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Abstract: This study aimed to evaluate the seasonal variability in surface heat content in the Arabian
Gulf (AG) based on hydrographic data. The ocean heat content (OHC) was initially estimated from
surface to maximum depth (75 m) to show the seasonal variability, where the seasonal temperature
reaches to that depth. Then OHC was re-estimated from the surface to a depth of 35 m, which
represents the average depth of AG, to obtain accurate horizontal distributions. Results showed that
during winter, the northern part of AG experiences the lowest OHC compared to the southeastern
part. The monthly spatial average implies that the highest OHC of AG water was in September
and October, while the lowest heat content was found in February and March. However, the OHC
horizontal distributions were almost the same for the entire gulf during summer. In general, there
was increasing in the OHC in the southeast region of the gulf. OHC anomalies are concentrated in
the northern region of the AG, while the southeastern part near the Strait of Hormuz has the lowest
values. Regarding heat flux, the highest heat gains were during spring, while the highest loss was in
autumn. The water exchange between the AG and the Indian Ocean through the Strait of Hormuz
may play a major role in the seasonal variability in OHC.
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1. Introduction

The ocean affects climate by transporting and storing large amounts of heat, carbon,
and freshwater, and through exchanging these quantities with the atmosphere [1]. Over
the last 50 years, almost 93% of the Earth’s excess heat energy storage has been found in
oceans [2,3]. Oceans absorb most of the excess energy stored in the climate system resulting
from anthropogenic greenhouse gases emissions, resulting in further thermal expansion
and rising sea levels [4]. The ocean’s ability to store significant amounts of heat is due to
the large heat capacity and large mass of seawater compared to air and the fact that vertical
mixing exchanges heat between the surface and ocean interior.

According to Huhn and his colleagues [1], the stored heat (thermal energy) in the
ocean is defined as the ocean heat content (OHC). Monitoring of OHC and its long-term
change represents the most efficient approach to estimate Earth’s energy imbalance [2].
Furthermore, OHC is useful for predicting interannual climate variations and tropical
cyclone intensification [5]. OHC is divided into two parts: (1) upper ocean heat content
from the surface to 700 m and (2) deep ocean heat content below 700 m [6]. Warming of
the upper ocean represents 64% of the total warming of the ocean [3]. The upper OHC is
considered an important climate parameter necessary for oceanographic and atmospheric
studies such as hurricanes [7]. Regarding deep OHC, for the period between 1957 and
2009, it was reported that ocean warming between 700 and 2000 m participated in almost
30% of the total increase in global OHC [8]. The annual OHC value signal can be impacted
by instrumental errors or internal variabilities (i.e., ENSO, El Niño–Southern Oscillation);
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therefore, long-term trends are more important than any single year to demonstrate climate
change [9].

Changes in the ocean heat content are important for studying sea-level rise due
to thermal expansion. In other words, increasing the OHC should lead to increased sea
levels [10]. In addition, OHC is considered a possible factor that can affect precipitation [11].

The ocean’s surface heat flux is a vital component of the earth’s surface energy bud-
get [12], as oceans influence weather and climate by heating and cooling the lower atmo-
sphere [13]. An air–sea energy exchange takes place through turbulent heat processes
(sensible and latent heat) and radiative processes (shortwave and longwave radiation) [14].

The ocean’s surface heat flux can be directly influenced by many factors, including:
(1) SST; decreasing or increasing SST results in reducing or enhancing heat release, re-
spectively, from the ocean to the atmosphere. Furthermore, heat flux anomalies can also
be produced by vast surface temperature anomalies [15,16]. (2) Ocean dynamics; these
can influence the LHF through SST variations and advection (3) winds; zonal winds can
transfer the zonal heat from one ocean basin to another [17], and strong winds also result in
wave breaking and make huge amounts of sea spray, affecting mass and energy exchange
significantly at the interface [18]. (4) convective process; heat transport is increasing with
the increasing of convective strength [17].

Heat exchange between the ocean and the atmosphere through the sea surface has
significant effects on many meteorological phenomena [19]. Hence, understanding the
variability in air–sea heat fluxes is key for determining variations in weather systems [20],
climatic conditions [21], sea surface temperature (SST) [22], and the transfer of gases across
the air–sea interface [23]. Therefore, the determination of air–sea interface heat exchange
is very important to examine many scientific applications, such as weather forecasting,
the investigation of the dynamics of climate, investigation of oceanic and atmospheric
circulation, and investigation of thermal alteration in the lower atmosphere and the upper
ocean [24].

The Arabian Gulf (AG, here and after) is a semi-enclosed shallow gulf area between
the Arabian Peninsula and Iran. It is linked to the Gulf of Oman and the Indian Ocean
through the Strait of Hormuz. The narrow Strait of Hormuz restricts water exchange
between the Arabian Gulf with the northern Indian Ocean [25]. Shatt-Al-Arab is the major
freshwater source in the Arabian Gulf, and this area is located at the head of the Gulf and is
fed by the Tigris, Euphrates, and Karun Rivers.

The weather of the AG is influenced by the extra-tropical weather systems from the
northwest [26]. The “Shamal” winds (in both winter and summer), sea and land breezes,
and monsoonal winds prevail in the region [26]. The winter “Shamal” winds may continue
for 5 days and reach speeds of 20 ms−1 [27]. Recent study [28] points out that the easterly
Nashi winds have a significant role on the wave characteristics in the Arabian Gulf, so
there is a possibility these winds contribute to the dynamics of this region. Regarding
monsoonal winds, they form four seasons: June–September (southwest monsoon), October
and November (fall inter-monsoon), December–March (northeast monsoon), and April
and May (spring inter-monsoon period) [29]. Moreover, there are seasonal variations in
insolation in the AG region along with cold winds from nearby highlands [26,30], which
cause seasonal fluctuations in the surface water temperature ranging from 35 ◦C in August
and cooling to about 12 ◦C in February [31].

Sea surface temperature (SST) is an important physical attribute of the world’s oceans.
Numerous published data and related studies indicate an increase in surface temperature
in recent years, which is important for understanding and interpreting climate signals and
critical environmental issues such as storm intensity and coral bleaching [32]. The increases
in global mean surface temperature were projected to be in the range of 0.3 ◦C to 1.3 ◦C
by 2100. The IPCC report concludes: “on a global scale, the ocean warming is largest near
the surface, and the upper 75 m warmed by 0.09 to 0.13 ◦C per decade over the period
1971 to 2010” [33]. According to Al-Subhi [32], the AG is experiencing a temperature rise
of 0.63 ◦C/decade based on AVHRR data from Oct 1981 to Dec 2016. This value is higher
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compared to global oceans but agrees with the earlier studies in the Gulf. This SST increase
is not exclusive to the surface but rather extends to the maximum depth of the gulf. In the
AG, the rise in SST caused much damage to marine ecosystems such as the destruction of
coral reefs according to many studies such as Riegl [34,35] and Kabiri et al. [36,37].

Previous estimates of water and heat budgets are highly uncertain in the AG due to
limited observational data. This represents the main barrier in understanding the current
climate of the AG system and in projecting its future trends [38]. Nagamani et al. [11]
analyzed the annual OHC of the AG from 1993–2010, using satellite observations, in situ
data, and a model simulation. They found that OHC increased significantly in the AG
from 1993–2010 compared to the north Indian Ocean. According to Al Senafi et al. [39],
the average annual value of the net surface heat flux ranges from +66 W m−2 gain flux to
−21 W m−2 loss from the Gulf. Pous et al. [40] presented a realistic, interannual model of
the circulation in the AG and Strait of Hormuz and noted that the southeastern part of the
AG is warmer than the northwestern part.

Since the average depth of the AG is significantly shallow (~35 m), the surface OHC is
considered to store the entire heat content as shown in Figure 1. The few available studies
in the AG indicate insufficient observations to understand the seasonal variability in the
OHC. This study aimed to evaluate the seasonal variability in surface heat content in the
AG based on hydrographic data. On the other hand, this research also investigates the role
of surface heat fluxes on the seasonal variability in OHC.
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Figure 1. Map of the Arabian Gulf with Bathemtry. The black dots represent locations of temperature
depth profiles for the northen (N), central (C), and southern (S) parts.

2. Data and Methodology
2.1. Data

The present study was performed based on World Ocean Atlas 2018 (WOA18). The
NOAA National Centers for Environmental Information (NCEI) published this dataset,
which contains annual, seasonal, and monthly means of temperature (T), salinity (S),
dissolved oxygen, phosphate, nitrate, and other variables for the world’s oceans. In this
dataset, 102 depth levels were used from the surface to the seafloor (5500 m depth) and also
included associated statistical fields of observed oceanographic profile data interpolated
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to standard depth levels on 5◦, 1◦, and 0.25◦ grids [41]. The dataset covers all the world’s
oceans including the AG area. The required variables for this study included temperature,
depth, salinity, and density.

The heat flux computations were based on the meteorological dataset. The source of
this dataset is the ERA5, which is the updated reanalysis product of the European Centre
for Medium-range Weather Forecasts (ECMWF), which provides hourly estimates of a
large number of atmospheric, land, and oceanic climate variables (https://www.ecmwf.
int/en/forecasts/datasets/reanalysis-datasets/era5 (accessed on 29 November 2020). The
dataset contained monthly data for average wind components U and V (10 m above the
sea surface), sea surface temperatures, monthly evaporation data (EVAP), mean sea level
pressure (SLP), and surface shortwave radiation. The data was gridded (0.25◦ × 0.25◦) and
covered the entire area of the AG in the period from 1980 to 2017 [42]. The ERA5 winds
have been verified in the Arabian Gulf against the measurements [43].

The quality control checks were applied on the data, in addition to filter errors or
missing values [44].

2.2. Heat Content Estimation

The heat content was estimated in Jm−2 as follows [45,46]:

OHC =
1
4

i=N

∑
i=1

Cp(ρi + ρi+1)(θi + θi+1)(Zi+1 − Zi) (1)

where ρ is the seawater density, Cp is the average specific heat capacity at constant pressure
for the AG, 3970 Jkg−1 C−1, θi is the potential temperature at level i, and Z is the depth
of the water column. For a given depth layer, the OHC is defined as the vertical integral
of temperature multiplied by seawater density and the specific heat capacity, with units
of Jm−2.

2.3. Heat Fluxes Estimation

The following equation was used for the estimation of the heat fluxes at the surface [47,48].
Where the net heat flux at the surface (Qt) is:

Qt = Qs − Ql − Qe − Qh (2)

Qh = 1.5(Tw − Ta)w.
[
Wm−2

]
(3)

Qe = 2.4(e0 − ea)w.
[
Wm−2

]
(4)

Ql = 5.4 × 10−8
[

T4
w(0.254 − 0.005 ea(1 − 0.6 n) + 4T3

w (Tw − Ta)
]
.

[
Wm−2

]
(5)

where Qs is the shortwave flux, Ql is the longwave flux, Qe and Qh are the latent and the
sensible heat fluxes, respectively, Tw is the sea surface temperature, Ta is the air temperature,
w is wind speed, e0 is the saturated air vapor pressure, and ea is the actual vapor pressure.

2.4. Data Analysis

Since the AG is a shallow marginal sea, seasonal variability in temperature affects the
entire water column from the surface to a depth of 75 m (Figure 2). In this figure, three
locations were selected (see Figure 1 for location) to investigate the seasonal variability
in temperature from the surface to the maximum depth at each location (upper panel). It
is shown that the surface temperature is at a maximum during August with about 33 ◦C
and the minimum is during March, about 19–20 ◦C, in the northern part (Figure 2 left),
20–21 ◦C in the central part, and 21–22 ◦C in the southern part. It is also clear that this
seasonal variability extends to the maximum depth at the three designated locations with
a lower range. To show the seasonal range at different depths, the monthly temperature
anomalies were estimated for the entire gulf as shown in Table 1. The lower panel of

https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5
https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5
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Figure 2 shows the temperature anomalies at selected depths (marked with horizontal-
colored lines in the upper panel). It is clear from the table and figure that the seasonal
variability in temperature extends to the maximum depth, where the seasonal range varies
from about 12 ◦C at the surface to about 3 ◦C at the depth of 75 m.

Table 1. Monthly temperature anomalies for the AG.

Depth January February March April May June July August September October November December Min Max

0 −5.1 −6.2 −5.3 −3.6 0.0 3.0 4.4 5.7 5.5 3.5 0.5 −2.4 −6.2 5.7

5 −5.0 −6.1 −5.4 −3.7 −0.1 2.7 4.4 5.7 5.5 3.5 0.7 −2.2 −6.1 5.7

10 −4.8 −6.0 −5.4 −3.7 −0.4 2.3 4.2 5.7 5.7 3.7 0.8 −2.0 −6.0 5.7

15 −4.4 −5.7 −5.3 −3.7 −0.9 1.8 3.7 5.3 5.7 4.0 1.1 −1.6 −5.7 5.7

20 −3.8 −5.1 −4.9 −3.6 −1.3 0.9 3.0 4.4 5.7 4.3 1.5 −1.1 −5.1 5.7

25 −3.1 −4.4 −4.5 −3.4 −1.8 0.2 1.8 3.3 5.7 4.5 2.1 −0.5 −4.5 5.7

30 −2.4 −3.8 −3.9 −3.1 −2.0 0.0 0.7 2.5 5.0 4.6 2.4 0.0 −3.9 5.0

35 −1.8 −3.3 −3.4 −2.9 −2.1 0.0 0.1 2.0 4.1 4.5 2.5 0.5 −3.4 4.5

40 −1.3 −2.8 −3.0 −2.7 −2.1 −0.1 −0.1 1.3 3.2 4.0 2.6 1.0 −3.0 4.0

45 −0.9 −2.3 −2.5 −2.5 −2.0 −0.2 −0.1 0.9 2.5 3.3 2.5 1.3 −2.5 3.3

50 −0.4 −1.9 −2.1 −2.2 −1.8 −0.5 −0.1 0.6 2.1 2.7 2.1 1.6 −2.2 2.7

55 0.1 −1.4 −1.6 −1.8 −1.5 −0.6 −0.5 0.5 1.5 1.7 1.7 2.0 −1.8 2.0

60 0.4 −1.1 −1.3 −1.9 −1.4 −0.8 −0.7 0.4 1.1 1.6 1.3 2.2 −1.9 2.2

65 0.7 −0.9 −1.0 −1.9 −1.4 −0.7 −0.6 0.4 0.8 1.4 1.2 2.0 −1.9 2.0

70 0.8 −0.5 −0.8 −1.8 −1.2 −0.8 −0.5 0.0 0.7 1.3 1.2 1.6 −1.8 1.6

75 1.2 0.0 −0.5 −1.6 −0.8 −0.8 −0.8 −0.1 0.4 0.9 0.6 1.4 −1.6 1.4

Min −5.1 −6.2 −5.4 −3.7 −2.1 −0.8 −0.8 −0.1 0.4 0.9 0.5 −2.4 - -

Max 1.2 0.0 −0.5 −1.6 0.0 3.0 4.4 5.7 5.7 4.6 2.6 2.2 - -

As a result, the OHC was estimated from the surface to the maximum depth at each
grid for all months. The monthly mean heat content was calculated by accumulating, for
each grid, each heat content layer from the maximum depth to the surface. The annual
mean estimated from the monthly values, accordingly, the anomalies of the monthly OHC
were estimated to show the seasonal variability.
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3. Results and Discussion
3.1. Monthly OHC of AG to Maximum Depth

Figure 3 shows the heat content for the water column from the surface to the max-
imum depth at each grid for all months. It is clear from the figure that the highest heat
contents are in August, September, and October. This result is expected, since these months
represent late summer/early autumn, which means that the water acquired and stored
heat throughout the summer months, which subsequently increased the water heat content.
The minimum heat content was found in February followed by March and April, and this
result is also expected since those months represent winter and the beginning of spring.
The horizontal distribution of the surface OHC shows higher values in the southeastern
part of the Gulf more than in the entire basin due to its greater depth, which agrees with
the findings of Pous et al. [49].
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In order to obtain a clear picture of OHC horizontal distribution, the OHC is re-
estimated from the surface to a depth of 35 m, which represents the average depth of the
Gulf. Figure 4 shows the heat content for the water column from the surface to 35 m for
all months. From the figure, it is clear that the highest heat contents were found in late
summer to early autumn (September and October), while the minimum heat content was
found in late winter to early spring (February and March). This seasonal variability in heat
content estimated to 35 m is similar to the heat content estimated to the maximum depth.
From the same figure, it is obvious that during winter and spring, the northern part of
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the Gulf showed a lower heat content compared to the southern and southeastern parts.
Moreover, the heat content during summer horizontal distributions is almost the same for
the entire Gulf.
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3.2. Average Annual Heat Content of AG

Figure 5 shows the average annual heat content of the AG. In general, the highest heat
content in the AG region reached about 9.6 to 9.7 × 107 Jm−2 in the area located between
longitudes 54 and 55 and latitudes 25 and 26 in the southeastern region. This heat content
decreases in the north and west direction to become the lowest in the far north region
of the AG. Many factors may contribute to this degradation in heat content between the
different regions of the AG. Among these is Shamal wind, which is cold during winter,
and which creates heat flux differences between the north and south regions of the Gulf.
In addition, the cold freshwater input of the major rivers at Shatt-Al-Arab, at the head of
the Gulf, arrives from areas considered colder than the AG region. This process lowers the
temperature and thus reduces the heat content of the northern part of the AG. At the south
end of the Gulf, the narrow Strait of Hormuz restricts water exchange between the AG and
the northern Indian Ocean [25], thus also reducing the temperature exchange, which may
contribute to increasing the heat content in that region.
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Figure 5. Annual average of heat content (×107 Jm−2) in the AG to 35 m.

The monthly spatial average heat content shown in Figure 6 implies that the highest
heat content of AG water was found in September and October, where it reached about
10.7 × 107 Jm−2, while the lowest heat content was found in February and March, where it
reached about 8.0 × 107 Jm−2.

3.3. Monthly Heat Content Anomalies

The heat content anomalies (with reference to 35m depth) shown in Figure 7 indi-
cate that December is the closest month to the average heat content compared with all
months. In May, the anomalies are about −0.5 × 107 Jm−2, while in February and March
the values are about −2 × 107 Jm−2, which is the lowest heat content compared to the
average. September and October have the highest heat content compared to the average
(1.5 to 2 × 107 Jm−2). The results show that heat content anomalies are concentrated in
the northern region of the Gulf. On the contrary, in the southeastern part near the Strait of
Hormuz, the OHC anomalies have the lowest values due to the increase in depth in this
region [50] which results from less temperature variability in comparison to the rest of the
Gulf (due to the high heat capacity of the water).
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Figure 6. Monthly average heat content (×107 Jm−2) for the entire gulf up to 35 m depth.

3.4. The Heat Flux at the Surface
3.4.1. Seasonal Variability in Atmospheric Parameters and Surface Temperature

Before estimating the heat flux components, the meteorological parameters used in
the estimation includes the monthly mean variations in air temperature (T), surface sea
temperature (SST), sea level pressure (Pa), cloud fraction (0–1), dewpoint temperature (◦C)
and wind speed (Ws) of AG (one-year period; 2017 has been chosen to show seasonal
variations). The monthly values are listed in Table 2 and plotted in Figure 8.

Table 2. Monthly values of meteorological parameters.

Year Month SST (◦C) Sea Level
Pressure (Pa)

Cloud
Fraction

Air
Temperature (◦C) Wind Speed (m/s) Dew Point

Temperature (◦C)

20
17

January 20.75 101,786 0.23 15.56 3.97 5.15

February 19.05 101,868 0.36 14.57 4.25 5.81

March 20.28 101,352 0.35 20.08 3.92 10.33

April 23.91 101,120 0.24 26.50 4.18 10.08

May 27.84 100,691 0.18 31.36 4.26 11.83

June 30.16 100,107 0.01 34.26 4.86 10.94

July 32.51 99,851 0.11 35.75 3.84 13.58

August 33.65 100,087 0.09 34.80 3.48 14.32

September 33.16 100,636 0.05 32.00 3.36 12.11

October 30.92 101,127 0.01 28.01 3.51 10.60

November 27.66 101,638 0.14 21.42 3.41 8.50

December 23.08 102,016 0.16 16.18 3.75 4.48
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The SST shows the annual cycle clearly, where it was the minimum in the winter
season, especially in February (20 ◦C), increasing steadily from April (25 ◦C) to almost
reach maximum value in August (32.5 ◦C) and then decreasing gradually again towards
the end of year. The Dewpoint temperature shows a similar pattern, as the minimum was
in January (5.2 ◦C), increasing gradually to reach the value of (13.8 ◦C) in August and then
decreasing gradually again towards the end of the year. Regarding the sea level pressure
(Pa), it showed an opposite behavior to that of SST, and this is expected because with SST
increasing, the air temperature increases and air density decreases, and thus the sea level
pressure decreases. As sea level pressure was the maximum in January (1.02 × 105), it
decreased to gradually reach the minimum in July (1 × 105) and then it increased again to
the maximum (1.02 × 105) in December. The mean wind speed was fluctuating between
low and high during the year, as the wind speed ranged between 3.2 m/s and 4.2 m/s.
According to our results, there is no relationship between wind speed and SST, and this
contradicts with several previous studies that show that there is a negative relationship
between SST and wind speed [51–54]. Cloud fraction (0–1) also showed fluctuant behavior
between high and low, and did not show a clear effect on SST, as the month of March had
the highest humidity (0.27) while September was the least humid (0.048).
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3.4.2. Seasonal Variability in Heat Flux

Figure 9 and Table 3 show the computations of the annual cycle of heat flux at the
surface of the AG at the air–sea interface depending on atmospheric and oceanographic
data. The shortwave radiation (Qs) had the highest values that ranged between 230 and
250 Wm−2 from 150 days until nearly 250 days, which means from May until August. This
consents with Ahmad and Sultan [47], who found that the highest values of Qs were from
May until August and ranged between 254 and 275 Wm−2, and Sultan and Elghribi [55],
who found that the highest values of Qs were from May until August and ranged between
250 and 275 Wm−2, while Xue and Eltahir [38] found higher values for Qs that ranged
between 320 and 350 Wm−2 from May until August.

The value of sensible heat flux (Qh) in our study started from 25 Wm−2 and decreased
to reach almost −25 Wm−2 at the period from May until July, then increases to about
25 Wm−2 at the end of the year. Ahmad and Sultan [47] also found that the value of Qh
was positively started from 20 Wm−2 and decreased to reach almost −40 Wm−2 at the
period from May until July, then increased again to reach about 25 Wm−2 at the end of the
year. Our results also consent with Sultan and Elghribi [55], who found that the value of
Qh started from 0 and increased to reach almost 40 Wm−2 in June, then decreased again to
0 Wm−2 at the end of the year. Additionally, Xue and Eltahir [38] found that the Qh values
were increasing from −10 at the start of the year to reach almost 20 Wm−2 in June, then
decreasing to −20 Wm−2 at the end of the year.
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Table 3. Monthly average values for Qe, Ql, Qh, Qs, and Qt in Wm−2.

(Qe) (Ql) Qh Qs Qt

January −82.7828 −98.7891 21.65376 125.5675 −34.3506

February −76.6365 −86.8352 8.071069 157.7227 2.322069

March −80.1601 −71.9438 −5.3159 187.8296 30.4098

April −99.2647 −57.2265 −14.8642 221.1475 49.7921

May −154.536 −45.3224 −23.0134 242.0639 19.1921

June −223.56 −40.1828 −26.5478 242.9013 −47.3893

July −233.447 −34.7025 −20.8025 230.8508 −58.1012

August −227.776 −38.6444 −11.5739 224.0062 −53.9881

September −207.033 −53.0651 −4.0383 202.4089 −61.7275

October −172.966 −69.7529 3.114904 174.072 −65.532

November −150.719 −92.2655 16.97038 139.5305 −86.4836

December −108.175 −101.114 24.80918 120.0867 −64.3931

Regarding the latent heat flux (Qe) in our study, it starts from about −77 Wm−2 and
increased to reach −233 Wm−2 in July, then it starts decreasing to reach −100 Wm−2 at
the end of the year. Xue and Eltahir [38] also found similar results indicating that Qe
started from −130 Wm−2 and decreased to reach −10 Wm−2 in May, then increased to
−180 Wm−2 at the end of the year. Ahmad and Sultan [47] also found that the Qe values
started from −100 Wm−2 and then increased to reach −300 Wm−2 in July, then decreased
to reach −100 Wm−2 at the end of the year. Furthermore, Sultan and Elghribi [55] found
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that the Qe values started from −100 Wm−2 and increased to reach −300 Wm−2 in July,
then decreased to reach −100 Wm−2 at the end of the year.

The net upward longwave radiation (Ql) in our study also started from −100 Wm−2

then decreased to reach −35 Wm−2 during summertime, then increased back to −100 Wm−2

again at the end of the year. Our results here are consistent with Ahmad and Sultan [47], who
found that the Ql started from −100 Wm−2 then decreased to reach −40 Wm−2 at the period
between May until August, then increased to −90 Wm−2 at the end of the year. Sultan and
Elghribi [55] found that the Ql started from −70 Wm−2 and decreased to reach −40 Wm−2

in June, then increased to −90 Wm−2 at the end of the year. Xue and Eltahir [38] found
similar results.

The net heat gain or loss Qt in the present study show gain for the period from March
to May, with a maximum gain in April reaching 49 Wm−2. The net heat flux shows heat
loss for the rest of the year, with a maximum loss of −86 Wm−2 during November. Ahmad
and Sultan [47] found lower values for the Qt, which started from −80 and increased
to 80 Wm−2 at the period from March to May, then decreased to −70 Wm−2 in August,
then increased to −20 Wm−2 in September, then reached −70 Wm−2 at the end of the
year, while Sultan and Elghribi [55] found that the Qt started at 0 Wm−2 and increased to
80 in March, then decreased to −60 Wm−2 in June, and after that it increased to 10 Wm−2

in September, then finally it reached −70 Wm−2 in November and −50 at the end of the
year. Xue and Eltahir [38] found higher values for the Qt that started from 50 Wm−2 and
increased to 220 Wm−2 in June, then decreased again to 50 Wm−2 at the end of the year.

The differences between some results in different studies may be due to the difference
in the source of information and the period in which the readings were taken, as well as
the difference in the equations that produced the different results in the different studies.

However, in general, there is a convergence between the results of our study and the
results of the various previous studies mentioned earlier at different times. This may be
due to the fact that the Arabian Gulf is a semi-closed region that remains in a stable state
for long periods [56].

4. Conclusions

The OHC in the AG indicates that it gains its highest values out of all the months in
summer-to-early autumn for the water column from the surface to the maximum depth.
However, the minimum values were estimated in late winter to early spring. The horizontal
distribution of the surface OHC shows that the lowest heat content seen in the northern
part of the gulf during winter and spring compared with the southern and southeastern
parts. However, the horizontal heat content distributions during summer are almost the
same for the entire Gulf. According to this study, the highest heat content estimations are
located between longitudes 54◦ and 55◦ E and latitudes 25◦ and 26◦ N in the southeastern
region. Furthermore, many factors may contribute to this change in horizontal heat content
distribution in the Gulf. Among them, in the north, Shamal winds and the cold freshwater
input at the head of the Gulf reduce the surface temperature, while in the southeastern
part of the Gulf, the narrow Strait of Hormuz restricts water exchange between the AG
and the northern Indian Ocean, thus also reducing the temperature exchange, which may
contribute to increasing the heat content in that region. The heat content anomalies with
reference to the 35 m depth indicate that December is the closest month to the average
values. Extreme negative values were in February and March and extreme positive values
were in August, September, and October. Furthermore, the results showed that the heat
content anomalies are concentrated in the northern region of the Gulf. On the contrary,
in the southeastern part near the Strait of Hormuz, the OHC anomalies have the lowest
values due to the increase in depth in this region.

The shortwave radiation had the highest values from May until August, while the
sensible heat flux had the lowest values from May until July, increasing to its highest value
in December. The latent heat flux shows the lowest values during the beginning of the
year and its highest value in July. The net upward longwave radiation also shows the
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lowest values during summer, with its highest values were during winter. In general, the
annual cycle of heat flux at the surface of the AG shows the highest heat gain was from
April (spring), while the highest loss was in November (autumn). The water exchange
between the AG and Indian Ocean through the Strait of Hormuz may play a major role in
the seasonal variability in OHC.
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