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Abstract The combined effect of climate change and steadily increasing seawater demand 
for industrial and domestic purposes in the Arabian Gulf region has a significant impact on the 
ecosystem in this region. Additionally, this effect may reduce the efficiency and increase the 
operating costs of industrial facilities that utilize seawater for cooling and other purposes. In 
this context, it is important to know various statistical characteristics of the sea surface tem- 
perature (SST) and their trends, in addition to the mean climatological characteristics. The 
analysis conducted in this study utilized a 17-year Group for High Resolution Sea Surface Tem- 
perature Level 4 dataset of 0.01 × 0.01 ° spatial resolution. First, the dataset was compared 
against a 2-year seawater temperature measurements at the ten offshore buoys in the rela- 
tively shallow coastal waters of the United Arab Emirates between Ras Ghumais and Dubai, 
which showed a reasonably good agreement between the two datasets, with the estimated 
root mean square deviations ranging from 0.5 to 0.9 °C. Subsequently, several statistical SST 
characteristics were calculated. The trend analysis showed not only positive tendencies in the 
mean SSTs of up to 0.08 °C/year in the northern Gulf, but also the trends in the annual per- 
centile exceedances, particularly the 95 th percentiles (near-maximum SSTs), which increased 
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by approximately 0.07 °C/year in the western United Arab Emirates and eastern Qatar waters. 
On the contrary, the 5 th percentiles (near-minimum SSTs) decreased by up to 0.1 °C/year, es- 
pecially in the waters around Bahrain, Qatar, and the western United Arab Emirates. These 
results indicate that extreme hot and cold SST events in the Gulf are becoming more frequent 
and more extreme than before. 
© 2021 Institute of Oceanology of the Polish Academy of Sciences. Production and 
hosting by Elsevier B.V. This is an open access article under the CC BY license 
( http://creativecommons.org/licenses/by/4.0/ ). 

1

T
s
O
i
t
1
t
t
2
g
m
u
p

f
(
t
t
m
o
a
i
t
e
m
e
d
2
2
t
3
r
O
o
p
p
s
t
(
t
W
a
Z
i
t
o
o
a

n
r
t  

d
d
t

i
t
t
t
q
l
t
t
o
a
c
i
m
s
i
c

M
e
p
P
d
f
t
R
i
t
p
2
o
H
t
a
5  

g
s
c
p
o
i
t
t
s

. Introduction 

he Arabian Gulf, hereinafter called the Gulf, is a relatively 
hallow semi-enclosed water body connected to the Sea of 
man through the Strait of Hormuz ( Figure 1 ). It is located 
n a hot, arid environment and subjected to high natural wa- 
er temperatures reaching 36 °C in summer ( Chandy et al., 
990 ; Dubach, 1964 ; Reynolds, 1993 ). Such high tempera- 
ures not only pose significant risks to the natural ecosys- 
em, particularly causing coral reef bleaching ( Aeby et al., 
020 ; Claereboudt, 2009 ) and the extinction of some sea- 
rass and fish species ( Sheppard et al., 2010 ), but also they 
ay adversely impact the efficiency of industrial facilities 
tilizing seawater for cooling, such as power generation and 
etrochemical processing plants. 
The discharge of heated effluents from large industrial 

acilities, such as those in Ruwais, United Arab Emirates 
UAE) ( Elshorbagy et al., 2013 ; Nesterov et al., 2010 ), in- 
ensify these risks. To mitigate the negative environmen- 
al impacts of heated effluents, regulatory authorities in 
any Gulf Cooperation Council countries imposed thresh- 
lds on heated effluent temperatures, primarily via allow- 
ble increments above the background levels. For example, 
n the UAE, the excess effluent temperature must be less 
han 5 °C at the discharge point, and the allowable differ- 
nce from the background sea surface temperature (SST) 
ust be within ±3 °C ( ERWDA, 1999 ). In Saudi Arabia, the 
xcess effluent temperature must not exceed 10 °C at the 
ischarge point, the maximum increase must be less than 
.2 °C, and the monthly average increase must be less than 
 °C ( Royal Commission for Jubail and Yanbu, 2004 ). In Qatar, 
he cooling water temperature difference must not exceed 
 °C at the discharge point ( Supreme Council for the Envi- 
onment and Natural Reserves, 2002 ). In the Sultanate of 
man, the weekly average increases must not exceed 1 °C 

utside a 300 m radius zone ( Ministry of Regional Munici- 
alities, 2005 ). However, these regulations do not include 
rovisions to mitigate the extremely hot temperatures in 
ummer, which is a highly important aspect to cooling wa- 
er system designers and operators, and marine ecologists 
e.g., Aeby et al., 2020 ), especially taking into considera- 
ion the trends in air temperature extremes ( Al Sarmi and 
ashington, 2014 ). Furthermore, the natural variability of 
mbient conditions, climate change ( Chowdhury and Al- 
ahrani, 2013 ), and interferences of effluents from various 
ndustrial facilities in coastal areas complicate and make 
he definition of background water temperatures ambigu- 
us. As a result, this may potentially lead to the formation 
f relatively hot water pockets near outfalls, where temper- 
tures may approach or even exceed 40 °C in summer. Tech- 
498 
ically, this condition may still be compliant with the formal 
egulations despite causing severely negative environmen- 
al impacts, such as coral bleaching ( Aeby et al., 2020 ) and
eterioration of water quality, which are expected to be 
ependent on the persistence time of these conditions and 
heir frequency of re-occurrence. 
A thorough understanding of the statistical character- 

stics of seawater temperatures in the Gulf is critical to 
he design of various cooling water facilities, estimating 
heir efficiencies and potential downtime caused by ex- 
reme water temperature events, providing more detailed 
uantitative information to marine ecologists, and estab- 
ishing a foundation for future improvements in regula- 
ions. Percentile exceedances (a percentile indicates the 
emperature value, below which a specified percentage 
f the samples in a set of samples falls) appear suit- 
ble for such a characterization, along with the time ex- 
eedances (a percentage of the time SSTs exceed a spec- 
fied temperature value). In contrast to the conventional 
ean climatological characteristics that have been exten- 
ively reported in the publicly available literature, there 
s a lack of studies dedicated to the analysis of these 
haracteristics. 
Compared to in situ measurements, such as those by 

ezhoud et al. (2016) , satellite SST data collected over sev- 
ral decades are suitable for estimating long-term trends, 
articularly in remote offshore and inaccessible areas. 
astor et al. (2018) utilized a long-term high-resolution 
ataset provided by the Group for High-Resolution Sea Sur- 
ace Temperature (GHRSST) to determine SST trends in 
he Mediterranean Sea. GHRSST data was also utilized by 
eul et al. (2014) to study the movement of the Gulf Stream 

n the Atlantic Ocean. Noori et al. (2019) used the rela- 
ively coarse 0.25 °-resolution NOAA Daily Optimum Inter- 
olation SST Anomaly satellite dataset from 1982 through 
015 to determine the mean SST trends in the Gulf and Sea 
f Oman, and also estimate the minimum and maximum SST. 
owever, these aforementioned studies did not report sta- 
istical quantities, such as percentile exceedances, which 
re as important as the seasonal mean characteristics. The 
 

th ( P 05 ) and 95 th ( P 95 ) percentiles are often considered
ood approximations of the minimum and maximum, re- 
pectively. They are more reliable and less noisy quantities 
ompared to the exact maximum and minimum over a study 
eriod, and less prone to instrumentation, processing, and 
ther errors. Detailed exceedance statistics could be useful 
n assessing efficiencies of cooling water facilities and de- 
ermining the possibility of downtimes; hence, they are of- 
en utilized in feasibility and front-end engineering design 
tudies (e.g., Bath et al., 2004 ). 

http://creativecommons.org/licenses/by/4.0/
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Figure 1 Spatial extent of the study area, bathymetry (with respect to admiralty chart datum), locations of the ten ADOOS buoys, 
and selected coastal sites. 
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The availability of continuous high-resolution data prod- 
cts has led to the rapidly increased number of studies on 
he long-term trends of various parameters derived from 

atellite optical sensors, including studies in the Arabian 
ulf, in the recent decade. Al-Rashidi et al. (2009) an- 
lyzed 18 years of SST data obtained via the Advanced 
ery High Resolution Radiometer (AVHRR) satellite and esti- 
ated an annual trend of 0.05 ± 0.03 °C/year in the north- 
rn Gulf. Utilizing SSTs from the NOAA Extended Recon- 
tructed SST version 3 dataset, Shirvani et al. (2015) de- 
ermined trends of 0.003—0.04 and 0.0005—0.05 °C/year in 
he southern and northern Gulf, respectively. According to 
oori et al. (2019) , the mean trend was approximately 
.03 °C/year. The GHRSST Level 4 dataset used in this study 
as a significantly higher spatial resolution of 0.01 ° × 0.01 °, 
hich is beneficial for coastal zones and constricted ar- 
as, particularly shallow areas in the western UAE and near 
atar, where most depths are less than 40 m, and along the 
orthwestern shores of the Gulf near river mouths, where 
 large spatiotemporal SST variability is expected. For in- 
tance, the existence of the local SST decrease in the Strait 
f Hormuz near Khasab, which is discussed later in this 
tudy, may also be found in the June-, July-, and August- 
veraged SSTs plots presented in Moradi and Kabiri (2015) ; 
owever, there is no evidence of this decrease in rela- 
ively coarse 0.25 °-resolution data analyzed by Noori et al. 
2019) . 
For the analysis of trends, an alternative to long-term 

bservation data would be numerical modeling. However, 
umerical grids utilized in most modeling studies of the 
irculation in the Gulf were of relatively coarse resolu- 
ion compared to the spatial resolution of GHRSST Level 4 
ataset, or only covered local problem-specific areas (e.g., 
l Azhar et al., 2016 ; Azam et al., 2006 ; Elshorbagy et al.,
006 ; Kämpf and Sadrinasab, 2006 ; Pous et al., 2015 ). Note- 
499 
orthy, accurate calibration of the parameterizations of 
urface fluxes in numerical models and high-quality mete- 
rological forcing data are essential to accurately repro- 
uce the SSTs, on which these fluxes, particularly the la- 
ent heat flux, depend on. A relatively recent study by 
lhakeem et al. (2015) , which focused on a long-term sim- 
lation of the Gulf hydrodynamics, concluded that wa- 
er evaporation in the Gulf is primarily controlled by 
eteorological forcing (i.e., humidity, air temperature, 
loud cover, and wind) and warm water inflow from the 
ea of Oman through the Strait of Hormuz in winter. 
ue et al. (2015) simulated future conditions in the Gulf us- 
ng a coupled atmosphere—ocean model and estimated an- 
ual surface evaporation in the Gulf of 1.84 m/year, con- 
istent with that of Reynolds (1993) . These studies empha- 
ized the important role of SST in heat and water exchanges 
ith the atmosphere. The numerical modeling is better 
uited for studying three-dimensional fields and estimat- 
ng derived quantities such as heat fluxes. In contrast, re- 
ote sensing data are often preferable for analyzing quan- 
ities at the sea surface, in part because of the avoidance 
f complex parameterizations of physical processes, inac- 
uracies in numerical approximations of differential equa- 
ions, and uncertainties in external forcing. Moreover, re- 
ote sensing data can be utilized for validation of numerical 
odels. 
Noteworthy, the microphysics of the top few centime- 

ers of the water layer, particularly the high attenu- 
tion of the infrared spectrum of solar radiation and 
vaporation-related processes, leads to a non-trivial def- 
nition of SST. The Group for High Resolution SST dis- 
inguishes the interface, skin (defined as the tempera- 
ure measured by an infrared radiometer typically oper- 
ting at 3.7—12 μ wavelengths), sub-skin, and foundation 
STs ( Minnett and Kaiser-Weiss, 2012 ), with typical differ- 
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nces of a few degrees Celsius between them. Founda- 
ion SST is more suitable for climatological studies and 
omparison with numerical simulations because its tem- 
oral variability occurs relatively slowly compared to the 
iurnal variabilities of the interface, skin, and sub-skin 
STs. Despite these complexities in defining the founda- 
ion SSTs and uncertainties in the remotely sensed skin SSTs 
ue to the presence of dust in arid and semi-arid regions 
e.g., Bogdanoff et al., 2015 ), a high-resolution satellite- 
ased data product is preferable to analyze SST variabil- 
ty and trends in the Arabian Gulf, taking into consider- 
tion all the uncertainties and limitations of numerical 
odeling. 
The relatively high spatial resolution of the GHRSST Level 

 data product of 0.01 ° × 0.01 ° compared to other pub- 
icly available datasets, combined with the availability of 
ata since 2002, allows this dataset to be used in many ap- 
lications, such as validation of regional circulation mod- 
ls, setting up open boundary conditions for local hydrody- 
amics models, and statistical analyses. In connection with 
hese potential applications, the three main objectives of 
his study are as follows: 

. Assessment of the GHRSST Level 4 dataset accuracy 
against 2-year in situ temperature data obtained from 

the sensors installed on the ten offshore buoys, which 
are deployed in the UAE coastal waters as a component 
of the Abu Dhabi Ocean Observing System (ADOOS). 

. The calculation of percentiles and time exceedances de- 
scribing SST variability in the Gulf, supplemented by dis- 
cussions on the observed features and their links with lo- 
cal atmospheric and hydrodynamic processes. 

. The estimations of the trends in the climatological mean 
SSTs, and inter-annual trends in annual 5 th and 95 th per- 
centile SSTs. 

The spatial extent of the study domain was selected as 
o cover typical regions of the numerical simulations of the 
irculations in the Gulf and Sea of Oman (e.g., Al Azhar 
t al., 2016 ; Elhakeem et al., 2015 ; Elshorbagy et al., 
006 ; Kämpf and Sadrinasab, 2006 ; Nesterov et al., 2010 ; 
ous et al., 2015 ). 
The overall methodology and datasets employed in this 

tudy are described in Section 2 . The accuracy of the 
HRSST Level 4 dataset is evaluated against the in situ 
DOOS buoy measurement data followed by a detailed sta- 
istical analysis of the seasonal and annual variabilities, 
articularly the trends of the mean, 5 th and 95 th per- 
entile SSTs, in Section 3 . The main findings of the analysis 
nd suggested future studies are summarized in Section 4 . 
ind fields, which are used to support discussions, and 
abulated statistical information extracted at several eco- 
omically important coastal locations are included in 
ppendix A . 

. Material and methods 

he high-level overview of the overall methodology and a 
etailed description of all the datasets utilized in this study 
re presented below. 
500 
.1. Methodology 

he overall methodology of this study was as follows. Firstly, 
he two-dimensional gridded fields of daily 0.01 ° × 0.01 °- 
esolution GHRSST Level 4 data corresponding to the foun- 
ation SST were acquired for the study domain from 2003 
hrough 2019. Notably, the satellite data products cover- 
ng longer intervals of time, such as the AVHRR satellite 
ata analyzed in Noori et al. (2019) , are also publicly avail- 
ble; however, these datasets have significantly lower spa- 
ial resolutions, typically ranging from 0.25 to 0.05 °. After 
hat, daily SST time series were extracted from the gridded 
HRSST dataset at the ten locations closest to the respec- 
ive geographical locations of the ADOOS buoys and then vi- 
ually compared with the available in situ ADOOS data over 
he 2017—2018 period. The visual comparison was supple- 
ented by the estimation of the root mean square differ- 
nces (RMSD) and correlation coefficients between the daily 
veraged ADOOS data and the time series extracted from 

HRSST (the original ADOOS temperature records were of 
0-min temporal resolution). Additionally, the in situ tem- 
erature data were used to statistically characterize the di- 
rnal SST cycle, including deviations from daily averages. 
his helps to better understands differences that could 
aturally be expected between in situ measurements and 
atellite-derived data products. 
The two-dimensional fields were computed after that for 

he four types of statistics: 

. Conventional climatological means. 

. Fifth ( P 05 ), 25 th ( P 25 ), 75 th ( P 75 ), and 95 th ( P 95 ) percentile
SSTs. 

. Time exceedances of 24, 27, 30, and 33 °C defined as the 
percentages of samples exceeding these specified SST 
levels. 

. The long-term trends in the mean SSTs, and the trends 
in annual 5 th and 95 th percentile SSTs, accompanied by a 
p-value test to determine statistical significance. 

The conducted statistical analysis is supplemented by 
iscussions and associations with the meteorological and hy- 
rodynamic processes in the Gulf area, aimed at explain- 
ng the observed SST features. Detailed descriptions of the 
atasets utilized in this study are provided below. Here- 
nafter, in the frame of this study the term SST convention- 
lly implies foundation SST, and the term GHRSST denotes 
he GHRSST Level 4 dataset, unless stated otherwise. 

.2. Observational and reanalysis datasets 

he four observational datasets utilized in this study in- 
lude the daily GHRSST dataset of 0.01 ° × 0.01 ° spatial res- 
lution, the in situ SST records obtained from ten ADOOS 
ffshore marine buoys, the in situ weather observation 
ata in Barakah (UAE), and the ERA-5 reanalysis dataset 
 Hersbach et al., 2020 ). 
The GHRSST is an international group that includes satel- 

ite data providers, which deliver data to the Data Assembly 
enter ( http://ghrsst.jpl.nasa.gov ), and eventually makes 
his product available for reanalysis and online distribution 
 http://ghrsst.nodc.noaa.gov ). The GHRSST Level 4 data 

http://ghrsst.jpl.nasa.gov
http://ghrsst.nodc.noaa.gov
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re obtained by the blending and optimal interpolation of 
ata from various sources, including the AVHRR satellite, 
oderate Resolution Imaging Spectroradiometer (MODIS), 
indSAT Remote Sensing System, and the in situ SST Quality 
onitor (iQUAM) operated by the National Oceanographic 
nd Atmospheric Administration (NOAA), and the National 
nvironmental Satellite, Data, and Information Service 
NESDIS). Further information about the GHRSST data prod- 
ct can be found, for example, in Banzon et al. (2016) . The 
tilized GHRSST data are representative of the foundation 
ST defined at 10 m depth ( Minnett and Kaiser-Weiss, 2012 ). 
lthough the GHRSST data is available from June 2002, the 
nalyzed interval was selected as to span over the integer 
umber of years (from 2003 through 2019) to eliminate the 
ffects of seasonality on the statistical quantities. Notewor- 
hy, the raw satellite data subsets used to produce GHRSST 
evel 4 dataset could have higher or lower spatial resolu- 
ion than the final product. Due to this reason, the effects 
f spatiotemporal interpolation are occasionally evident in 
he individual daily GHRSST fields. 
The ten ADOOS buoy locations are indicated in Figure 1 . 

hese buoys were deployed in the UAE waters, covering 
pproximately 320 km of alongshore coastal stretches be- 
ween Ras Ghumais and Dubai. They have been maintained 
y the Marine Information Section, Spatial Data Division of 
he Department of Municipalities and Transport of the Abu 
habi City Municipality since 2015. The SST records, which 
ere made available for this study, cover the 2017—2018 
eriod at the temporal resolution of 10 min. The sensors 
nstalled at the buoys measure oceanographic, meteorolog- 
cal, and water quality parameters. The XYLEM-YSI EXO con- 
uctivity and temperature sensor, engineered for compati- 
ility with EXO2 ′ s central wiper system (a multi-parameter 
ater quality monitoring platform; https://www.ysi.com/ 
roducts/multiparameter-sondes ), was used for seawater 
emperature measurements. This instrument can operate in 
 temperature range from —5 to 50 °C with an accuracy of 
.2 °C. Relatively weak currents, such as those observed at 
uoy No. 9 off the Barakah coast in western UAE, where the 
urrent speed averaged over 2017—2018 was only 5 cm/s in 
he water of approximately 20 m depth (with respect to ad- 
iralty chart datum), suggest a dominant influence of the 
eteorological forcing on the SST. This makes ADOOS data 
ighly suitable for the analysis of the SST diurnal cycles. 
An analysis of relevant meteorological fields was con- 

ucted to explain several notable peculiarities in the SST 
tatistics in the study area. The air temperature data were 
btained from a meteorological station installed on a tower 
n Barakah, UAE, approximately 15 km from Buoy No. 9 at 
he 10 m height above ground level. This air temperature 
ecord, which spanned over 2012—2019 at 10-min intervals, 
as correlated with the measured SSTs at Buoy No. 9 to ex- 
lain an approximate one-month lag in the timings of the 
nnual maximum SST occurrences in the Gulf compared to 
hose in the Sea of Oman. 
Additionally, ERA-5 wind and air temperature reanalysis 

ata ( Hersbach et al., 2020 ) were used to support the pro- 
osed explanations of several SST peculiarities in the Gulf. 
RA-5 is the latest reanalysis product developed by the Eu- 
opean Centre for Medium-Range Weather Forecast. ERA-5 
eteorological fields are available at a 0.25 ° × 0.25 ° spa- 
ial resolution starting from 1979. ERA-5 has been found to 
501 
utperform other reanalysis datasets in a wide range of ap- 
lications, such as hydrological studies in India ( Mahto and 
ishra, 2019 ) and the simulation of the solar radiation in 
estern Pakistan ( Tahir et al., 2020 ). 

. Results 

he high resolution of GHRSST data can particularly be use- 
ul to visualize surface currents and fine-scale flow struc- 
ures. For example, in addition to heat exchange with the 
tmosphere and vertical mixing, the horizontal heat trans- 
ort in the Sea of Oman is influenced by large mesoscale ed- 
ies (e.g., Pous et al., 2004 , 2015 ; Reynolds, 1993 ) driven by
eneral circulation in the Arabian Sea ( Qasim, 1982 ), which 
ubsequently cascade into many smaller sub-mesoscale ed- 
ies. These smaller eddies and their remnants are occasion- 
lly traceable in individual daily GHRSST fields ( Figure 2 ), 
specially along the southern coast between Sohar and 
ibba, being consistent with the reported results of nu- 
erical modeling (e.g. Pous et al., 2015 ). The existence 
f these eddies was previously confirmed by drifters 
e.g., Reynolds, 1993 ) and measured current transects 
 Pous et al., 2004 ). Reynolds (1993) also reported the 
pwelling zone at the Iranian coast ( Figure 2 ), resultant 
rom the confluence of two mesoscale eddies, but no strong 
vidence of its existence in that area was found in the 
nalyzed GHRSST data. 
Various numerical simulations (e.g., Al Azhar et al., 

016 ; Kämpf and Sadrinasab, 2006 ) supported by 
eynolds (1993) expedition data have demonstrated a 
eneral counterclockwise circulation in the Arabian Gulf, 
hich is also observed in the GHRSST data, for example, 
uch as in the daily snapshots depicted in Figure 2 . The 
urface water from the Sea of Oman, which enters the Gulf 
hrough the Strait of Hormuz ( Swift and Bower, 2003 ), flows 
orthwest along the Iranian coast causing a moderating 
ffect on the SSTs in the central Gulf. Occasionally in win- 
er, this surface current in conjunction with periodic tidal 
otion forms a vortex street noticeable in GHRSST plots 

 Figure 2 ). In contrast, the SSTs in the northern Gulf are
rimarily governed by heat exchange with the atmosphere, 
specially during Shamal wind events (strong northwesterly 
inds). Several studies, which included estimations of the 
urface heat fluxes and heat transport through the Strait of 
ormuz, have been performed in the past (e.g., Ahmad and 
ultan, 1990 ; Elhakeem et al., 2015 ; Pous et al., 2015 ;
ue and Eltahir, 2015 ). The SSTs in the upper northwestern 
ulf are also notably affected by freshwater river inflows 
rom Iran and Iraq. 
The southern part of the Gulf between the UAE and east- 

rn Qatar, which is called southern shallows ( Kämpf and 
adrinasab, 2006 ), is known for its highest water temper- 
tures within the Gulf region during summer. The currents 
n this area, where depths are generally less than 40 m, 
re significantly affected by the abundance of islands, shal- 
ow tidal flats, and the relatively narrow passages between 
hem. Also, it features the highest measured salinities in 
he Gulf (up to 46 psu at Ruwais; Azam et al., 2006 ). The
urrents in the southern shallows may vary in a wide range 
epending on a location. For example, at Buoy No. 9 (lo- 
ation is indicated in Figure 1 ), stagnant conditions were 

https://www.ysi.com/products/multiparameter-sondes
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Figure 2 Schematic surface currents in the Arabian Gulf after Reynolds (1993) , and fine-scale flow features traceable in several 
daily GHRSST data snapshots. 
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bserved during the entire 2017—2018 period, with the cur- 
ent speed exceeding 0.15 m/s in less than 5% of the time 
nd the average being of approximately 0.05 m/s. In con- 
rast, relatively strong currents were observed at Buoy No. 
, where current speeds occasionally reached 1 m/s. As a 
esult, the vertical mixing, which consequently affects the 
ST, can be expected to significantly vary across the south- 
rn shallows. 
Before performing a statistical analysis of the two- 

imensional GHRSST data, it is important to conduct assess- 
ent of its accuracy in the Gulf region, which was achieved 
y comparing it with the in situ temperature records as de- 
ailed in Section 3.1 , and investigate inherent discrepan- 
ies due to the different natures of the GHRSST and in situ 
ata, particularly with regard to what temperatures these 
atasets represent. 

.1. Comparison of GHRSST data with in situ 

easurements 

 visual comparison of the ADOOS buoy water temperature 
ime series with the GHRSST data extracted at correspond- 
ng locations is presented in Figure 3 . The extraction was 
erformed at the GHRSST grid points nearest the respective 
uoy locations. Interpolation was not deemed necessary due 
o the high 0.01 ° × 0.01 ° spatial resolution of the GHRSST 
ataset. 
The GHRSST data represent foundation SSTs at 10 m 

epth, which have a practically negligible response to 
he diurnal skin or subskin SST fluctuations ( Minnett and 
aiser-Weiss, 2012 ). In contrast, the ADOOS buoy SSTs were 
502 
ecorded close to the water surface, and they clearly exhib- 
ted diurnal variability, thus leading to inherent differences 
ompared to the foundation SSTs, which were larger dur- 
ng summer as expected. Despite the different natures of 
DOOS and GHRSST datasets, the daily averaged buoy data 
ere found to be in a reasonably good agreement, particu- 
arly during the autumn and winter seasons, when the mixed 
ayer deepened. 

To remove the diurnal variability before conducting sta- 
istical comparison with the GHRSST data, the ADOOS buoy 
emperature data were averaged daily. The resultant scat- 
er plots are shown in Figure 4 , and the detailed tabu-
ated seasonal statistics are presented in Table A1 in the 
ppendix. As seen, GHRSST data are in a good agreement 
ith in situ SSTs, with the RMSDs being in the range from
.54 °C to 0.86 °C for the different locations. 
It is worth noting that the root mean square errors 

RMSE; note the difference between RMSD and RMSE defi- 
itions in the frame of this study: the former is associated 
ith the differences between GHRSST and ADOOS data; 
he latter is an auxiliary field included in GHRSST datasets) 
xtracted from the GHRSST datasets at the ADOOS buoy lo- 
ations and then averaged over the 2017—2018 period, are 
ound in the range from 0.37 to 0.39 °C. The larger RMSDs 
stimated in this study compared to RMSEs included in the 
HRSST dataset are likely because the comparison was 
onducted without adjusting the ADOOS buoy temperatures 
o the foundation SST. Furthermore, according to Bogdanoff
t al. (2015) , the error in SST data retrievals associated 
ith aerosols can be as high as 1 °C, which may indicate 
he necessity of respective adjustments of GHRSST data 
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Figure 3 Visual comparison of the 2017—2018 ADOOS buoy and GHRSST data at the corresponding buoy locations. 

Figure 4 Comparison of the daily-averaged ADOOS buoy and GHRSST data at the ten buoy locations. The root mean square 
difference (RMSD), correlation coefficient ( R ), and the number of samples compared ( N ) are indicated at the top left of each panel. 
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Figure 5 Diurnal cycles of the SSTs derived from the ADOOS buoys data, averaged over the (a) DJF, (b) MAM, (c) JJA and (d) SON 

seasons. 
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n the Gulf region for further improvements. Therefore, 
he RMSDs estimated in this study are within the expected 
agnitude of fluctuation due to various factors, such as 

ocal weather effects, diurnal variability, and the physics of 
eat transfer in the near-surface and skin layers. 
A further analysis of the scatter plots ( Figure 4 ) revealed 

he weak dependence of the RMSDs on the number of sam- 
les, with the highest RMSD occurring at Buoy No. 10 due 
o the availability of only 540 samples. In addition to the 
ood agreement of magnitudes, both the datasets exhibited 
imilar phases, with correlation coefficients exceeding 0.99. 
herefore, it can be concluded that the GHRSST dataset is 
uitable for statistical analysis, with expected mean errors 
f up to 1 °C in the Arabian Gulf along the UAE shore. 
Interestingly, in the December-January-February (DJF) 

eason, the SSTs generally increased from west to east 
n the Gulf waters along the UAE coast, with the low- 
st season-averaged SSTs observed at ADOOS Buoy No. 10 
n the far west side and the highest SSTs observed at 
uoys Nos. 1 and 2 near Dubai (locations are indicated in 
igure 1 ). This positive west—east gradient is also noted 
n the GHRSST data ( Section 3.3 ) in DJF and March-April- 
ay (MAM) seasons, while this gradient was smaller in the 
une-July-August (JJA) and September-October-November 
SON) seasons. This is likely due to stronger northwesterly 
inds in the winter season, as demonstrated in Figure A.1 , 
hich presents the monthly mean horizontal winds at 10 m 

eight sourced from ERA-5 data over the 2003—2019 period. 
eason-averaged temperatures at the buoy locations were 
n the approximate ranges 21—23 °C and 33—35 °C in the DJF 
nd JJA seasons, respectively, consistent with those previ- 
usly reported in the literature (e.g., Xue et al., 2015 ). 
The relatively high temporal resolution of the ADOOS 

uoy data allowed for an analysis of the diurnal cycles of 
he SST along the UAE shore, and their evolution throughout 
he year, which are presented in Figure 5 and supplemented 
504 
y a more detailed statistical analysis. To avoid disconti- 
uities, 10-min deviations with respect to the daily means 
ere defined as the differences between an original tem- 
erature sample and the running average over a 24-h in- 
erval centered at the time the sample was obtained. Af- 
er that, the series of diurnal extremes of these deviations 
ere extracted for each buoy, yielding up to 730 samples 
er a set. The gaps in ADOOS data, as well as monotonic 
hanges of the SST over periods longer than 24 hours re- 
ulted in lesser numbers of the extracted peaks. The max- 
ma and minima were analyzed separately. The statistics 
or deviations of the minima were computed as the statis- 
ics for absolute deviations and then negated. The com- 
uted in this way 25 th ( P 25 ), 50 th ( P 50 ; median), 75 th ( P 75 ),
5 th ( P 95 ), and 99 th ( P 99 ) percentiles of the diurnal maxima
nd minima are presented in Table 1 . These results were 
upplemented by the 25 th ( P 25 ), 50 th ( P 50 ), 75 th ( P 75 ), 95 th 

 P 95 ), and 99 th ( P 99 ) percentiles of the diurnal variability
agnitude, defined as the differences between daily maxi- 
um and minimum SSTs at a location. The average and me- 
ian diurnal deviations from the 24-h running averages were 
ostly between 0.5 and 1 °C, also consistent with those pre- 
iously reported (e.g., Paparella et al., 2019 ). However, oc- 
asionally these deviations exceeded 3 °C in the western UAE 
aters. 
It is interesting to note a spatial increase in the diur- 

al variability magnitudes from east (near Dubai) to west 
Barakah), which was evident in all the derived statistics, 
specially pronounced in the P 95 and P 99 percentiles. Pre- 
umably, this effect may be attributed to the weaker sea 
nd land breeze circulations in the western part of the UAE 
 Eager et al., 2008 ), which could have resulted in weaker 
ertical mixing of a water column and/or less intense evap- 
ration. No other correlations that could explain this effect, 
uch as with depth, current, or intensity of solar radiation, 
ere identified in the course of this study. 
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Table 1 Percentile deviations of the daily minimum and maximum with respect to the daily means and diurnal range per- 
centiles at the ten ADOOS buoy locations. 

Buoy 
no. 

Deviations of daily minimum 

(negated magnitudes, °C) 
Deviations of daily maximum ( °C) Diurnal range ( °C) 

P 25 P 50 P 75 P 95 P 99 P 25 P 50 P 75 P 95 P 99 P 25 P 50 P 75 P 95 P 99 
01 -0.23 -0.33 -0.44 -0.71 -1.00 0.24 0.36 0.52 0.84 1.08 0.51 0.68 0.93 1.35 1.79 
02 -0.16 -0.25 -0.36 -0.57 -0.85 0.24 0.36 0.54 0.93 1.65 0.43 0.61 0.85 1.44 2.14 
03 -0.21 -0.31 -0.42 -0.60 -0.87 0.24 0.41 0.60 0.97 1.33 0.54 0.72 0.94 1.48 1.97 
04 -0.17 -0.32 -0.55 -0.82 -1.08 0.28 0.49 0.76 1.21 1.98 0.47 0.82 1.34 1.85 2.73 
05 -0.25 -0.34 -0.48 -0.70 -0.87 0.34 0.50 0.71 1.19 1.60 0.62 0.86 1.13 1.86 2.38 
06 -0.16 -0.26 -0.39 -0.70 -0.95 0.26 0.44 0.72 1.42 2.12 0.42 0.70 1.09 2.00 2.95 
07 -0.19 -0.29 -0.42 -0.65 -0.80 0.32 0.46 0.69 1.24 1.74 0.53 0.75 1.10 1.91 2.56 
08 -0.20 -0.32 -0.46 -0.69 -0.90 0.28 0.45 0.71 1.29 2.06 0.50 0.76 1.16 1.90 2.84 
09 -0.14 -0.24 -0.38 -0.72 -0.90 0.23 0.38 0.66 1.28 2.03 0.38 0.63 1.01 1.96 2.65 
10 -0.18 -0.28 -0.41 -0.74 -0.97 0.25 0.47 0.80 1.40 1.85 0.46 0.77 1.17 2.04 3.31 

Figure 6 (a) Annual mean SST and (b) SST amplitude. 
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The unavailability of sub-hourly long-term SST data in 
ther regions of the Gulf and Sea of Oman precludes an 
nalysis of the diurnal SST cycles in other areas of the Gulf 
nd Sea of Oman. Therefore, subsequent discussions focus 
n statistical characteristics of the SST, including long-term 

rends, basing on GHRSST data. 

.2. Annual variability 

o characterize the annual cycle of SSTs T i = T i ( t ) at ev-
ry discrete grid point i within the study area, where t ∈ [0, 
65] is the day of a year, it was assumed that the annual 
ycles averaged over the 2003-2019 period could be approx- 
mated by sinusoidal functions in the following form: 

 i = M i + A i sin 
(
2 π
365 

t − ϕ i 

)
(1) 

here the annual mean SST M i , the amplitude A i , and the 
hase ϕ i are individual fitting parameters for every discrete 
rid point i . The two-dimensional fields of M i and A i , which 
ere obtained by the method of least squares, are shown in 
igure 6 . 
The highest annual mean SSTs in the Gulf were esti- 

ated at 28 °C based on the analyzed GHRSST data, and 
hey were found approximately 80 km northwest of Dubai. 
ven slightly higher annual mean SSTs of 28.2 °C were noted 
505 
n the Sea of Oman between Fujairah and Sohar (locations 
re indicated in Figure 1 ). The lowest mean SSTs occurred 
n the northern Gulf, likely due to four main factors. The 
rst factor is the cold air temperatures during the winter 
e.g., Al Senafi and Anis, 2015 ). The second factor is rel- 
tively shallow water depths, mostly between 0 and 20 m 

 Figure 1 ), resulting in a relatively small heat capacity of 
he water column. The third factor is the long distance from 

he Strait of Hormuz, through which relatively warm water 
rom the Sea of Oman penetrates the Gulf during winter 
 Elhakeem et al., 2015 ). The fourth factor is the cold fresh-
ater inflows from several rivers. 
An interesting peculiarity is that the mean SSTs were ap- 

roximately 1 °C lower in the Strait of Hormuz near Khasab 
han in the adjacent areas of the Gulf and Sea of Oman. This
ocalized decrease can also be noticed in June-, July-, and 
ugust-averaged plots, which were presented by Moradi and 
abiri (2015) based on MODIS data. There are several possi- 
le explanations for this effect, such as: local weather ef- 
ects due to the mountainous shores surrounding the Strait 
f Hormuz; intense mixing of the water column caused by 
tronger currents; the surfacing of deeper waters due to 
he steep bathymetry gradients; local inaccuracies in the 
HRSST and MODIS data. Monthly mean wind fields were 
nalyzed to explore the first suggested reason. As seen in 
igure A.1 of the Appendix, a localized maximum in the 
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outheasterly wind speeds between the extreme northeast- 
rn tip of the UAE and the adjacent Iranian coast occurred 
n July and August and gradually weakened in September 
nd October. This leads to several possible consequences: 
he wind pushes slightly colder water from the Sea of Oman 
nto the Strait of Hormuz along the Iranian coast; the wind 
ncreases evaporation rate; the relatively cold air leads to 
ore intense cooling of the water surface. Furthermore, the 
attern of weaker winds between Fujairah and Sohar during 
ummer correlates with the pattern of higher SSTs. This pe- 
uliarity is also evident in Table A2 , which shows that the 
nnual mean SSTs in the coastal region near Fujairah and 
ohar are 0.3 to 0.4 °C higher than those near Muscat (to 
he south) and Dibba (to the north). This difference is even 
arger in the medians ( P 50 ), which are 0.4—0.6 °C higher in 
his area than that in the adjacent regions. An analysis of 
he two other proposed explanations was beyond the scope 
f this study, particularly because they require the appli- 
ation of an appropriate three-dimensional hydrodynamic 
odel and/or long-term field measurements. 
Generally, the SSTs over the Gulf experienced an ap- 

roximate 5—8 °C amplitudes of the annual variability with 
espect to the annual means, with the largest and small- 
st observed amplitudes occurring in the northwestern part 
nd the Strait of Hormuz, respectively. This northwest—
outheast gradient is due to the larger air temperature vari- 
bility in the northern Gulf (e.g., Al Senafi et al., 2015 ) and 
he intrusion of warmer waters through the Strait of Hor- 
uz ( Elhakeem et al., 2015 ) in winter. In the Sea of Oman,
he amplitude of the annual cycle gradually decreases from 

 °C in the approaches to the Strait of Hormuz to below 1 °C
n its southeastern side. This spatial pattern is consistent 
ith that previously reported (e.g., Xue et al., 2015 ), and it 
an be attributed to the transition from subtropical weather 
onditions to a tropical environment. In addition, this effect 
s exaggerated by the mountain ranges in Oman and Yemen 
long the coasts, which obstruct propagation of the rela- 
ively hot air from the Arabian Peninsula deserts into the 
asins of the Oman and Arabian Seas. Also, the exchanges 
ith the relatively deep Arabian Sea and the Indian Ocean 
e.g., the North Equatorial and Somali currents) and the 
elatively high heat capacity of the water column due to 
reater depths contribute to the lower annual variability of 
he SSTs on the southeastern side of the Sea of Oman. 
The timings of the maximum and minimum SST occur- 

ences on average during the 2003—2019 period, are pre- 
ented in Figure 7 a. They were derived from the phases ϕ i of 
inusoidal fits, and hence the time interval between the oc- 
urrences of the maximum and minimum was half a year for 
ll the locations. An interesting peculiarity is that the SST 
eaks occurred in the offshore Gulf 2—4 weeks later than 
n the Sea of Oman, except in the near-shore areas of the 
AE, Qatar, Saudi Arabia, and Kuwait, where the SSTs mainly 
eached annual maximum in early to mid-August. This one- 
onth lag is also evident in the timings of the occurrence 
f the maximum air temperatures at a 2 m height derived 
rom the ERA-5 reanalysis data shown in Figure 7 b. This lag 
an be explained by Figure 7 c, which depicts the annual air 
emperature cycle at the height of 10 m based on the mete- 
rological measurements at the tower in Barakah compared 
gainst the annual cycle of the SSTs at Buoy No. 9, located 
pproximately 15 km away from it. As seen, the timing of 
506 
he maximum SST occurrences approximately coincide with 
he timing when the daily mean air temperature and the 
ST become equal, which is then followed by the period of 
ooling of both the water and air. Because the air remains 
armer than the water surface, the SSTs continue to raise 
n the Gulf until late August, in contrast to the SSTs in the
ea of Oman. In the shallow coastal areas of the Gulf, the 
STs, however, reach annual maxima faster likely due to the 
maller heat capacity of the water column. 

.3. Seasonal variability 

he seasonal mean SSTs in the study domain derived from 

he GHRSST data are shown in Figure 8 . In the winter (DJF)
nd spring (MAM) seasons, the SSTs exhibited a clear west—
ast temperature gradient. A gradual increase from approx- 
mately 16 °C north of Kuwait to 25 °C in the Sea of Oman is
oted in the DJF-averaged SSTs. In the summer (JJA) and au- 
umn (SON) seasons, the SST gradient was reversed, which 
as expected because the weather conditions are typically 
ore quiescent in the Gulf, as shown in Figure A.1 , with 
he hottest subtropical weather conditions prevailing in the 
xtreme northwestern part of the basin. Furthermore, the 
orthern part of the Gulf is mostly shallow ( Figure 1 ), which
esults in a faster SST response to changes in meteorological 
onditions. The highest SSTs were observed in the coastal 
aters of the western UAE and eastern Qatar during the 
ummer (JJA) season, partly due to the shallowness of this 
rea. In the autumn (SON) season, the peak SSTs shifted off- 
hore, approximately 130 km east of Doha and 130 km north 
f Ruwais. This feature can presumably be explained by the 
ombination of several factors, which include higher humid- 
ty over the water surface that reduces the rate of radiative 
ooling (i.e., the blanket effect) and deeper water com- 
ared to the depths in the southern shallows, which implies 
 larger heat capacity of the water column and a slower 
ooling rate as a result. 

.4. Percentile exceedances 

he information about percentile exceedances can be more 
mportant for certain types of engineering problems and bi- 
logical studies than the information about climatological 
eans. In particular, the 5 th and 95 th percentiles, which are 
ypically close to the minimum and maximum, respectively, 
an be important characteristics to support the design of 
ooling water facilities to ensure uninterrupted operation 
uring extreme events, and also in environmental impact 
ssessment studies. As noted in the Introduction, these sta- 
istical quantities are more reliable than the simple min- 
mum and maximum. The calculated 5 th ( P 05 ), 25 th ( P 25 ),
5 th ( P 75 ), and 95 th ( P 95 ) percentile SSTs are presented in
igure 9 . Being close to the winter lows, the P 05 statistics 
 Figure 9 a) resemble the DJF-averaged SST (see Figure 8 a). 
he SSTs along the northernmost shores of the Gulf were be- 
ow 14 °C in 5% of the analyzed period 2003—2019. Similarly, 
he P 95 statistics ( Figure 9 d) resemble the JJA-averaged SSTs 
see Figure 8 c). The SSTs exceeded 33 °C in most areas of the
ulf and 34 °C in the western UAE and eastern Qatar waters 
n 5% of the analyzed period. The plots of P 25 and P 75 re-
emble the MAM- and SON-averaged SSTs, respectively. The 



Oceanologia 63 (2021) 497—515 

Figure 7 (a) Average timing of the minimum and maximum SST occurrences based on the GHRSST 2003—2019 data; (b) the average 
day of the occurrence of the peak air temperature at the height of 2 m derived from ERA-5 2003—2019 data; (c) annual cycle of the 
air temperature measured at a meteorological tower in Barakah, averaged over 2012—2019 period, and the daily SSTs measured at 
the location of Buoy No. 9, averaged over 2017—2018. 

Figure 8 Seasonal mean SSTs averaged over the (a) DJF, (b) MAM, (c) JJA, and (d) SON seasons. 
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Figure 9 (a) 5 th ( P 05 ), (b) 25 th ( P 25 ), (c) 75 th ( P 75 ), and (d) 95 th ( P 95 ) percentile SSTs. 
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enerally positive west—east gradients of the P 05 and P 25 

nd the generally negative west—east gradients of the P 75 

nd P 95 SST statistics are found similar to those observed 
n the winter—spring and summer—autumn seasonal mean 
STs, respectively. Interestingly, the existence of the zone 
f locally decreased P 75 and P 95 SSTs in the Strait of Hor- 
uz is evident in Figures 9 c and 9 d, similarly to the exis-
ence of the zone of local decreases of the annual mean SST 
 Figure 6 a). 

.5. Time exceedances 

n addition to the SST percentiles discussed in the 
ection 3.4 , estimating the fractions of the time the SSTs 
xceed selected temperature levels may also be important. 
igure 10 shows the percentages of time, when the SSTs 
xceeded the temperature levels of 24, 27, 30, and 33 °C 

ased on GHRSST data. Generally, a choice of these levels is 
roblem-specific, and it is associated with engineering de- 
ign criteria or biological tolerance limits. 
The SSTs exceeded 24 °C more than 80% of the time in 

he central Gulf and approximately half of the time in the 
ea of Oman and the northwestern Gulf. The pronounced 
est—east gradient, however, vanishes for the temperature 
evel of 27 °C, with the highest time exceedances of 60—70% 

ccurring along the UAE and northern Oman coastlines and 
he lowest time exceedances of 35—45% occurring in the ex- 
reme northwestern Gulf and the eastern Sea of Oman. The 
maller SST range in the Arabian Sea compared to that in the 
orthwestern half of the Arabian Gulf ( Figure 6 b) leads to 
508 
ower percentages of the time when the SSTs exceed 27 °C, 
espite the higher annual means. 
The results for the temperature level of 30 °C exhibited 

 similar spatial pattern to that of 27 °C, but at lower per-
entages ranging from less than 5% in the Arabian Sea to 
pproximately 45% in the southern Gulf and northwestern 
ea of Oman. SSTs exceeding 33 °C occurred less than 20% of 
he time in most of the Gulf, except in the western UAE and
astern Qatar waters. Despite the extremely hot summer 
onditions in the northernmost Gulf ( Al Sarmi and Washing- 
on, 2014 ), SSTs exceeding 33 °C occurred there less than 5% 

f the time. In 95% of the time, the SSTs in the Gulf east of
jman and in the Sea of Oman were lower than 33 °C. 

.6. Long-term trends 

he mean SST trend for the 17-year study period is pre- 
ented in Figure 11 a. The trend was between 0.02 and 
.04 °C/year in most of the Gulf, with a maximum rate of 
pproximately 0.08 °C/year in the northern areas between 
uwait City and Bushehr. The estimated trend magnitudes 
re consistent with those reported in the previous stud- 
es: 0.05 ±0.03 °C/year in the northern Gulf according to 
l-Rashidi et al. (2009) ; 0.003—0.04 °C/year and 0.0005—
.05 °C/year in the southern and northern Gulf, respectively, 
er Shirvani et al. (2015) ; and 0.03 °C/year according to 
oori et al. (2019) . In particular, Noori et al. (2019) fore-
asted a 4.3 °C increase over the Gulf by August 2100 with 
espect to 2015 and minimal changes in the Sea of Oman. 
he smaller rates of the SST changes in the Sea of Oman 
re in line with the commonly accepted fact that the wa- 
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Figure 10 Percentage of the time the SSTs exceeded: (a) 24 °C, (b) 27 °C, (c) 30 °C, and (d) 33 °C. 
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er and air temperatures in the tropics are significantly less 
ffected by climate change than those in higher latitude re- 
ions (e.g., Savo et al., 2016 ; Seidel et al., 2008 ). In the Sea
f Oman, the RMSE of the linear fit was found comparable 
o the magnitude of the temperature change over the stud- 
ed period (see Figure 11 b; the 0.02 °C/year rate is equiv- 
lent to 0.34 °C for the 17-year period, close to the RMSE 
alue of approximately 0.3 °C). However, in the northwest- 
rn part of the Gulf the later was found to be more than 
hree times larger than the former. To determine regions 
here the obtained trends are statistically significant, a p- 
alue test was conducted. The stippling in Figure 11 a indi- 
ates the area where the p-value, estimated using a two- 
ailed t-distribution, did not exceed the 0.05 significance 
evel. Interestingly, the orientation of the elongated foot- 
rint of the largest mean SST trends in the northwestern 
nd central Gulf is aligned with the prevailing wind direction 
 Figure A.1 ), which suggests that the effect of the mean SST 
aise in the Gulf is likely associated with the characteristics 
f air masses coming from the northwest. 
In addition to the mean trends, the inter-annual trends 

n the annual exceedance statistics were also analyzed for a 
etter understanding of the ongoing changes in the extreme 
STs. Figures 11 c, 11 d, 11 e and 11 f show the trends in the
 

th ( P 05 ) and 95 th ( P 95 ) percentile SSTs, and the RMSEs associ-
ted with corresponding linear fits. To derive these trends, 
he P 05 and P 95 percentiles were first calculated for each 
ndividual year of the analyzed 17-year period. Then linear 
ts of 17 samples at each gridded location were obtained 
nd supplemented by a p-value test. Similar to the stippling 
n Figure 11 a, the stippling in resultant Figures 11 c and 11 e
509 
ndicates areas where the p-value, estimated using a two- 
ailed t-distribution, did not exceed the significance level of 
.05. 
As seen in Figure 11 c, the occurrence of extreme cold 

ST events has become more frequent across most of the 
ulf, particularly in the shallow regions around Qatar, the 
estern UAE, and the upper northwestern parts of the Gulf. 
his suggests a recent increase in the frequency of occur- 
ence and magnitude of so-called “cold waves” in the Gulf 
egion, consistent with Almazroui et al. (2014) , who found 
hat the “cold waves” in Saudi Arabia have become more ex- 
reme compared to those of previous decades, despite the 
ignificant overall warming trend. However, the RMSEs as- 
ociated with the P 05 trend estimation in the western UAE 
nd eastern Qatar waters were approximately 1 °C, which 
ed to the conclusion that the obtained negative trends are 
tatistically insignificant at 95% confidence level in most of 
he Gulf, possibly reflecting a large variability of the winter 
ows. 

The most pronounced trends in the P 95 SSTs were found 
t approximately 0.1 °C/year, and they occurred in the west- 
rn UAE and eastern Qatar waters, the same areas where 
he highest SSTs were typically observed (see Figures 9 d and 
igure 10 d). This indicates that the extreme high SST events 
re becoming more frequent and more extreme, regardless 
f the climatological means. The respective RMSEs in this 
rea were found less than 0.5 °C (derived from the fitting 
ver the 17-year period), which makes the obtained results 
tatistically significant with a 95% confidence level. Note- 
orthy, in some areas of the Sea of Oman, the P 95 of the
ST distribution exhibited decreasing trends with rates up 
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Figure 11 (a, c, e) Trends and (b, d, f) corresponding RMSEs of the mean, annual P 05 , and annual P 95 SSTs, respectively. Stippled 
areas indicate statistical significance at a 95% confidence level. Linear fits at selected locations demonstrating the trends ( t is 
expressed in years starting from 2003) are included as inset plots in panels a, c, and e. 
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o approximately —0.02 °C/year ( Figure 11 e); however, the 
MSEs associated with their respective fits are twice larger 
han those in the UAE coastal waters in the Gulf. 

. Discussion 

n in-depth analysis of the sea surface temperatures in the 
rabian Gulf and Sea of Oman was conducted based on 
HRSST Level 4 data and in situ seawater temperature mea- 
urements. The accuracy of the GHRSST datasets in the Ara- 
ian Gulf was evaluated by comparing it with 2-year tem- 
erature records obtained from YSI sensors deployed at the 
en offshore ADOOS buoys in the UAE coastal waters. The 
510 
wo datasets were found in a reasonably good agreement, 
ith RMS differences ranging from 0.5 to 1 °C, depending 
n the location, and correlation coefficients exceeding 0.99 
or all the ten buoys. After evaluating the accuracy of the 
HRSST dataset, a detailed statistical analysis of the SSTs in 
he Arabian Gulf and Sea of Oman was conducted. The main 
ndings of this study are summarized below. 
The highest annual mean SSTs of 28.0 °C in the Arabian 

ulf and 28.2 °C in the Sea of Oman were estimated approx- 
mately 80 km northwest of Dubai and along the northwest- 
rn shores of Oman between Fujairah and Sohar, respec- 
ively. The footprint of the locally elevated SSTs between 
ujairah and Sohar in summer correlates with the area of 
eaker winds, which may possibly explain this effect. The 
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nnual mean temperatures gradually decrease in the Sea of 
man toward the Arabian Sea (27 °C near Sur) and toward 
he Strait of Hormuz (27.5 °C). The inter-seasonal SST vari- 
bilities were found as large as ±7 °C with respect to the 
nnual means in the far northwestern part of the Gulf, but 
hey were within the ±1 °C range in the southeastern part of 
he Sea of Oman. 
The annual maximum SSTs typically occurred in late July 

o early August in the Sea of Oman, but 2—4 weeks later in 
he Gulf, except for its shallow near-shore zones. Such a no- 
able difference in timing of the maximum SST occurrences 
as been attributed to the fact that the daily mean air tem- 
eratures remain higher than the SSTs until mid-August, de- 
pite they start decreasing in the deserts adjacent to the 
ulf after mid-July. 
The waters between the western UAE (around Ruwais 

nd Barakah) and eastern Qatar coasts are found to experi- 
nce the highest SSTs within the studied region during sum- 
er, with the 95 th percentile SSTs exceeding 34 °C. The ex- 
eedances of 33 °C occurred along the shore between Dubai 
nd Doha 20% of the time, but less than 5% of the time in
he northern Gulf, east of Ajman, and the Sea of Oman. 
The fluctuations of SST with respect to 24-h running aver- 

ges at the ADOOS buoy locations were found mostly in the 
ange from -0.8 to 1.4 °C (95 th percentile deviations), with 
he magnitudes of the diurnal variabilities typically being 
ess than 2 °C (95 th percentile range), consistent with the 
revious studies (e.g., Paparella et al., 2019 ). 
The GHRSST data exhibited mean SST trends mostly in 

he range from 0.02 to 0.04 °C/year, with a maximum of 
.08 °C/year in the northern Gulf between Kuwait City and 
ushehr, also consistent with the previously reported es- 
imates (e.g., Al-Rashidi et al., 2009 ; Noori et al., 2019 ; 
hirvani et al., 2015 ). In addition to the mean SST trends, 
he inter-annual trends in the annual P 95 and P 05 percentile 
STs were analyzed. A rather pronounced trends of annual 
 95 up to 0.07 °C/year were estimated in the western UAE 
nd eastern Qatar waters, an area different from that where 
he highest mean trends were found. These estimations 
ere determined statistically significant with a 95% confi- 
ence level. Similarly, cold extremes in the shallow areas 
round Qatar also exhibited a rather pronounced negative 
rend of up to —0.1 °C/year of the annual P 05 statistics. This 
ndicates that the extreme hot and cold SST events are be- 
oming more frequent and more extreme in the western 
AE and eastern Qatar waters, similarly as it occurs for 
he trends of extreme air temperatures in the Gulf region 
 Al Sarmi and Washington, 2014 ). 
Further studies are necessary to explain several interest- 

ng peculiarities in the computed SST statistics, namely: 

. The gradual increase in the magnitudes of diurnal SST 
fluctuations with respect to the daily means from east to 
west. The P 50 (median) and P 99 of the diurnal ranges at 
Buoy No. 1 located near Dubai were at 0.7 and 1.8 °C, re- 
spectively, while in the western UAE at Buoy No. 10, they 
were at 0.8 and 3.3 °C, respectively. No apparent correla- 
tion with depth or current that could explain this effect 
was identified; a possible explanation could be associa- 
tion with the effect of sea breezes, which are weaker in 
the western UAE. 
511 
. The spatial shift of the peak SSTs in the Gulf off the coast 
to an area approximately 130 km east of Doha and 130 
km north of Ruwais during transition from the summer to 
autumn season. Presumably, this could be attributed to 
the larger heat capacity of the deeper water column, and 
higher offshore air humidity in this area, which reduces 
the rate of radiative cooling of the water surface during 
autumn. 

. The localized decrease in the annual mean, 75 th and 
95 th percentile SSTs in the Strait of Hormuz near Khasab, 
where these quantities were up to 1 °C lower than in the 
adjacent regions of the Gulf and Sea of Oman. This de- 
crease is most pronounced in July—September, coinciding 
with locally increased wind speeds in this season, which 
may possibly explain this effect. Another possible expla- 
nation is that it is caused by more intense vertical mixing 
due to stronger currents, or due to the surfacing of colder 
waters in areas with steep bathymetric changes. 

Favoring a high spatial resolution of the GHRSST Level 
 dataset, which helped to identify several spatiotemporal 
eatures of the SST in the study area, this study was, how- 
ver, limited by the period of available data, which pre- 
luded a more reliable analysis of the SST variability on an 
nter-decadal scale, and the impact of such phenomena as 
l Niño oscillation. Another limitation is that the GHRSST 
ata cannot be utilized to investigate diurnal fluctuation of 
he SSTs. Finally, a spatial resolution of 0.01 ° × 0.01 ° is still 
nsufficient to analyze the impacts of individual hot water 
utfalls in coastal areas. 
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ppendix A. Supporting wind data and 

tatistics at selected locations 

.1. Monthly averaged wind patterns 

he monthly averaged horizontal wind plots, which are 
sed to support discussions in this study, are presented in 
igure A1 . 
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Figure A.1 Monthly averaged horizontal wind over the 2003—2019 period sourced from ERA-5 reanalysis data at 10 m elevation. 
The shading and arrows represent the speed and direction of the wind, respectively. Red circles denote the locally stronger winds 
in the Strait of Hormuz in late summer. 
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.2. Statistical comparison of ADOOS and GHRSST 

ata 

 comparison of 5 th ( P 05 ) and 95 th ( P 95 ) percentile SSTs
ased on in situ ADOOS buoy data against GHRSST data 
or each season and the RMSDs of daily averaged ADOOS 
ata from the GHRSST data, are presented in Table A1 . 
he comparison was performed for the 2018—2019 pe- 
iod, when in situ data were made available for this 
tudy. 
512 
.3. Statistical characteristics of SST at selected 

ocations 

he statistical characteristics of the SSTs extracted at sev- 
ral selected coastal locations, such as major cities and in- 
ustrial sites along the Arabian Gulf and Sea of Oman shores, 
re summarized in Table A2 . For convenience, the sites are 
isted in counterclockwise order around the Gulf (these lo- 
ations are indicated in Figure 1 ). 
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Table A.1 Comparison of the 5 th and 95 th percentile SSTs derived from the in situ ADOOS buoy data and GHRSST data extracted at the ten buoy locations covering the 
2018—2019 period, and the RMSDs ( R ) between the daily averaged ADOOS buoy and GHRSST data for each season. 

Buoy 
No. 

Spring ( °C) Summer ( °C) Autumn ( °C) Winter ( °C) 

P 05 P 95 R P 05 P 95 R P 05 P 95 R P 05 P 95 R 

ADOOS GHRSST ADOOS GHRSST ADOOS GHRSST ADOOS GHRSST ADOOS GHRSST ADOOS GHRSST ADOOS GHRSST ADOOS GHRSST 
1 22.8 21.7 31.2 31.0 0.90 32.4 31.8 35.5 35.0 0.82 25.5 26.2 33.7 33.3 0.49 19.6 19.9 25.1 25.1 0.46 
2 23.3 21.3 31.1 30.5 0.58 31.6 31.4 35.1 34.8 0.61 27.0 26.9 34.3 33.5 0.40 20.6 20.3 26.3 26.0 0.41 
3 21.9 21.6 31.9 31.1 0.97 32.5 31.9 35.6 35.1 0.83 25.5 26.1 33.9 33.4 0.45 19.9 19.4 25.0 24.8 0.40 
4 21.6 21.4 30.8 30.6 0.57 32.0 31.3 35.3 34.9 0.76 26.8 26.8 34.4 33.8 0.80 20.1 20.0 26.0 25.9 0.38 
5 22.4 21.6 31.6 31.3 0.86 32.0 31.9 35.6 35.0 0.83 25.2 25.7 33.9 33.5 0.39 19.5 19.2 24.8 24.6 0.39 
6 21.3 21.0 31.0 30.7 0.60 31.8 31.3 35.5 35.0 0.77 26.2 26.2 34.3 33.6 0.43 19.8 19.6 25.3 25.2 0.39 
7 21.7 21.4 31.4 31.1 0.70 31.9 31.5 35.7 35.1 0.77 25.6 25.4 34.3 34.0 0.44 19.3 19.0 25.1 24.9 0.36 
8 21.6 20.8 31.4 30.7 1.13 31.8 30.9 35.8 35.3 0.79 - ∗ 25.8 - ∗ 34.6 0.40 19.3 19.0 23.8 24.9 0.49 
9 20.1 20.3 31.0 30.4 0.56 31.5 31.1 35.5 35.1 0.71 26.5 26.2 34.7 34.5 0.38 18.9 18.3 25.2 25.1 0.46 
10 19.6 19.9 30.8 30.1 0.60 30.8 30.8 34.6 35.2 0.87 - ∗ 25.9 - ∗ 34.7 1.42 18.8 18.4 23.6 24.8 0.49 

∗ Prolonged intervals of missing data at buoys Nos. 8 and 10 during the second halves of both autumn seasons corrupt statistical quantities, especially P 05 , and hence they are not 
presented in this table. 
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Table A.2 Statistical characteristics of SST at selected locations based on the GHRSST data 2003—2019. 

Location 
Coordinates Seasonal means ( °C) Exceedance ( °C) Trend ( °C/year) 

Lon. ( °E) Lat. ( °N) DJF MAM JJA SON Mean P 05 P 50 P 95 
Sur 59.54 22.58 24.3 26.9 28.7 28.5 27.1 23.3 27.5 30.5 0.015 
Muscat 58.56 23.66 24.2 27.1 30.6 29.2 27.8 23.1 28.6 31.7 0.009 
Sohar 56.80 24.36 23.9 27.4 31.7 29.7 28.2 22.8 29.2 32.6 0.016 
Fujairah 56.41 25.11 23.9 26.7 32.0 29.9 28.2 22.8 28.9 32.8 0.015 
Dibba 56.29 25.61 23.7 26.3 31.9 29.7 27.9 22.6 28.5 32.6 0.015 
Khasab 56.26 26.25 23.6 25.5 31.6 29.9 27.7 22.2 28.1 32.5 0.013 
Ras Al Khaimah 55.94 25.82 23.4 25.9 32.3 30.4 28.0 22.0 28.6 33.3 0.022 
Ajman 55.42 25.44 22.9 25.8 32.5 30.5 28.0 21.3 28.7 33.5 0.025 
Dubai 55.20 25.30 22.9 25.6 32.5 30.7 28.0 21.2 28.8 33.5 0.025 
Abu Dhabi 54.32 24.53 22.0 26.0 32.8 30.6 27.9 20.2 28.9 34.0 0.025 
Ruwais 52.72 24.21 21.9 25.5 32.7 30.9 27.8 19.9 28.6 34.4 0.028 
Barakah 52.21 24.01 21.6 25.3 32.7 30.6 27.6 19.5 28.5 34.2 0.014 
Doha 51.62 25.33 20.7 24.8 32.5 30.1 27.1 18.6 27.9 34.4 0.007 
Manama 50.72 26.28 20.1 24.1 32.3 29.9 26.7 18.2 27.4 34.2 0.007 
Al Jubail 49.78 27.08 20.8 23.0 31.7 30.1 26.4 18.6 27.1 33.5 0.031 
Khafji 48.66 28.44 19.3 22.3 31.5 29.4 25.7 17.1 26.4 33.2 0.030 
Kuwait City 48.04 29.45 17.5 22.4 30.7 28.0 24.7 15.1 25.7 32.7 -0.004 
Faw 48.39 29.87 17.1 22.1 30.5 27.7 24.4 14.8 25.4 32.4 -0.019 
Deylam 50.08 30.04 18.0 22.5 31.4 28.6 25.2 15.9 25.9 33.4 0.014 
Bushehr 50.73 28.88 20.3 22.9 31.4 29.9 26.2 18.1 26.7 33.8 0.050 
Kish 54.06 26.55 23.2 24.9 31.8 30.7 27.7 21.6 28.2 33.2 0.026 
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