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Abstract: The present study investigated the significant sea surface temperature (SST) warming trend
during the summer season over the Arabian Gulf (AG) and its links with the large-scale atmospheric
driver, namely, the Atlantic multidecadal oscillation (AMO), from 1900 to 2021. The link between the
AMO and the AGs oceanic circulations has received little scientific attention. It has been found that
there is a significant spatial positive trend, with a maximum of up to 0.6 °C per decade over the far
northern end, while the time series trend shows a significant shift after 1995, with an average value
of about 0.36 °C per decade. The spatial trend in the AG is eight times and four times higher than the
global value from 1980 to 2005 using HadISST and OISST, respectively. The AMOs significant role in
the AGs SST significant warming trend has been confirmed by the spatial and temporal correlation
coefficient, which is above 0.50 and 0.48, respectively, with statistical significance at the 99% level.
The underlying mechanisms that explained the AMO-related AGs SST decadal variability can be
explained as follows: when the AMO is in a positive phase, the surface northwesterly wind weakens,
leading to (1) less advection of the relatively cold air masses from Southern Europe to the AG and
surrounding areas, (2) less evaporation, and thus less surface cooling (3); thus, this enhances the water
masses stratification and decreases the upwelling process, and vice versa occurs for the negative
phase. For the air temperature, the positive AMO phase coincides with the occurrence of warm air
masses covering all of the Arabian Peninsula, North Africa, and Southern Europe. These processes
prove that the AMO is a possible candidate for the AGs SST decadal variability, hence enabling a
better evaluation of future climate scenarios for this important region. Our results provide initial
insights into the AMO-driven spatiotemporal variability in the SST over the AG and prove that the
relation is nonstationary over time. Further analyses are required to explore whether the impacts of
the AMO are extended to other oceanic variables such as evaporation rate, heat transport, etc.

Keywords: optimum interpolation sea surface temperature (SST); SST warming trend; SST shift;
Atlantic multidecadal oscillation; Arabian Gulf; nonstationary characteristics

1. Introduction

The gradual increasing trend of sea surface temperature (SST) provides clear evidence
of global climate change [1]. The potential adverse impacts of ocean climate change on the
marine ecosystem have led to an increase in the attention on the subject globally [2,3]. SST
is one of the most important ocean climate factors that affect ocean physics and biology.
For example, SST variability directly affects the water level, evaporation, horizontal, and
vertical water masses transport, and thus the overall ocean circulations. Furthermore,
horizontal and vertical transport affects the nutrient flux and oxygen distribution within
the water column, and the frequency and intensity of primary production blooms, which
may change the global ocean food chain. According to the Intergovernmental Panel on
Climate Change (IPCC), the mean global SST trend computed using a linear trend indicated
an increasing tendency during the current century [4]. Warming trends are expected
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to continue even if the current amount of greenhouse gas emissions decreases [5]. The
vulnerability of the Arabian Gulf (AG) to the SST increasing tendency is highly expected,
in which shallow water basins such as the AG may display a larger variation in SST
increase compared to deep basins [6]. The AG (Figure 1), our current focus, lies in harsh
climate conditions. For instance, surface air temperatures frequently reach 50.0 °C due
to the prevailing Shamal winds (hot and dry northwest winds with a 7 to 13 m/s speed)
mainly during the summer season [7,8]. The Shamal winds bring dust storms to the
Arabian Peninsula, and they may last for several weeks [9] due to an anticyclone condition
prevailing over Eastern Europe and North Africa, along with a recession of the monsoon
trough [10]. Furthermore, the World Meteorological Organization (WMO) committee
officially agreed that the air temperature (54.0 °C), which was recorded on 21 July 2016, at
Mitribah, Kuwait, is an extreme value [11].
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Figure 1. Arabian Gulf (AG) location and bathymetry in (m).

Since the sea surface is the lowest boundary layer of the atmosphere, it is significantly
affected by the air temperature. For that, strong correlations were found between air
temperature and the SST, especially over the semi-enclosed basin [12]. Due to its physical
nature, the AG is considered one of the warmest estuaries worldwide [13,14]. The mean
annual SST of 35-year satellite data exceeds 27 °C in the southern part [15], which is
associated with a high trend. For example, Al-Rashidi et al. (2009) [16] noted that the
northern AG exhibits a significant SST trend of 0.6 °C/decade from 1982 to 2002 using
satellite and in situ observations. The same result (0.57 °C/decade) has been observed
using extended reconstructed SST (ERSST.v3) during the period of 1950-2010. Although
the warming trend was not significant until 1990, it is almost related to the two most recent
decades [17], which is about 0.47 °C/decade for the period of 1990-2010 [18]. The most
recent study showed that the warming trends reached 0.63 °C/decade [15]. The highest
world record extreme SST (37.6 °C) was recorded on 30 July 2020, by in situ stations located
in the middle of the Kuwait Bay in the AG, associated with the prevailing southeastern
winds (Kous), while above 36 °C was observed in the summer of 2016 and 2017 [19]. In
addition, Burt et al. (2019) [20] detected 37.7 °C, but this was on a coral island on the coast
of the United Arab Emirates.

Despite the fact that AG corals have been characterized by the highest bleaching
thresholds, associated with a superior thermal tolerance compared with other corals
worldwide [1], several widespread coral bleaching events have occurred. Previous studies
have suggested that El Nino—southern oscillation (ENSO) and the Indian Ocean dipole
(IOD) are the possible drivers of oceanic and atmospheric teleconnections [21]. However,
one bleaching event (1998) occurred during a positive ENSO year [22], while some others
(e.g., 1996, 2010) occurred during negative ENSO years [1,23], suggesting that other drivers
are involved.
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At this stage, it is important to state that in Al-Rashidi et al.’s study (2009) [16], the
contribution of the large-scale driver of the AGs SST warming trend over the northern
AG was found to be 60% (0.3 out of 0.5 °C/decade), while the regional drivers were 40%.
Furthermore, recent studies have found that the AMO has a strong effect on the Red
Sea’s SST [24,25], as well as the summer surface air temperature surrounding the AG [26].
The link between the AMO and the AGs oceanic circulations has received little scientific
attention. The only paper on this topic used the first mode of empirical orthogonal function
analysis, that explains 73% of the total variances, and found that the SST variability over
the AG could be attributed to atmospheric changes driven by the AMO, as well as ENSO
and IOD, using a 39-year study period [27].

The above findings have motivated us to study one of the large-scale atmospheric
drivers, namely, the Atlantic multidecadal oscillation (AMO), which is hypothesized to
have a large effect on the AGs SST during the summer season, by highlighting how the
signal transferred to the AG, which has not been covered before, using a longer study
period (1900-2021). We chose the summer season for three reasons. First, the correlation
between the summer and annual SST is 0.90, meaning that it is the main contributor to
annual variability. Second, the highest world record extreme SST was recorded in the
summer of 2020, while temperatures above 36 °C were observed in the summer of 2016
and 2017. Third, a previous study has proven that in the summer season, the Red Sea’s SST,
as well as the surface air temperature surrounding the AG, has been impacted by the AMO.

2. Materials and Methods
2.1. Data

We examined the HadISST dataset, which is a global monthly mean SST analysis
ona 1° x 1° grid that covers the period of 1900-2021 [28]. Based on in situ sea surface
observations combined with satellite-derived estimates of the sea surface data from the
post-1985 period, the Hadley Centre for Climate Prediction and Research—UK Met Office
provided the HadISST dataset. The Optimum Interpolation SST version 2 (OISST.v2, also
known as Reynolds’ SST) data for the period 1982-2018 [29] were used in this study. These
data were gratefully obtained from the NOAA database in a monthly mean time-scale
and with 0.25° x 0.25° resolution grid points. OISST merge different input data sources
(satellite and available ships and buoys) irregularly distributed in space and time; then,
optimum interpolation methods are applied to fill the spatial and temporal missing values.

The monthly mean U-wind component on the surface and the air temperature on
the surface and 850 hpa are derived from the fifth-generation ERA5, European Center
for Medium-Range Weather Forecast (ECMWF). ERA5 are reanalysis data assimilating as
many observations as possible across the world, combined with a model output to produce
global regular grid points. The data we used here are in a monthly mean format, with 0.5°
x 0.5° resolution grid points from 1900 to 2021.

2.2. Methodology

The AMO is a large-scale climate mode, occurring on multi-decadal temporal scales [30],
and is defined as the annual averaged SST anomaly in the North Atlantic Ocean (0° to
60° N, 0° to 70° W). The positive AMO phase refers to positive SST anomalies over most of
the basin, while vice versa occurs for the negative phase.

The main statistical tools used are composite, trend, and linear correlation analy-
ses. Composite analysis was used to derive the anomalies of the SST and the different
atmospheric variables of the two periods. The first period is from 1971 to 1996 and the
second period (P2) is from 1997 to 2021. Those periods are considered to have a different
atmospheric circulation related to the AMO. The reference climatology to generate the
anomalies is computed for the whole period of 1971-2021.

The AGs SST trend has been computed using the Mann—-Kendall Tau method in
each grid point, with a 95% confidence level [31,32]. This non-parametric technique
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is widely applied to all types of distributions, i.e., the data do not need to meet any
normality assumptions.

A Pearson linear correlation was applied to investigate the relationship between the
AMO time series and the AGs SST as well as the atmospheric circulations. The whole
analysis is based on the mean of the boreal summer season by averaging the June, July, and
August months for all of the data.

3. Results and Discussions

The temporal SST variability in the AG is presented using two datasets with different
periods and spatial resolutions by comparing the very long reconstructed SST (HadISST)
with the relatively short satellite era (OISST) (Figure 2). It is important to mention that
the AGs SST did not always follow the same pattern of the AMO (1930-1965), suggesting
that the AGs SST derived from other large-scale climate modes during this period. This is
a well-known property and has been known as the nonstationary signals of a large-scale
climate, including the AMO, in driving all oceanic and atmospheric circulations [33]. A
very long-term dataset identified the nonstationarity in the internal AMO signals from
1650 to 2012, detected by Erkyihun et al. (2005) [34]. Comparable results of a nonstationary
relationship throughout the last century between the coral oxygen isotope and ENSO were
reported over Kenya [34] and the central Indian Ocean [35]. Clear evidence of nonstationary
has been observed over the Red Sea. In Figure 2, Monica et al. (2014) [36] showed that
the correlation value between the ENSO and coral oxygen isotope decreased from —0.60
from 1930 to 1960 to —0.08 from 1961 to 1995 during the winter season. The atmospheric
circulations patterns indicate that pre-1960 was characterized by anomalies reminiscent of
ENSO features, while post-1960 is characterized by anomalies and a phase of East Asian
winter monsoons that is independent of the ENSO but closely related to the Siberian
anticyclone [36].
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Figure 2. Time series of annual SST (dot red line), summer (solid red line), Atlantic multidecadal
oscillation (AMO) (solid blue line) during 1900-2020, and OISST (dot black line) during 1982-2020,
and their associated correlation analysis.

It is clear from the temporal variability that the time series of the summer SST is closely
related to the annual variability (CC of 0.92, while the CC for the winter SST with that of
the annual is 0.6), meaning that the summer season has the dominant signal and can be
used to represent this study, as we will proceed to do so in the Section 3. Furthermore, both
the annual and summer SST time series are well correlated with the AMO (0.58 and 0.53,
respectively), while the correlation of the winter SST with the AMO shows a reasonable
value of 0.44.

The observed summer means of the SST satellite era in the AG, averaged over
1971-2021, show a relatively strong meridional gradient, with a 4 °C range over a 600 km
distance, compared to the neighbors’ semi-enclosed sea. The Red Sea has a 6 °C range over
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a 1500 km distance [37]. The AGs SST varies from ~29 °C on the extreme northern side to
~33 °C along the southwest United Arab Emirates coast in the south (Figure 3).
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Figure 3. Summer climatology of the OISST and HadISST (1982-2018).

Although the values of the SST vary between the OISST and HadISST (Figure 3),
which mainly reflects the limited spatial coverage of the coarse resolution HadISST, they
are generally consistent in terms of interannual variability, patterns, and trends.

The low temperature in the north is a natural response to the blowing of northerly
surface wind, which brings relatively cold air masses to the area. In addition, the low
bathymetry over the north part combined with low solar forcing may be considered possible
reasons as to why there was a decrease over the area. While the possible reasons for the
high temperature in the southern part are the increasing solar forcing closest to the equator,
the vicinity to the Rub Al-Khali desert, and the entrance of relatively warm freshwater
from the North Indian Ocean through the Gulf of Oman [15]. Globally, the SST has a higher
range over shallow water basins [38].

Figure 4 shows the spatial composite difference in the AGs SST between pre- and post-
1996 for HadISST datasets. The AG exhibited a uniform and remarkable warming pattern
with more than 0.6 °C, especially over the southern half (Figure 4). The same result has been
reflected using OISST but with a higher magnitude, while the entire AG area increased by
more than 1 °C (Supplementary). Interestingly, the area-weighted highest OISST increased
over the northwestern side, which was characterized by shallow bathymetry. Previous
studies have shown that the basins that have shallow water and/or are surrounded by
industrial agglomerations (oil and gas), such as the AG, may display a warming pattern
larger than the global rate [6]. In addition, the highest warming rate was observed over
the relatively cold temperature in the basin. This finding encourages us to provide more
attention to atmospheric forcing on the SST in the following analysis since this area is
affected by the relatively cold northerly wind from Southern Europe.

In Figure 5, we present the spatial trend analysis in each grid point for the entire study
period. The black dot indicates that the trend is significant at 95%. Visually, the trend
pattern is similar to the SST difference between pre- and post-1996, as presented in Figure 4.
The result shows significant variability towards a positive trend, with a maximum of up
to 0.4 °C per decade. The OISST dataset reflects a higher trend value of up to 0.6 °C per
decade (Supplementary). It is important to mention that the global SST warming trend is
about 0.11 °C per decade based on the 1980-2005 time average [4], meaning that the spatial
AG trend is much higher than the global value.

The current analysis supports the previous finding of Al-Subhi, (2019) [15] and
Al-Rashidi et al. (2009) [16], who noted a value of approximately 0.6 °C per decade from
1982 to 2016 and 1950 to 2010, respectively, while a value of 0.57 °C per decade was ob-
served by Shirvani et al. (2015) [17]. Regionally, Shaltout and Omstedt, (2014) [39] and
Alawad et al. (2020) [25] reported a closer rate over the Western Mediterranean Sea (0.42 °C



Atmosphere 2023, 14, 586

6 of 12

per decade) and the Northern Red Sea (0.4 °C per decade), respectively. Recently, many
studies have indicated that there were shifts in both the SST and surface air temperature on
a decadal time scale in this period. This shift reveals a non-uniform warming trend over
the wide area [35-37].
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Figure 4. The SST difference between pre- and post-1996.
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Figure 5. The spatial HadISST trend in °C decade™! during the summer season. The dot area
indicates the significant area at 95%.

The broader region surrounding the AG has recently been known to be directly affected
by the AMO [25,26,40-43]. The manifestation of its relationship within the AG itself can
easily be detected by the correlation. Figure 6 shows the spatial correlation of the AMO
HadISST datasets. All the results are significant at a 95% confidence level. The spatial
correlation has also been explored to reveal the different meridionally responses as the
shape of the study area.

The AMO widely modulates the AGs SST through a strong significant relation with
an up to 0.50 correlation value (Figure 6). The same analysis using the long-term OISST
dataset showed a stronger correlation but with a different pattern, while the northern area,
which is close to the North Atlantic, received a stronger AMO signal (Supplementary).

It is not surprising to find that the AMO signal reached the AGs SST; a recent study
indicated that the summer surface air temperature surrounding the AG is strongly affected
by the AMO [26].
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Figure 6. The spatial correlation between the AMO time series and SST. The dot area indicates the
significant area at 95%.

Atmospheric Circulations Patterns

One possible cause of the SST increase is a decrease in the surface Shamal wind. Thus,
the question arises of to what extent does the AMO force the AGs SST through the Shamal
wind over this area? To answer the question, the difference in the Shamal wind before
and after 1996 has been investigated, followed by its correlation with the AMO time series
and, lastly, the AGs SST. The anomalous Shamal wind is slightly downward over the entire
AG by up to —0.6 m/s (Figure 7a). The correlation of the Shamal wind with the AMO
shows a negative result (up to —0.5) spread over the same the Shamal wind difference
in Figure 7a and the AGs surrounding area. In addition, the AGs SST time series is also
negatively correlated with the Shamal wind (Figure 7c). Recent studies have indicated that
the Shamal wind is forced by a horizontal pressure gradient between the high-pressure
system over the Eastern Mediterranean Sea and the low-pressure system over Iran, Pakistan,
and Afghanistan [9,44].

According to previous studies, this result can explain the SST increase from three
points of view. First, a decrease in the Shamal wind that blows from the north leads
to less advection of relatively cold air masses from Southern Europe [44]. Second, a
decrease in the Shamal wind leads to less evaporation and thus less surface cooling process,
which leads to an additional decrease in the surface wind speed. Third, a decrease in
the Shamal wind enhances the water masses stratification and decreases the upwelling
process, especially over shallow basins such as the AG. This process is called the wind
speed—evaporation-SST feedback, through the thermodynamic interaction between the
atmosphere and surface ocean, and vice versa [45]. Further analyses are required to
explore whether the impacts of the AMO are extended to other oceanic variables such as
evaporation rate, heat transport, etc.

The AMO has an internal variability in a cycle of around 65-80 years, and it has been
turned into a positive phase since the mid-1990s [25,40,41].

The above results indicate that during positive AMO events, the surface Shamal winds
reduced, and the AGs SST increased. Therefore, the analysis emphasizes a clear link
between the AMO and AGs summer SST increase through the decrease in the Shamal wind.

The physical connection between the AMO and AGs SST can also be investigated
throughout a surface (Figure 8) and upper-air temperature at 850 hpa (Figure 9). The vertical
temperature advection is a well-known topic relevant to inducing a change in surface
temperatures in both the air and ocean [40]. First, the surface and 850 hpa temperature
difference before and after 1996 was computed, and it is shown in Figures 8a and 9a,
respectively. Their anomalous temperature was upward over a wide area extended from
Southern Europe and Northern Africa, including the Red Sea, and covers all Gulf countries.
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Figure 7. The difference in the U-wind component between pre- and post-1996 (a), correlation
analysis between the AMO time series and U-wind (b), and correlation analysis between the AGs
SST time series and U-wind (c). All the data are from 1971-2021.
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Figure 8. Same as Figure 7, but for the surface temperate.
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Figure 9. Same as Figure 7, but for upper-air temperate at 850 hpa.

Second, to investigate if the AMO plays any role in this change, a correlation analysis
was conducted between the AMO and surface and 850 hpa temperature, and the results
showed a similar pattern of temperature difference. Above a 0.6 positive correlation was
observed over a wide part of AG countries, including the Northern AG, Northern Red
Sea, and Eastern Mediterranean Sea (Figures 8b and 9b). Third, to investigate the indirect
link with the AMO, the AGs SST time series was correlated with both temperature levels.
Interestingly, the map looks similar to that shown in Figures 8a,b and 9a,b; a wide area of
about 0.6 was observed over the Gulf countries.

This means that positive (negative) AMO events could cause the SST to increase
(decrease) following the surrounding upper-air temperature. Thus, the AGs warming is
related to the AMO over the North Atlantic Ocean, suggesting that the AMO signal could
be transferred through the vertical temperature advection to the AGs SST.

4. Conclusions

Previous studies have documented that several ocean basins experienced significant
SST warming behavior, including the AG, over the last few decades. Despite the potential
wide-ranging impacts of this warming, less consideration has been given to what causes
this warming over the AG and their driving forces. This paper investigates the impact
of one of the possible large-scale atmospheric drivers, namely, the Atlantic multidecadal
oscillation (AMO), which we hypothesize forces the AGs SST increase during the summer
season. It was found that there was a significant spatial positive trend, with a maximum of
up to 0.7 °C per decade, while the time series trend showed a significant shift after 1995,
with an average value of about 0.36 °C per decade. It is important to mention that the global
SST warming trend is about 0.11 °C per decade based on the 1980-2005 time average [4].
This means that the spatial and temporal trend in the AG is eight times and four times
higher than the global value, respectively. Interestingly, the mid-90th shift concurs with the
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phase shift of the AMO. Furthermore, strong relations were observed on both spatial and
temporal scales, with a high pattern of a significant positive correlation coefficient between
the AMO and SST.

The proposed underlying mechanisms that link the AMO with the AG decadal variabil-
ity can be explained as follows: when the AMO is in a positive phase, surface northwesterly
wind weakens, leading to (1) less advection of relatively cold air masses from Southern
Europe to the AG and its surrounding area, (2) less evaporation and thus less surface
cooling processes, and (3) thus the enhancement of the water masses stratification and the
decrease in the upwelling process, and vice versa occurs for the negative phase. Further
analyses are required to explore whether the impacts of the AMO are extended to other
oceanic variables such as evaporation rate, heat transport, etc. Furthermore, the AMO
seems to induce the significant warming of upper-air temperature over the AG and the
surrounding area that covers the Arabian Peninsula, Northeast Africa, and a wide area
over Southern Europe. These processes prove that the AMO is a possible candidate for the
variability in the AGs SST during the summer season through the weakening of the Shamal
wind, which is associated with an increasing upper-air temperature.

However, it is important to mention that the time series of the AGs SST does not always
follow the same pattern as the AMO, especially during the period of 1930-1965, suggesting
that the AGs SST derived by other large-scale climate modes during this period, and proving
the information regarding the nonstationary characteristics in the relationship between the
AGs SST and the AMO, can be documented in AG water. According to a previous study [36],
special consideration should be provided to the role of East Asian winter monsoons and
the Siberian anticyclone in the weakening of the AMO signal in the AG.

These findings help to bridge the gap between long-term climate variability and
SST dynamics in the AG and to extend and support our recent growing knowledge by
systematically understanding the trends and underlying climate mechanisms via remote
atmospheric teleconnections, enabling a better evaluation of future climate scenarios for
this important region.
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