and large-scale atmospheric influences was proposed as the cause of the 2010/2011 marine heat wave off the coast of Western Australia, which caused catastrophic damage to local algal populations and coral bleaching on local reefs [12,13,14]. Another example of MHWs occurred in the northeastern Pacific Ocean in 2014–2016 [10,17,18], characterized by an anomalous SST of more than 3 °C above the climatological threshold, and classified as an extreme MHW according to the [19] MHW categorization scale. In recent decades, MHWs have been observed in many marginal seas around the world, such as in the Mediterranean Sea (e.g., [4,20,21,22,23]), the Tasman Sea in 2015/2016 [24], the Red Sea (e.g., [5,25]), Black Sea [6], and even in the Arctic region (e.g., the Barents sea) [26]. Recently, [27] studied the drivers and trends of MHWs in the Indian Ocean from 1982 to 2018 and their role in modulating the Indian monsoon. They found that accelerated warming in the Indian Ocean plays a crucial role in increasing the frequency of MHWs. They also found that the El Nino has a major impact on MHWs during the summer monsoon. Moreover, Ref. [28] studied the characteristics of MHWs in the Arabian Sea from 1982 to 2019 and found that the frequency of MHWs increased by about 1.5–2 events/decade and attributed this accelerated trend to the increase in mean SST.



The strategic location of the Arabian Gulf (AG) and the Omani Gulf (OG) is highlighted by their connection to the oil, gas, and fishing industries [29,30,31]. AG acts as a shipping hub connecting European ports to China and East Asia via the Strait of Hormuz [32]. The AG is considered one of the most vulnerable marine ecosystems [30,31], and is characterized by extremely high temperatures and salinity [33,34]. One of the most well-known phenomena in the OG is the upwelling system (see Figure 1), which is driven by the southwest monsoon winds [35,36]. This upwelling brings cold and nutrient-rich water to the surface [36,37], increasing surface productivity [35,36,37]. Low Chlorophyll-a (LChl-a) events can threaten marine ecosystems that rely on phytoplankton as the basis of their food web [38]. So, the combination of the two extreme events (i.e., MHW and LChl-a) could have catastrophic consequences for marine life. The AG and OG have rich ecosystems, therefore studying the coincidence of MHWs and LChl-a events in this region is critical for the conservation of these natural habitats. Compound MHW and LChl-a events are defined when both extremely high temperatures and low chlorophyll-a conditions coincide in time and space [11]. The interaction of several extreme events often leads to major climate-related catastrophes [11,39]. These compound events can have significant impacts on marine ecosystems, such as reduced nutrients and low productivity, which can threaten marine life that relies on phytoplankton as the foundation of its food web [38]. These compound events have been documented on a global scale [11,40,41,42]. However, there are no previous studies on this topic in AG and OG.



In the satellite era, extensive research has been conducted to study the SST [33,43,44,45,46] and chlorophyll-a concentration [47,48,49] in AG and OG. For example, Ref. [43] found a strong relationship between sea level pressure, meridian wind, and air temperature with SST over AG and OG from 2001 to 2015, indicating the important role of atmospheric circulation in SST variability in this region. A significant SST trend (0.6 ± 0.3 °C/decade) was observed by [44] in AG between 2002 and 2018, with the highest values in Kuwait Bay and north AG. Alosairi et al. [45] noted an extreme SST in Kuwait Bay on 31 July 2020, accompanied by an atmospheric heat wave and an extended period of Kous winds (an Arabic word for northwesterly winds) characterized by high humidity and accompanied by large-scale intermittent fish kills along the entire Kuwait coast. In addition, Ref. [46] analyzed the daily SST from 2003 to 2019 in AG and OG. They mentioned that the trends of SST and 95th percentiles are about 0.08 °C/year and 0.07 °C/year, respectively. Recently, Ref. [33] found that the SST trend in AG from 1982–2020 was about 0.41 ± 0.14 °C/decade. The study concluded that the SST variability is related to the large-scale atmospheric changes caused by the El Nino-Southern (ENSO), Atlantic Multi-decadal Oscillation (AMO), and Indian Ocean Dipole (IOD) climate modes. The seasonal and interannual variability of Chl-a concentration was studied by [47] over the period (1997–2006). They found that the seasonal variability of Chl-a in AG was related to SST, runoff, and wind stress. In contrast, this variability in OG was associated with summer upwelling events caused by strong seasonal monsoon winds. In addition, high Chl-a concentrations in the northwestern and central parts of AG were found to coincide with a decrease in the wind stress and an increase in SST in late summer and fall. Nezlin et al. [48] investigated the influence of meteorological parameters (e.g., wind and precipitation) on the variability of phytoplankton in AG between 1997 and 2009. The highest surface productivity was noticed in the northwestern part of the Gulf, which was influenced by the Shatt Al-Arab runoff. The maximum Chl-a concentration was observed in winter while the minimum was in spring/summer. Their results revealed that the Chl-a interannual variability in the southern part of AG was associated with precipitation rather than wind and SST. They also found a phytoplankton bloom in the southern AG from 2000 to 2008 that coincided with low precipitation. Moradi and Kabiri [49] investigated the spatio-temporal variability of SST and Chl-a in AG from 2002 to 2013. The highest Chl-a concentrations were observed in coastal areas with an average of 0.1 to 0.5 mg.m−3. The study concluded that, the seasonal variability of Chl-a in the central and northwestern regions of the AG was related to river discharge, water circulation, and climate regimes. Hussein et al. [50] studied the relationship between SST and Chl-a, and their relationship with bathymetry in the UAE coasts from 2003 to 2019, and concluded that the highest positive correlation between chlorophyll-a and SST was found in the shallow coastal areas and vice versa in the deep waters. They also mentioned that the highest Chl-a concentration was observed in the Strait of Hormuz.



Recently, there have been some attempts to study MHWs in the Indian Ocean, including the Arabian Gulf [27,28]. However, these studies have not included LChl-a events associated with MHWs in their investigations. To fill this gap, we used the high-resolution SST and Chl-a data from the remote sensing satellites to investigate the link between the MHWs and LChl-a. We then investigated the spatiotemporal variability of the main MHW characteristics in the Arabian Gulf and the Gulf of Oman. In addition, we investigate the possible relationship between atmospheric forcings (air temperature, net heat flux, and wind stress) during the longest compound event that occurred in our do-main during the study period. Finally, we examine the modulation of their frequency by large-scale climate mode variability (e.g., ENSO and IOD).




2. Materials and Methods


2.1. The Study Area


The AG is a semi-enclosed marginal sea extending 251,000 km from the Strait of Hormuz in the south to Shatt-Al-Arab in the north [29,51]. In the northeastern part of the AG, small river inputs (mainly from the Euphrates and Tigris rivers) are dominant [51]. The AG is a shallow evaporative basin with a depth rarely exceeding 50 m (i.e., the Gulf is on average 35 m deep [48], connected to the much deeper OG (>2000 m) via the Strait of Hormuz [52], see Figure 1). The Mean Dynamic Topography (MDT) with a horizontal resolution of 1/8° × 1/8° from 1993–2012, obtained from Archiving, Validation, and Interpretation of Satellite Oceanographic data (AVISO; MDT Global CNES-CLS18: Aviso+ (altimetry.fr), [53,54]; accessed on 30 April 2022), is used to plot the general circulation in the study area (Figure 1). The monsoon winds affecting our study region are the northeast monsoon (from November to February, with surface winds over OG, blowing predominantly from the northeast [55]) and the southwest monsoon (from June to mid-September, with surface winds over the region blowing predominantly from the southwest [56]). The southwest monsoon is stronger than the northeast monsoon [57]. During the southwest monsoon, coastal upwelling occurs along the coast of Oman, with the effect being stronger in the southern part of the coast [58]. The circulation is dominated by a permanent cyclonic eddy in the OG [59,60], which is associated with coastal upwelling in this region [36,37]. This upwelling system consists of nearshore upwelling that extends to about 750 km off the coast of Oman [36] and can also be observed in the Gulf of Oman (cyclonic eddy activity, see Figure 1). The prevailing wind direction in the northern AG, the northwest wind (i.e., Shamal wind) dominates throughout the year [61], sometimes interrupted by southeasterly Kous wind in winter [62]. The topography of the region (e.g., the Zagros Mountains along the Iranian coast) also plays an important role in strengthening the wind [63]. The Shamal wind is capable of producing violent sand and dust storms [61].




2.2. Datasets


In this study, we used the daily high-resolution SST data obtained from the Copernicus Marine Environment Monitoring Service website (CMEMS; https://resources.marine.copernicus.eu/?option=com_csw&view=details&prouct_id=SST_GLO_SST_L4_REP_OBSERVATIONS_010_011; downloaded on 22 February 2022). The product name is “SST GLO SST L4 REP OBSERVATIONS 010 011”. The CMEMS Operational SST and Ice Analysis (OSTIA) reprocessed analysis product is based on an SST satellite and in-situ observation [64]. The SST dataset consists of daily gap-free maps of SST and ice concentration (referred to as the L4 product) with a horizontal grid resolution of 0.05° × 0.05° [65]. The Arabian Gulf CMEMS OSTIA data were extracted from the global data, resulting in a regularly grided dataset of 61,721 points covering 14,245 days from 1 January 1982 to 31 December 2020.



Daily Chl-a concentration data are obtained from CMEMS (Data | Copernicus Marine; downloaded on 15 March 2022). The product is based on the merging of data derived from the sensors SeaWiFS, MODIS, MERIS, VIIRS-SNPP&JPSS1, OLCI-S3A&S3B. The data set has a spatial resolution of 0.04° × 0.04° and a daily temporal resolution. Chl-a data for AG and OG were extracted from the global data, resulting in a regularly gridded dataset of 88,753 points covering 8401 days from 1 January 1998 to 31 December 2020.



The atmospheric data are obtained from the European Centre for Medium-Range Weather Forecasts (ECMWF) ERA5 [66] (https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels (downloaded on 20 April 2022; from 1982 to 2020). The dataset has a spatial resolution of 0.25° × 0.25° and hourly time step. The atmospheric fields used are the wind components at 10 m altitude (U10 and V10), air temperature at 2 m altitude (T2m), shortwave surface net radiation (Qs), longwave surface net radiation (Qb), sensible surface heat flux (Qh), and latent surface heat flux (Qe). Daily averages were calculated by averaging the hourly ERA5 data for the same period from 1982 to 2020.



Finally, the normalized monthly oceanic El Niño-Southern Oscillation (ENSO) time series for the aforementioned period was obtained from National Oceanic and Atmospheric Administration (NOAA) [67] (https://psl.noaa.gov/data/climateindices/list/; accessed 28 August 2022). The Indian Ocean Dipole (IOD) was downloaded from Japan Agency for Marine-Earth Science and Technology (JAMSTEC) (https://www.jamstec.go.jp/virtualearth/general/en/; accessed 28 August 2022). NOAA identifies El Niño (warm) and La Niña (cool) events in the tropical Pacific. It is the three-month average of the SST anomaly for the El Niño 3.4 region (i.e., 5°N–5°S, 120°–170°W). Events are defined as five consecutive, overlapping three-month periods with an anomaly of +0.5 °C or above for warm (El Niño) events and with an anomaly of −0.5 °C or below for cold (La Niña) events. According to [68], the IOD is defined as the SST anomaly difference between the West Pole off East Africa (50°E–70°E, 10°S–10°N) and the East Pole off Sumatra (90°E–110°E, 10°S-Eq).




2.3. Methods of Analysis


In this work, we use the standard MHW approach of [16], that allows the identification of MHWs throughout the year, not only during the summer months, which are critical for various biological applications [26]. This definition is as follows: “an unusually warm water event lasting at least five or more consecutive days with SST above the seasonally fluctuating threshold of 90th percentile for that time of year”. We used the MATLAB toolbox M_MHW [69] to detect all the MHWs metrics (frequency, duration, intensity) and the LChl-a events. The MATLAB toolbox M_MHW can be freely downloaded at the website https://github.com/ZijieZhaoMMHW/m_mhw1.0; accessed 20 March 2022. Here, we ran the MHW code twice, the first run was based on the climatological baseline from 1982 to 2020 and the second was based on the overlapping period between SST and Chl-a data (1998–2020). The overlapping period was used to compare the occurrence of MHWs associated with LChl-a events. We also used the same MATLAB toolbox to detect the lowest 10th percentile of the Chl-a dataset, which represents the LChl-a events. Each MHW event is described by a set of metrics [16,19], as follows: duration (in days) is “the time between the start and end dates of an event”, frequency (in events) is “the number of events that occurred each year”, mean intensity (°C) is “the average sea surface temperature anomaly (SSTA) over the duration of the event”, and maximum intensity (°C) is “the highest SSTA during an event”. The SST and Chl-a anomalies were deduced relative to the daily climatology.



Linear trends in SSTA, and MHW characteristics are estimated using Theil–Sen estimates [70] rather than ordinary least squares estimates which could be biased due to non-normally distributed data and the presence of outliers [1]. The statistical significance of these trends is determined using the Modified Mann–Kendall (MMK) test at a 95% confidence level [71,72].



We used ERA5 datasets to estimate the mean and anomalies of air temperature and the surface net heat flux QT (W/m2) during the longest compound event in 2020 (from 10 July 10 to 21 August 2020). The mean surface net heat flux is calculated according to [73] and described in [74,75] as follows:


QT = Qs + Qb + Qe + Qh








where Qb and Qs represent the radiation terms [76], while Qh and Qe represent the turbulence terms [77]. The word radiation refers to the transfer of heat from the sun to the ocean (Qs), which is the primary source of energy for the global ocean. Longwave infrared radiation Qb returns some of the absorbed solar energy to the atmosphere, but some of this radiation is scattered by clouds and atmospheric moisture and returns to the ocean. Cloud cover has the greatest influence on the radiation terms (Qb and Qs), while specific humidity and air and sea surface temperature have less influence on their variations [78,79,80]. The turbulent terms (Qh and Qe) are influenced by specific humidity, the difference between air and sea surface temperature, and wind speed [81,82].



The zonal and meridional wind stress components (τwx, τwy) were calculated according to [83] in (N/m2),


τ(x,y) = CD ρa |W(x,y)| ∗ W(x,y)








where ρa is the air density = 1.2 (kg/m3), the CD is a constant drag coefficient (1.25 × 10−3) which is used to estimate the wind stress components according to [84], and W is referred to as the components of the wind speed (m/s). Daily mean values of atmospheric parameters were obtained by averaging hourly data, and the daily anomaly of air temperature, wind stress, and net heat flux was calculated by subtracting the historical mean (1982–2020) from the mean during the compound event (from 10 July to 21 August 2020) at each grid point. In addition, we investigated the role of two climate indices (ENSO and IOD) on the modulation of MHW/LChl-a frequencies.





3. Results


3.1. Sea Surface Temperature Climatology, and Trend (1982–2020)


Figure 2a shows the spatial distribution of SST climatology for our domain over the study period (1982–2020). The average SST climatology ranged from 23 to 28 °C across the study region. The lowest values (<24 °C) of SST climatology are observed in the northern part of AG off the Kuwaiti and Iraqi coasts, while the highest values (>28 °C) are found in the northern part of OG off the Omani coast. Figure 2b shows a map of the spatial SST trend map for the entire study area from 1982 to 2020. A statistically significant trend (p < 0.05) is detected across the whole AG and OG basins. The linear trend in the AG ranged from 0.4 to 0.65 °C/decade with an average of 0.44 °C/decade, while the SST trend in the OG was lower, varying from 0.15 to 0.45 °C/decade with an average of 0.32 °C/decade. The highest significant warming trend values (>0.6 °C/decade) are found in the northern part of AG off the Saudi and Iranian coasts. The lowest significant trend values (<0.3 °C/decade) are observed along the southern part of the Omani coast.



The temporal evolution of monthly SSTA across AG and OG from 1982 to 2020 is shown in Figure 3a,b. The average SSTA warming trend was about 0.44 ± 0.06 °C/decade and 0.32 ± 0.04 °C/decade for AG and OG, respectively. The highest anomalies are observed in both gulfs in 2010 and 2020, while the lowest values are in 1984 and 1991/1992. Negative SST anomalies predominate from 1982 to 1991, while positive SST anomalies predominate after 1992. In general, the spatial and temporal trends of AG are higher than those of OG.




3.2. The Inter-Annual Variability of the MHW Characteristics (1982–2020)


The temporal variability of the main annual MHW metrics (frequency and duration) and their relationship with the annual mean SST for AG and OG throughout the study period are shown in Figure 4a–d. For both gulfs, the highest annual MHW frequencies are observed in 1998, 1999, 2010, and in the last four years of the study period (i.e., 2017–2020) with more than four events/year. The lowest MHW frequencies in both gulfs are observed from 1982 to 1992 and from 2012 to 2014 with less than one event/year. These years are considered cold years (see Figure 4a,b), with the lowest SSTA variability as already noted by [33]. We also found an interesting MHW frequency peak (~7 events/year) at AG in 2010. This peak could be related to the high SSTAs (~ 2 °C) in that year (Figure 3a) and to the strong cold phase of the ENSO (La Niña) that occurred in 2010. This positive ENSO phase was associated with a high SST, as already mentioned in [85,86].



In AG and OG, the annual MHW duration varied between 5 and 35 days/year from 1982 to 2020 (Figure 4b). In AG, the longest annual MHW duration (>20 days/year) is recorded in 2017, 2018, and 2019, while the shortest MHW duration (~5 days/year) is observed in 1987 and 1992. For OG, the highest MHW duration (>20 days/year) is recorded in 2020, and the lowest (~5 days/year) in 1984. The trend in annual MHW frequency increased significantly (p < 0.05) throughout the study period with a value of 0.95 events/decade and 0.97 events/decade for AG and OG, respectively. For the whole region, this trend was 0.97 events/decade. The trend in annual MHW duration was not significant for either region (p > 0.05), with an average of 2.3 days/decade for the entire study area.



Annual mean SST and MHW metrics (frequency and duration) are highly correlated (p < 0.05) across AG and OG at 95% confidence interval (Figure 4c,d). A strong relationship is found between SST and MHW frequency, with correlation coefficients of 0.84 and 0.88 for AG and OG, respectively. For MHW duration, these correlations are 0.71 and 0.63 respectively.




3.3. Mean and Trends of MHW Characteristics (1982–2020)


Figure 5a–d depicts the spatial distribution of the annual mean and trend of frequency and duration of MHW from 1982 to 2020. The pattern of mean MHW frequency shows high spatial variability from AG to OG (Figure 5a). The mean annual MHW frequency varies from 1 to 2.5 events, with the highest values observed in the basin of OG (i.e., mainly on the Omani coast), while the lowest mean annual frequency is observed in the northern part of AG and the southeastern part of OG (off Pakistani coast). The mean annual duration of MHWs ranged from less than 10 days in the Strait of Hormuz and the northern part of OG to more than 15 days in the northwestern part of AG (Figure 5b). In general, the AG is characterized by long-lasting and less frequent annual MHWs, whereas annual MHWs at the OG are characterized by high frequency and short duration (Figure 5a,b).



A statistically significant (p < 0.05) MHW frequency trend is observed across the study area. The highest annual MHW frequency trend (up to 1.5 events/decade) is detected in the northern part of OG (Figure 5c). The maximum and most significant annual MHW duration trend (>6 days/decade) was found in the northwestern part of AG (i.e., the same regions that showed the highest SST trend; see Figure 2b) and the southeastern part of OG (Figure 5d). The other regions showed a non-significant (p > 0.05) trend in annual MHW duration.




3.4. Compound Relation between LChl-a and MHW Events (1998–2020)


The temporal variability of SST and Chl-a concentration anomalies for AG and OG from 1998 to 2020 is shown in Figure 6. For both basins, the highest temporal Chl-a anomaly is observed in December 2008, which is consistent with [49] who found the reason for this increase is related to the red tide. High Chl-a concentration is also observed between December 2018 and January 2019 in both gulfs (Figure 6a,b). The coincidence between the high SST and low Chl-a concentration anomalies in both gulfs is noticed in 1999, 2010, 2018, 2019, and 2020. In general, the occurrence of low Chl-a anomalies became more frequent in the last decade (2010–2020).



The compound between MHWs and LChl-a events is often defined when they occur simultaneously [11]. Figure 7 and Figure 8 show the spatial distribution of mean intensity and duration of MHW and LChl-a events and their correlation maps from 1998 to 2020. The LChl-a intensity ranges from −1 to 0 mg/m3, with the largest negative anomaly of Chl-a concentration (<−0.75 mg/m3) found in the coastal areas of OG, in the northernmost part of AG (Shatt-Al-Arab region), and off the southeastern coast of Bahrain. At the same time, these areas also have a high mean MHW intensity (>1.5 °C; Figure 7b) and the highest correlation (>0.6; Figure 7c). This coincidence between the highest negative Chl-a anomaly and intense MHWs in these three regions could be a good example of compound extreme events.



The spatial distribution of MHW and LChl-a durations is shown in Figure 8a,b. The longest MHWs (>14 days) occur in the northwestern part of AG and the southern part of OG (Figure 8a). The longest LChl-a events (>13 days) occur in the southern part of OG and the northern part of AG (Figure 8b). The spatial correlation between the duration of MHW and LChl-a (Figure 8c) showed a very high correlation (>0.7) between the areas with long MHW and long LChl-a. Particularly for the southeastern part of OG, which will be discussed in more detail in Section 3.6.




3.5. Relationship between MHW/LChl-a and Climate Indices


Here we examine the possible relationship between climate indices (ENSO and IOD) and the annual frequency of MHW and LChl-a for the entire study area. Oceanic La Niña conditions exist when ENSO is ≤−0.5. While El Niño phase occurs when ENSO values are ≥+0.5. A positive IOD period is characterized by warmer than average water in the tropical western Indian Ocean. Conversely, a negative IOD period is characterized by cooler than average water in the same region. A large number of MHW events between 1982 and 2020 were associated with La Niña throughout the study area (i.e., 1999, 2000, 2007, 2010, and 2011) (Figure 9a). For example, more than five MHW events were observed during the strongest La Niña events in 1999 and 2010. A high number of LChl-a events between 1998 and 2020 were associated with La Niña in 1999, 2008, 2010, and 2011. Furthermore, a high number of MHW and LChl-a events coincided with the negative phase of ENSO (La Niña) in 1999, 2010, 2011, and 2020. MHW and LChl-a events in 1998 and 2010 were associated with the negative phase of IOD. On the other hand, more than five MHW events were observed to coincide with a strong positive phase of IOD in 2018 and 2019 (Figure 9b).




3.6. The Compound MHW and LChl-a Event in 2020 and Its Relation to Atmospheric Forcings


The longest compound MHW and LChl-a event during the study period (1998–2020) was observed at OG in 2020 (Figure 10). This prolonged MHW event lasted for two months (29 June–29 August 2020), while the co-occurrence of MHW and LChl-a events lasted for 42 days (10 July–21 August 2020) (Figure 10a). According to the MHW classification of Hobday et.al., 2018 [19], the intensity of this MHW ranged from moderate (i.e., SST exceeded the 90th percentile threshold) to severe (i.e., SST exceeded three times the 90th percentile threshold). During this event, the mean and maximum MHW intensities are 3.5 and 5.3 °C, respectively. The LChl-a event occurred with a delay of 11 days after the beginning of the MHW event and ended when the MHW began to decay (7 days before the end of the MHW event). The mean and maximum intensities of the LChl-a event were −0.82 and −0.90 mg/m3, respectively.



Figure 10b shows the spatial distribution of SSTA over the entire region during the compound event. Positive SSTA was observed throughout the region (AG and OG), except for the southeastern coast of Oman, where negative SSTA was observed. The highest SSTA was detected in the southern part of OG (bounded by the black box in Figure 10b), with values up to 5 °C above average. The spatial distribution of the Chl-a anomaly during the compound event is shown in Figure 10c. The lowest Chl-a concentration anomaly (~−1 mg/m3) was found in the same region with the highest SSTA. The highest positive Chl-a anomaly was observed along the coastal areas, especially within AG (i.e., along the coasts of Saudi Arabia, Bahrain, Qatar, and the United Arab Emirates). According to [44,47,48,49], these coastal areas in AG generally exhibit the highest sea surface productivity.



In this part, we try to investigate the possible link between MHW and LChl-a compound event with 2-m air temperature, surface net heat flux, and wind stress, (Figure 11 and Figure 12). The atmospheric states during the compound event (21 July to 29 August 2020) revealed a warm atmospheric temperature over the whole study region with the highest value over the AG. Positive 2-m air temperature anomalies were found across most of the region, with the highest values (>+2 °C) observed in the OG (black rectangle in Figure 11b), which coincides with the same region of the compound event. The spatial distribution of the total surface net heat flux and its anomaly during the compound event is shown in Figure 11c,d. The highest total surface net heat flux (>+80 W/m2) is observed in the central part of the study region, while the lowest (<+20 W/m2) is found in the northern and southeastern parts of the study area. The negative anomaly pattern of the total heat flux (i.e., loss; <−60 W/m2) is found in the same region of the compound event (see black box; Figure 11d), indicating upward heat loss, which could be an indicator of higher SSTA during this compound event.



The dominant wind stress pattern during this event was summer southwesterly monsoon winds over the OG region, while weak northwesterly winds (Shamal) prevailed in AG (Figure 12a), which is consistent with [87,88]. The lowest negative wind stress anomaly (i.e., from −0.02 to 0 N/m2) is observed in the area affected by the compound event in OG (Figure 12b), which has the highest SST and the lowest Chl-a anomalies (Figure 10b,c). This reduction in wind stress is most likely associated with the formation of the MHW and the compound event. These results are consistent with previous studies [4,26,89,90] that found that MHW extreme events are associated with wind reduction.





4. Discussion


In this work, we investigated the spatio-temporal variability and trend of SSTs and MHWs in AG and OG during the period 1982 to 2020 using high-resolution remote sensing data. In addition, to the best of our knowledge, we examined for the first time the compound events (MHWs and LChl-a) and their relationship with atmospheric parameters and climate indices (i.e., ENSO and IOD) in AG and OG.



The results revealed that the average SST climatology across the study region ranged from 23 to 28 °C (Figure 2a). The lowest values (<24 °C) of SST climatology were found in the northern part of AG off the Kuwaiti and Iraqi coasts, while the highest values (>28 °C) were found in the northern part of OG off the Omani coast (Figure 2a). A highly significant (p < 0.05) spatial SST trend was observed in the study area (Figure 2b), with a warming trend ranging from +0.15 to +0.65 °C/decade during the study period from 1982 to 2020. The temporal SST trends between 1982 to 2020 were about 0.44 ± 0.06 °C/decade and 0.32 ± 0.04 °C/decade for AG and OG, respectively (Figure 3a,b). This result is in good agreement with [33], who found that the average SST trend was about 0.41 ± 0.14 °C/decade in the AG during the same period (1982–2020).



The highest number of MHW events (~7 events/year) was observed in 2010 at AG (Figure 4a). This peak coincides with a high SSTA (~2 °C) that year (Figure 3a) and the strongest negative phase of ENSO (i.e., La Niña) that occurred in the same year (Figure 9a). The high SST values observed in 2010 were subjected to ENSO [85,86]. A strong relationship was found between SST and the annual MHW frequency, with correlation coefficients of 0.84 and 0.88 for AG and OG, respectively (Figure 4c). Overall, the spatial distribution of mean MHW characteristics (Figure 5a,b) showed that AG was characterized by long-lasting and less frequent MHWs, whereas OG was characterized by high frequency and short duration. The highest annual MHW frequency trend (up to 1.5 events/decade) was detected in the northern part of OG (Figure 5c). The maximum and most significant annual MHW duration trend (>6 days/decade) was found in the northwestern part of AG (i.e., the same regions that showed the highest SST trend; see Figure 2b) and the southeastern part of OG (Figure 5d). The annual MHW frequency trend was about 0.97 events/decade for the entire study region from 1982 to 2020. While a non-significant trend was found for the annual MHW duration with an average of 2.3 days/decade for the study area. These results are in line with those of [28], who discovered an increasing trend in the frequency of MHW in the northern Arabian Sea region at a rate of about 1 event/decade.



The spatial distribution of mean intensity and duration of MHW and LChl-a events as well as their correlation maps from 1998 to 2020 were shown in Figure 7 and Figure 8. The largest negative anomalies in Chl-a concentration (<−0.75 mg/m3) were found in the coastal areas of OG, the northern tip of AG near the Shatt-Al-Arab River, and off the southeast coast of Bahrain. At the same time, these areas also have high mean MHW intensity (>1.5 °C; Figure 7b) and the highest correlation (> 0.6; Figure 7c). The longest duration of MHW (>14 days) and LChl-a (>13 days) was found in the southern part of OG, and this particular region had the highest correlation (>0.7) between them (Figure 8a–c). La Niña events in 1999, 2010, 2011, and 2020 were associated with higher frequencies of MHW and LChl-a (Figure 9a). While the positive phase of IOD coincided with high MHW frequency in 2018 and 2019 (Figure 9b).



We noted the longest compound event in the southern part of OG, which lasted 42 days (10 July–21 August 2020; Figure 10a). The LChl-a event occurred with a delay of 11 days after the onset of the MHW event and ended when the MHW began to decay (7 days before the end of the MHW event). The maximum intensity of the LChl-a and MHW events was −0.90 mg/m3 and 5.3 °C, respectively (Figure 10b,c). The dominant wind stress pattern during this event was summer southwesterly monsoon winds over the OG region (Figure 12a), which is consistent with [87,88]. In conclusion, during this compound event, the SST and Chl-a anomalies were associated with a high air temperature anomaly and a reduction in wind stress anomaly (Figure 11 and Figure 12). These results are in line with previous studies [4,26,89,90], which found that MHW extreme events are generally associated with high air temperature and a decrease in winds.




5. Conclusions


In summary, our study revealed an SST warming trend of about 0.4 °C/decade for the entire study region. This SST warming trend resulted in a positive trend in the frequency and duration of MHW, which in turn contributed to the decline in surface productivity in the study area. MHW can severely impact the marine environment, and LChl-a also threatens marine ecosystems that rely on phytoplankton as the basis of their food web [38], so the compound between the two extreme events in our study region could have devastating effects on marine life. For future work, further research is needed to examine the combination between the MHW and other biogeochemical components (e.g., extreme nutrient- and oxygen-depleted events) beyond the LChl-a to provide a comprehensive assessment of their consequences on the marine environment.
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Figure 1. The mean dynamic topography (MDT) from 1993–2012 (shading, in meters) and general geostrophic circulation (black arrows, in m/sec) of the Arabian and Oman Gulfs were obtained from (MDT Global CNES-CLS18: Aviso+ (altimetry.fr); accessed on 30 April 2022), with the main geographic features (e.g., countries and rivers). Isobaths of 25, 50, 500, 1000, and 2000 m are shown as white contours obtained from the General Bathymetric Chart of the Oceans (GEBCO) (www.gebco.net; accessed on 15 April 2022). 
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Figure 2. The spatial maps of mean SST in °C (a) and the trend of deseasonalized SST in °C/decade (b) from 1982 to 2020. 
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Figure 3. The temporal evolution of the monthly averaged SSTA for AG (a) and OG (b) from 1982 to 2020. The SSTA trend is shown by the solid black line. 
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Figure 4. Regionally averaged annual means of the MHW (a) frequency (events/year), and (b) Duration (days/year). The blue and red bars represent the Arabian and Oman Gulfs (AG and OG), respectively. The right panels show the scatter plots of annual mean SST versus annual mean MHW (c) frequency, and (d) duration over the AG (blue) and OG (red) from 1982 to 2020, with the blue and red lines representing the best-fit linear curve. 
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Figure 5. The spatial distribution of the annual MHW (a) mean frequency (events), (b) mean duration (days), (c) frequency trend (events/decade), and (d) duration trend (days/decade) from 1982 to 2020. Dotted regions show that the trend is statistically insignificant at the 95% confidence interval (p > 0.05). 
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Figure 6. Time series anomalies of SST (red line) and Chl-a concentration (green line) for (a) the Arabian Gulf and (b) the Gulf of Oman between 1998 and 2020. 
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Figure 7. The spatial distribution of (a) LChl-a mean intensity (mg/m3), (b) MHW mean intensity (°C), and (c) the spatial correlation map between them from 1998 to 2020 over the entire region. 
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Figure 8. The spatial distribution of (a) LChl-a mean duration (days), (b) MHW mean duration (days), and (c) the spatial correlation map between them from 1998 to 2020 over the entire region. 
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Figure 9. The annual time series of the normalized Niño 3.4 (ENSO) (shading, in (a)) and the Indian Ocean Dipole (IOD) (shading, in (b)), with the annual MHW frequency of (solid red line) from 1982 to 2020, and annual LChl-a frequency (solid green line) from 1998 to 2020 for the entire study area. The yellow and grey shading refer to the positive and negative phases of the climate indices, respectively. 
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Figure 10. (a) The longest compound MHW and LChl-a event. The red shaded area refers to the MHW event, while the green one represents the LChl-a event. The black dotted line defines the MHW categories (moderate, strong, severe, and extreme), (b) the SSTA (°C), and (c) the Chl-a anomaly (mg/m3) averaged during the compound event (10 July to 21 August 2020). Note that the anomalies are calculated with respect to the period [1998–2020]. The black rectangle in b and c defines the area that was affected by the compound event. 
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Figure 11. The mean (a) and anomaly (b) of the 2-m air temperature in [°C]. The mean (c) and anomaly (d) of the total net surface heat flux in [W/m2] during the longest compound MHW and LChl-a event (10 July–21 August 2020). Note that the anomalies were calculated with respect to the period [1982–2020] from the hourly ERA5 data. The black rectangle in (b,d) defines the area that was affected by the compound event. 
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Figure 12. The mean (a) and anomaly (b) of wind stress vectors (black arrows) combined with magnitude (shading) in [N/m2] during the longest compound MHW and LChl-a event (10 July to 21 August 2020). Note that the anomalies are calculated with respect to the period [1982–2020] from the hourly ERA5 data. The black rectangle in (b) defines the area that was affected by the compound event. 
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