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The Arabian Gulf comprises one of the world's most unique and fragile marine ecosystems; it is susceptible to the adverse effects of climate change due to its shallow depth and its location within an arid region that witnesses frequent severe atmospheric events. To reproduce these effects in numerical models, it is important to obtain a better understanding of the region's sea surface temperature (SST) variability patterns, as SST is a major driver of circulation in shallow environments. To this end, here, empirical orthogonal function (EOF) decomposition analysis was conducted to investigate interannual to multi-decadal SST variability in the Gulf from 1982 to 2020, using daily Level 4 Group for High Resolution SST (GHRSST) data. In this way, three dominant EOF modes were identified to contribute the Gulf's SST variability. Significant spatial and temporal correlations were found suggesting that throughout the 39-year study period, SST variability could be attributed to atmospheric changes driven by the El Nio-Southern Oscillation (ENSO), Atlantic Multi-decadal Oscillation (AMO), and Indian Ocean Dipole (IOD) climate modes. Spatial and temporal analyses of the dataset revealed that the average SST was 26.7°C, and that the warming rate from 1982 to 2020 reached up to 0.59°C/decade. A detailed examination of SST changes associated with heat exchange at the air-sea interface was conducted using surface heat fluxes from fifth generation (ERA5) European Centre for Medium-Range Weather Forecasts (ECMWF). Despite the SST warming trend, the accumulation of heat during the study period is suggesting that there was an overall loss of heat (cooling). This cooling reverted into heating in 2003 and has since been increasing.
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1. INTRODUCTION

Owing to its strategic location and its susceptibility to extremely high temperatures and salinities (Johns et al., 2003; Khan et al., 2021), the Arabian Gulf (hereafter Gulf) is one of the most important, yet fragile, marine ecosystems on Earth. This important region may be susceptible to the adverse effects of climate change. Unfortunately, increasing water temperatures driven by global warming, as well as contaminants (oil spills, waste waters, and industrial waste) (Uddin et al., 2021; Stöfen-OBrien et al., 2022), have severely affected and degraded the Gulf's marine ecosystems, such as its sabkhas, mudflats, mangrove swamps, sea grasses, and coral reefs (Burt et al., 2011; Vaughan et al., 2021). These ecosystems support various endangered marine species, such as dugongs and turtles (Sale et al., 2010). Thus, understanding the driving forces of the Gulf's circulation mechanism is critical to preserving these natural habitats. In relation to the preservation of climate balance in the Gulf, coupled atmosphere-ocean dynamics play a major role in determining regional and global climate conditions. They are characterized by multiple spatial and temporal patterns that can be identified by analyzing trends in sea surface temperature (SST) (Messié and Chavez, 2011). Despite its importance, the coupled atmosphere-ocean dynamics within the Gulf are poorly understood and only few studies exist in the published literature, largely due to the paucity of oceanographic and meteorological measurements. A study by Purkis and Riegl (2005) investigated the effects of the Gulf's water temperatures on coral assemblages, while relating SST anomalies to the El Nio-Southern Oscillation (ENSO). Moradi and Kabiri (2015), meanwhile, analyzed the spatio-temporal variability of SST and chlorophyll-a in the Gulf for a 10-year period, finding no clear SST modes. Another study by Noori et al. (2019), used the daily Optimum Interpolation SST anomaly (OISSTA) generated by the National Oceanic and Atmospheric Administration (NOAA) to examine the Gulf spatio-temporal SST trends from 1982 to 2016 and link these to ENSO and NAO. Most other studies (Arun et al., 2005; Nezlin et al., 2010; Almazroui, 2012; Huang et al., 2021) have focused on the impacts of major climate modes (ENSO, Indian Ocean Dipole [IOD], and North Atlantic Oscillation [NAO]) on the Gulf's air temperature and precipitation. Provided with these contexts, the Gulf's SST modes were analyzed and their relationships to regional and global climate patterns were explored in aim of improving understanding of interannual to multi-decadal SST variability within the Gulf, and to determine its relation to major climate modes. Understanding these patterns will refine the cognizance of current ocean dynamics and predictive capabilities of ocean circulation models, consequently aiding studies into the sustainability of ocean ecosystems globally.

The remainder of this manuscript is organized as follows. Section 2 describes the study area. Section 3 describes the dataset employed in this study and the analytical approach. Section 4 presents the Gulf's SST spatial and temporal variabilities between the years 1982 and 2020. In addition, this section also presents the identification and discussion of the three major SST modes in the Gulf and relates them to the Atlantic Multi-decadal Oscillation (AMO), ENSO, and IOD climate modes. A summary and conclusions are then detailed in Section 5.



2. STUDY AREA

The Gulf's basin has an average depth of 36 m, with the maximum depth (100 m) occurring near the Strait of Hormuz (Figure 1). The Gulf is 990 km long and 338 km wide, with an estimated surface area and volume of 239,000 km2 and 8,630 km3, respectively. Tectonic driven subsidence increased the seafloor depths at the shelf break that connects the Strait of Hormuz to the Gulf of Oman and Indian Ocean to become 200–300 m, while localized seafloor depressions generated 70–95 m troughs along the Iranian coastline. It is situated in the subtropical high pressure belt region (25–30°N), within which the Earth's harshest deserts are found (Al Senafi and Anis, 2015). Descending dry air in this region creates arid desert conditions, while the Gulf is exposed to extra-tropical weather systems from the northwest. The most well-known weather phenomena in the Gulf are Shamal wind events (Rao et al., 2001, 2003) and dust storms (Kutiel and Furman, 2003). Shamal (“north” in Arabic) designates strong (up to 20 m/s; Rao et al., 2003) northwesterly winds that blow over the Gulf in summer (June to August; associated with the relative strengths of the Indian and Arabian thermal lows) and in winter (November to March; related to synoptic weather systems to the northwest) (Aboobacker et al., 2011). These meteorological phenomena occur at a rate of 10 events per year and substantially impact the natural environment and human health. They also cause abrupt changes in the Gulf's circulation, mixing intensities, heat-budget, and SST patterns (Al Senafi and Anis, 2015; Li et al., 2020b) similar to the Mistral winds that blow towards the Gulf of Lion in the Mediterranean (Bosse et al., 2021), and the Bora wind events that blow towards the Adriatic Sea (Ferrarin et al., 2019). In addition, SST changes resulting from these meteorological events also likely play a major role in the formation and location of the Gulf Deep Water (GDW). Driven by surface water cooling, GDW flows out of the Gulf close to its bottom, before spilling out into the Indian Ocean via the Strait of Hormuz. GDW is critical in regulating the Gulf's salinity and flushing its contaminants (Swift and Bower, 2003; Yao et al., 2014).


[image: Figure 1]
FIGURE 1. Bathymetry map of the Gulf.


The arid regional meteorological conditions and shallow depths described above produce large variations in sea temperatures, which can range from 11°C in winter to 38°C in summer (Alosairi et al., 2020). Moreover, the excess evaporation over precipitation and river discharge can cause hyper-saline conditions, with salinities up to 70 PSU (Sheppard et al., 2010). The long-term circulation in the Gulf is, as in other semi-enclosed basins (e.g., Mediterranean and Red Sea), is a combined product of wind stress, buoyancy (Al Senafi and Anis, 2020b), freshwater runoff, tides (Al Senafi and Anis, 2020a; Li et al., 2020a), as well as the restricted exchange with the open ocean that results in an inverse estuarine circulation (Thoppil and Hogan, 2010a; Yao and Johns, 2010a,b). Thus, better understanding the region's interannual to multi-decadal SST variability could better reveal the Gulf's surface and deep circulations.



3. METHODOLOGY

The Gulf's daily SST was studied for the period of January 1982 to December 2020. The dataset employed in this study was obtained using the Level 4 Group for High Resolution Sea Surface Temperature (GHRSST) that is freely available online through NASA's Physical Oceanography Distributed Active Archive Center (PO.DAAC) (https://podaac.jpl.nasa.gov). This product interpolates and extrapolates SST observations from various sources, creating a smoothly gridded database that contains temporally and spatially homogeneous daily SST images at a spatial resolution of 0.25° (Reynolds et al., 2007; National Centers for Environmental Information, 2016). The GHRSST dataset has been assessed by Nesterov et al. (2021) using in-situ measurements in the southern Gulf. Results of this assessment found a good agreement between both datasets with correlation coefficients exceeding 0.99. Furthermore, in-situ measurements at Qarooh Island, Kuwait described in Al Senafi and Anis (2020b) were used to evaluate the accuracy of the GHRSST dataset in the northern Gulf (Figure 2A). Results of this evaluation demonstrate that the GHRSST dataset is well correlated (r = 0.99) with the observations and displayed a Mean Bias Error (MBE) of 0.02°C (Figures 2B,C) capturing seasonal variability and the SST's changes associated with various meteorological events.


[image: Figure 2]
FIGURE 2. (A) Daily SST observations (January-2013 to March 2014) from GHRSST (red) and Qarooh Island station, Kuwait (blue), (B) comparison of daily SSTs from GHRSST and Qarooh Island observations. A linear fit to the data, using robust regression is represented by the solid red line. (C) Taylor diagram (Taylor, 2001) summarizing results of comparison between GHRSST and Qarooh Island observations from SST.


Using the GHRSST dataset described above, a total number of 14,244 images were retained and organized in an M N matrix, where M and N represent the spatial and temporal elements, respectively. This dataset was used to describe the space (x) and time (t) variability of SST in the Gulf, using statistical measures (average, range, variance, trend, minimum, and maximum) and the traditional Empirical Orthogonal Function (EOF) decomposition. EOF analysis reconstructs a gridded time series of the specified modes from eigenmode maps of variability and a corresponding principal component (PC) time series. In an EOF analysis, the temporally and spatially varying SST, T(x, t), can be expressed in an orthogonal expansion of PCs in the form

[image: image]

where Fn(x) is the spatial loading (EOF) and an(t) is the temporal varying functions (PC). Prior to EOF analysis, it was first necessary to detrend the daily SST images temporally to remove long term trends and emphasize temporal variance,
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where T′(x,t) represent the residual SST anomalies. Alternatively, the spatial trend was also removed,
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After the dominant SST modes were defined based on spatio-temporal characteristics, their correlations with major climate modes, including AMO, ENSO, and IOD, were investigated. This type of analysis has been widely adopted in studies with unknown modes of variability and their associations with major modes of climate variability globally (e.g., Fauchereau et al., 2003 over the Atlantic and Indian Oceans, Carleton, 2003 over the Southern Ocean, and Wu et al., 2020 over the Pacific Ocean). Other climates modes were excluded from detailed analysis as overall they exhibited insignificant correlations with the Gulf's SST modes. These modes included Arctic Oscillation (AO), North Atlantic Oscillation (NAO), and Pacific decadal oscillation (PDO). Climate mode datasets were obtained from the National Oceanic and Atmospheric Administration (NOAA) Physical Sciences Laboratory website (https://www.psl.noaa.gov/data/climateindices).

The thermal conservation equation was used to approximate the contribution to SST changes associated with heat exchange at the air-sea interface, as follows:

[image: image]

where T is temperature, ρw is the surface density (1024–1030 kg/m3) taken from Reynolds (1993), h is the surface mixed layer depths (5–20 m) taken from Reynolds (1993), Cp is the specific heat capacity constant of seawater, and [image: image] is the net heat flux.
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where [image: image] is the net shortwave radiation, [image: image] is the net longwave radiation, [image: image] is the latent heat flux, and [image: image] is the sensible heat flux. The four heat flux components were obtained from the fifth generation (ERA5; Hersbach et al., 2018) of the European Centre for Medium-Range Weather Forecasts (ECMWF) atmospheric reanalysis of global climate for the period of 1982 to 2020, at a spatial resolution of 31 km. The ERA5 dataset is freely available online through the Copernicus Climate Change Service (https://climate.copernicus.eu).

In a detailed one year study conducted by Al Senafi et al. (2019), ERA5 heat fluxes were validated and shown to be the most suitable data for the Gulf, with an error of 4.5 W/m2 and a correlation of 0.9. Based on the thermal conservation approximation, the percentage of change in SST that could be explained by air-sea heat exchange was determined from the overall observed SST changes; Al Senafi and Anis (2020b) used a similar approach to study the Gulf's advection processes.



4. RESULTS AND DISCUSSION


4.1. SST Spatial Variability in the Gulf (1982–2020)

The Gulf daily SST time series for the period of 1982 to 2020 revealed that the spatial period average was 26.7°C (Figure 3A), and that it displayed a latitudinal gradient of cooler temperatures from south to north. The Gulf was shown to be warmer than other semi-enclosed seas such as the Mediterranean Sea, which has an annual average SST of 19.7°C (Shaltout and Omstedt, 2014), but cooler than the Red Sea, which has an annual average SST of 27.1°C (Krokos et al., 2019). However, unlike the Red Sea, which has an average depth of 450 m (Shaked and Genin, 2011), the Gulf is shallower, with an average depth of 36 m (Pous et al., 2012). This results in the Gulf experiencing larger seasonal swings in SST; they can reach up to 25.2°C, with the range being higher in shallower regions (i.e., the northern half and along the western coast) than in deeper areas (the southern half and eastern coast; Figures 1, 3B). The Gulf's maximum SST (36.7°C) was recorded on July 1996 in the vicinity of Makasib Island, which is located between Qatar and the United Arab Emirates (UAE; Figure 3C). The currents here are stagnant and the waters are shallow (<10 m) (Reynolds, 1993; Thoppil and Hogan, 2010b). The Gulf's maximum SST was found to be warmer than that of the Red Sea (maximum of 33°C recorded at Bab-el-Mandab Strait; Chaidez et al., 2017). In addition, various studies in the Gulf have recorded single point measurements of 37.6 and 34.6°C in Kuwaiti waters (Alosairi et al., 2020; Al Senafi and Anis, 2020a). In contrast, the Gulf's minimum SST was 11.7°C (recorded in Kuwaiti waters; Figure 3D), which was cooler than the minimum SST observed in the Mediterranean and Red Seas: 15°C (Criado-Aldeanueva et al., 2008; Shaltout, 2019). This emphasizes the Gulf's large temperature swings.


[image: Figure 3]
FIGURE 3. (A) SST average, (B) SST range, (C) SST maximum, (D) SST minimum, (E) SST trend, and (F) SST variance for 1982–2020; SST time series was detrended and deseasoned prior to computing variance. SST: sea surface temperature.


The non-seasonal SST intensity of change was examined by focusing on the SST variance shown in Figure 3F. This approach also emphasized the regions within the Gulf that experienced the highest non-seasonal fluctuations during the 39-year study period; these areas are likely to be relatively susceptible to the influence of climate change. The results presented in Figure 3F distinctively show that variance was stronger in the northern tip, where Shatt-Al-Arab river discharge occurs, and in the waters surrounding Qatar. These two regions also feature the shallowest waters, which may explain their relatively quick response to external forcing (e.g., sea surface heat and mass transfer), compared to other regions in the Gulf (Figure 3B). In addition to their shallow nature, the strong variance observed at the northern tip could also be explained by the variability of the Shatt-Al-Arab river discharge rates; they fluctuated between 8.2 and 46.6 milliards m2/year throughout the study period (Al-Saadi, 2021). After detrending both riverine discharge rates and SST observations at the Gulf's northern tip to remove long-term linear biases, a correlation of 0.65 was found between both datasets, suggesting that an increase in flow was followed by an increase in SST (Figure 4). Whereas, the stagnate currents and shallow nature explain the high variances in the region surrounding Qatar.


[image: Figure 4]
FIGURE 4. Scatter plot of correlation between detrended annual Shatt-Al-Arab river discharge and detrended annual SST for 1982–2015. SST: sea surface temperature.




4.2. Gulf's Warming Rate

Compared to the global and Red Sea SST warming rates of 0.07 and 0.17 (max 0.45)°C/decade (Lough, 2012; Chaidez et al., 2017), respectively, the Gulf's warming rate was found here to be 0.41 (±0.14)°C/decade. Hereher (2020) determined the Gulf's warming trend to be 0.7°C/decade using observations from Moderate Resolution Imaging Spectroradiometer (MODIS) images for the period of 2003 to 2018; this is similar to the observations obtained here for the same time period (0.67°C/decade). In addition, the results obtained here showed that the Gulf's spatial SST warming trend displayed a latitudinal gradient of 0.22 to 0.59°C/decade, with steeper trends from south to north. The only exception to this trend occurred in the northern tip near the Shatt-Al-Arab riverine discharge; here, the warming rate (0.41°C/decade) was slower than that of the surrounding northern water (≥ 0.5°C/decade; Figure 3E). In agreement with the results reported here, Al-Rashidi et al. (2008) concluded that Kuwaiti waters warmed at a rate of 0.6°C/decade for the period of 1985 to 2002.



4.3. Temporal and Spatial Variabilities in Gulf's Air-Sea Net Heat Fluxes

Analyzing the region's air-sea net heat fluxes revealed that the accumulated air-sea net heat flux during the study period throughout the Gulf was -1.52 W/m2 (Figure 5A). However, since 2003 the Gulf has gained 0.5 W/m2 of heat at the air-sea interface; this trend is likely to continue to increase by 0.3 W/m2 every year, assuming that a similar trend persists.


[image: Figure 5]
FIGURE 5. (A) [image: image] average, (B) [image: image] minimum, (C) [image: image] maximum, and (D) [image: image] variance for 1982–2020; [image: image] time series was detrended and deseasoned prior to computing variance.


Spatially, the Gulf was found to lose heat at the center during the 39-year study period (<0 W/m2), as indicated by the cooler colors (blue and purple colors) in Figure 5A. The coastal regions and the Strait of Hormuz (to the south) gained heat (> 0 W/m2), as indicated by the green, yellow, and orange colors in Figure 5A. The net heat flux at the Gulf's center exhibited the highest range (up to 51 W/m2); this was double the range in the coastal regions. Despite the high range of the net heat flux at the Gulf's center, the maximum net heat flux continuously remained below zero, indicating that persistent cooling occurred throughout the 39-year study period (Figure 5B); the minimum flux was −62 W/m2 (Figure 5C). These results signify the crucial role of the Gulf's center region in cooling the region's waters; it acts as a regulator in reducing the high net heat flux intake within the coastal waters. Though the Gulf continuously lost heat at its center, the net heat flux trend showed that this cooling decreased at a rate of 7.71 W/m2 per decade. This is critical, as the Gulf's waters are likely to warm faster in the future should this trend continue. This heating trend was observed throughout the Gulf, ranging between 0.64 and 7.71 W/m2 per decade. The strongest heat flux variances were also found in the Gulf's center region, emphasizing that this area exhibited the largest changes (Figure 5D).

As shown in Figure 6, air-sea heat exchange explained up to 70% of SST variance in the Gulf's center and in the Strait of Hormuz (where SST variance was weakest; Figure 3F). The air-sea heat exchange only explained up to 25% of SST variance in the coastal regions, however, where the SST variances were strongest. This suggests that air-sea heat exchange was least pronounced in the shallow and dynamic areas of the Gulf.


[image: Figure 6]
FIGURE 6. Percentage SST changes associated with heat exchange at air-sea interface. SST: sea surface temperature.




4.4. SST Temporal Variability and SST Modes in the Gulf (1982-2020)

The yearly averaged SST time series showed clear interannual variability at a warming rate of 0.41 (±0.14)°C/decade (Figure 7). The SST in the warmest and coolest years was 27.43°C in 2010 and 25.11°C in 1991, respectively. Furthermore, the last seven years (2014–2020) were all within the top ten warmest years, with an average SST of 27.02°C. Moreover, > 75% of days within those seven years experienced SSTs that were warmer than the 39-year average. Furthermore, the number of warmer days increased at a rate of ~2 % per year (Figure 8). This warming trend displayed seasonal variability; SST warming was slowest in mid-winter (December–January) and mid-summer (July–August) at a rate of <0.3°C/decade. This rate then doubled during the fall (September–October) and spring (March–April). The faster warming trends during the fall and spring periods will likely further energize extreme storm events, which are common during these transitional seasons in the Gulf, should this warming rate continue (Al Senafi and Anis, 2015; Al Senafi et al., 2019).


[image: Figure 7]
FIGURE 7. (Top): Time series of yearly averaged SST anomalies for years 1982–2020; (Bottom map) yearly averaged SST anomaly Gulf maps. SST: sea surface temperature.



[image: Figure 8]
FIGURE 8. (Top): Time series of percentage of days within each year above 39-year period average for 1982–2020; (Bottom map) rate of warming per decade for each day of year.


In addition to the air-sea cooling at the Gulf's center, as explained in Section 4.3, GDW is another regulator of the Gulf's temperature. Although GDW is poorly understood, various studies (e.g., Thoppil and Hogan, 2010a,b; Li et al., 2020b) have suggested that it is convectively driven by cooling of the sea surface in the northern Gulf, and that it is more pronounced during late winter-spring, when vertical density stratification is weakest (Reynolds, 1993). GDW formation was found to occur within the vicinity of where the Gulf's SST warming rate was fastest (Figure 3E); furthermore it occurred within those months when the warming rate was also fastest (Figure 8). This suggests that the formation of this deep water mass could possibly be disturbed should this warming trend continue.

The SST-standardized anomalies presented in Figure 9 clearly indicate that 1997 was the period's “tipping point,” where SST inverted from being persistently cooler (negative anomalies) to being warmer (positive anomalies), with the exception of 2008 and 2009, within the 39-year baseline. The computation of EOF showed that the first three modes together explained 86% of the variance observed in SST anomalies. The remaining EOF modes explained less than 3% each of the total SST anomaly variances. These remaining EOF modes were excluded from further analysis, as they did not pass the North et al. (1982) criteria, where the difference between the third and fourth eigenvalues are proportional to their sampling error magnitude; thus, the error size is comparable with the EOF themselves.


[image: Figure 9]
FIGURE 9. (Top): Time series of yearly averaged SST anomalies for 1982–2020; (Bottom map) yearly averaged SST anomaly Gulf maps. SST: sea surface temperature.


The EOF (spatial patterns) and PC (time series) for first three modes are presented in Figures 10, 11, respectively. The PC time series of the first mode of SST explained 73% of the total variance, displaying clear positive (e.g., 1995, 1998, and 2010) and negative (e.g., 1982, 1984, and 1991) anomaly peaks that were well correlated (0.71) with the AMO index. Further analysis of the lead-lag correlation revealed a 1–3 month lag, where the AMO index was found to lead the PC time series of mode 1 (Figure 11A). The warming of the Gulf's SST in response to the AMO warming peaks was consistent with the findings of Alawad et al. (2020) within the Red Sea; it is likely attributable to changes in the upper troposphere (200 hPa) meridional winds (namely the Circum-Global Teleconnection; Ding and Wang, 2005). These changes impose warm air temperatures (Lu et al., 2002; Hong et al., 2017) across the Eurasian continents. This may explain why the strong mode 1 signatures of > 3.5°C (Figure 10A; yellow-to-red shading) were located in the Gulf's shallowest regions (Figure 1), while the strongest signature > 4°C (Figure 10A; red shading) was located in the shallowest and weakest currents, off the coast of Qatar. The second EOF mode of SST explained 9.9% of the total variance, demonstrating a latitudinal gradient (Figure 10B). The PC time series of this mode displayed positive (e.g., 1982, 1986, and 2015) and negative (e.g., 1983, 1988, and 1999) peaks that were consistent with the ENSO index, with a significant correlation of 0.63 and a lag of 4 months (Figure 11B). The strong latitudinal signature of EOF mode 2 may be attributable to fluctuations in regional precipitation following peak ENSO periods. A detailed 40-year study by Al Senafi and Anis (2015) of the Mesopotamia (Kuwait, Iran, Iraq, Syria, and Turkey) and Gulf regions concluded that peak ENSO periods shifted the tropical convection cells eastwards; this in turn disturbed the moisture-bearing jet stream and increased precipitation. Wetter ENSO periods would increase Shatt-Al-Arab discharge; as described in Section 4.1; this would lead to warming of SSTs in the region's northern waters.


[image: Figure 10]
FIGURE 10. Gulf EOF of first three SST modes for 1982–2020. EOF: empirical orthogonal function.



[image: Figure 11]
FIGURE 11. Time series of PC associated with first three modes for 1982–2020 alongside (A) AMO, (B) ENSO, and (C) IOD indices in blue. PC: principal component; AMO: Atlantic Multi-decadal Oscillation; ENSO: El Nio-Southern Oscillation; IOD: Indian Ocean Dipole.


The third EOF mode explained 3.1% of the total SST anomaly variance. The strongest signature of the third EOF was located in the Gulf's center, where the influence of air-sea heat exchange was highest (Figure 6). The PC time series of the third mode displayed positive (e.g., 1983, 1985, and 1992) and negative (e.g., 1987, 2010, and 2018) peaks that were consistent with the IOD index, with a significant correlation of -0.51 and a lag of 5 months. This is similar to the lag period observed by Arun et al. (2005) for the Gulf region (Figure 11C). Further analysis of the air-sea net heat fluxes showed that during IOD peak phases, the heat loss from the Gulf was eight times lower than average. This was mainly attributed to the reduction of latent heat loss, which explained 61% of the net heat flux. This reduction in latent heat flux likely arose from an increase in the moisture influx into the Gulf from Africa, via Saudi Arabia, during positive IOD periods (Arun et al., 2005).




5. CONCLUSIONS

The study focused on the Arabian Gulf's interannual to multi-decadal SST variability over the period of 1982 to 2020, using daily Level 4 GHRSST images. The findings presented here indicate that the average SST of the Gulf over the last 39 years was 26.7°C, and that warming occurred at rates of 0.22 to 0.59°C/decade during this time. The overall warming displayed seasonal variations; warming during the extreme storm transitional periods (fall and spring) occurred at double the rate than in winter and summer. Large swings in seasonal SST were observed, with minimum and maximum recorded SSTs of 11.7°C and 26.7°C, respectively.

The results presented here indicate that despite the observed warming trend, the accumulation of heat during the study period was −1.52 W/m2, suggesting an overall loss of heat (cooling). This cooling is critical in lowering the Gulf's extreme water temperatures, which could otherwise result in coral bleaching and undesired stress to other marine species (Burt et al., 2013; Sheppard, 2016). However, detailed analysis of the air-sea net heat fluxes indicated that a reversal from cooling (negative) to heating (positive) occurred in 2003; this heating rate will continue to rise at a rate of 0.3 W/m2 per year.

EOF analysis was conducted to characterize the multiple spatial and temporal patterns of the Gulf's SST variability. Local trends were subtracted prior to EOF analysis to emphasize interannual to multi-decadal SST variability. In this way, three dominant EOF modes were identified that contributed to 86% of the Gulf's SST variability. The significant spatial and temporal correlations (r > 0.51) suggest that throughout the 39-year study period, the SST variability could be attributed to atmospheric changes imposed by the AMO, ENSO, and IOD climate modes. Nonetheless, the findings of this study have to be seen in light of some limitations that could be addressed in future research. This study uses ERA5 and GHRSST datasets that have been validated only in the northern part of the Gulf and during a 1 year period.

A better understanding of the Gulf's SST modes can help reveal the region's circulation more clearly, within which GDW plays a major role. The formation and circulation of dense GDW have been linked to cooler surface waters (Swift and Bower, 2003; Yao et al., 2014). GDW is critical in regulating salinity and flushing contaminants that are introduced into the Gulf. Thus, it is critical to conduct a detailed observational study to resolve spatial and temporal variations in sea surface heat, momentum, and mass transfer. The influence of spatial and temporal variability in SST, as reported in the present study, should also be investigated regarding GDW.
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