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Ocean Heat Content (OHC) is crucial for understanding ocean dynamics. The Northwest Indian Ocean (NWIO) region,
comprising the Southern Red Sea, the Gulf of Aden, the Arabian Sea, and the Equatorial North West Indian Ocean, is
affected by various phenomena, such as upwelling, heat waves, and multi-layer exchange between the Red Sea and the Gulf
of Aden. The spatial and temporal variability of these factors affects upper-layer OHC. OHC in the NWIO region has rarely
been studied earlier. Therefore, this work would be beneficial in filling the knowledge gap and understanding the OHC of
this region. The study displays the horizontal distributions of monthly OHC and yearly signal amplitudes, calculated as the
difference between maximum and minimum values across all months, along with the monthly mean OHC patterns in the
upper 100 m and 300 m layers of the NWIO, based on the available historical seawater temperature and salinity data from
the World Data Centre (WDC-A, Washington D.C.), WDC-B (Moscow) and the Egyptian National Oceanographic Data
Centre (ENODC). The region exhibited a similar pattern of monthly average OHC in the upper 100 and 300 m layers, except
within the Equatorial North West Indian Ocean zone. In addition, the lower layer within the Red Sea exhibited a different
pattern during the winter and transitional months. The NWIO region demonstrated homogeneous annual OHC signal

amplitudes, except for the Arabian Sea, which has the highest annual amplitude at both layers.
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Introduction

The Northwest Indian Ocean (NWIO) region comprises
many basins. The Arabian Sea is one of the most
important basins in the NWIO, bordered on the north by
Pakistan, Iran, and the Gulf of Oman, on the west by the
Gulf of Aden and the Arabian Peninsula, on the
southeast by the Laccadive Sea and the Maldives, and
on the southwest by Somalia. The NWIO connects to the
Arabian Sea adjacently, and to the Red Sea and the
Arabian Gulf, marginally. The Gulf of Aden in the
northwest meets the Red Sea via the Bab El-Mandeb
Strait, and the Gulf of Oman in the northeast is
connected to the Arabian Gulf through the Hormuz
Strait'”. The Arabian Sea is an important source of
biogeochemical ocean-atmosphere exchanges, which are
essential for controlling the chemical composition of the
atmosphere and the climate of the world®. In addition,
the Arabian Sea has been a significant maritime trade
route since the time of coastal sailing vessels. In general,
the NWIO not only provides fishing and oil resources,
but it also serves as a significant shipping route between
Southeast Asia and Europe, and other areas worldwide.
This region stretches from the African Coast at 40° E to
60° E within the Indian Ocean and from the Equator to
20° N, as shown in Figure 1.

The NWIO region is influenced by strong monsoon
regimes™®, upwelling”'?, marine heat waves'*'?, and
water exchange with the Red Sea'>'®. Moreover, the
exchange between the Arabian Gulf and the NWIO
has been investigated earlier in a few studies'®?'.
Although the yearly transit of discharges from the
Red Sea and Arabian Gulf is minor (< 0.4 Sv), their
high salinity has a significant impact on the Indian
Ocean's hydrography at the thermocline level®, and
extends over a wide surface area of the Northern
Indian Ocean'®®. Generally speaking, the Red Sea
shows stronger seasonal variability in the observed
outflows than the Arabian Gulf'***. Natural climatic
variability, such as the El Nifio-Southern Oscillation
(ENSO), Indo-Pacific warm pool, and Indian Ocean
Dipole (IOD) impact the NWIO warming on
interannual and decadal timescales™>. The surface
and subsurface water temperatures of the Indian
Ocean, particularly the Northern Indian Ocean (NIO),
have an important role in regulating monsoon patterns
and cyclonic activity across the Indian subcontinent®.
All of these phenomena affect OHC in the upper
water layer in this area. OHC plays an essential role in
the ocean dynamics. The surface layer of the Indian
Ocean exhibits wide spatiotemporal variations in its
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Fig. 1 — Northwest Indian Ocean (NWIO) region (Size = 6.92 inch)

OHC. The regular formation of Sea Surface
Temperature Anomalies (SSTA) in the NWIO (same
present area of interest) was previously studied by
Maiyza & Mohamed”’. The variability of heat and salt
storage in the upper 1000 m of the Indian Ocean was
investigated, and the Indian Ocean dipole mode is
shown to be essential to the Equatorial North West
Indian Ocean OHC variability™. Gnanaseelan et al.”
simulated the Sea Surface Temperature (SST) and
upper OHC in the North Indian Ocean. On the other
hand, Vaid et al*® computed Sea Surface Height
Anomalies (SSHA) derived from the Topex /Poseidon
(T/P) satellite over the North Indian Ocean. The
annual OHC of the Arabian Sea was examined by
Naganamani et al’'. Results of recent research
revealed an exponential increase in the occurrence of
marine heatwaves in the Northern Indian Ocean
associated with an increasing mean surface
temperature’”. Results also indicated that subsurface
temperatures are also increasing rapidly over the
Arabian Sea’®. Only a few studies have investigated
OHC in the Northwest region of the Indian Ocean.
Most of these studies focused on the variability of
OHC in the upper layer using altimetry images data
and modelling. Hence, the current study would be

beneficial in filling up the knowledge gap about the
OHC in the northern region of the Indian Ocean by
examining its monthly horizontal distribution, the
horizontal distribution of the annual signal amplitudes
(calculated as the difference between maximum and
minimum values across all months), and the annual
trend of monthly mean OHC in the upper 100 m and
300 m layers of the NWIO, including the Arabian
Sea, Gulf of Aden, Southern Red Sea, and the
Equatorial North West Indian Ocean.

Materials and Methods

The Study area

The area of investigation was divided into four
regions. These regions were made at the chosen grids,
as shown in Figure 2: the first region is the Southern
Red Sea (Grids 1 — 3), the second is the Gulf of Aden
(Grids 4 - 6), the third is the Arabian Sea
(Grids 7 — 10), and the fourth region is the Equatorial
North West Indian Ocean (Grids 11 — 16).

Methodology and data analysis

The mean monthly seawater temperature and
salinity, for each grid and standard hydrographic
level, of the upper 300 m layer in the area of interest
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Fig. 2 — Study area: South Red Sea region (Grids 1 — 3); Gulf of
Aden region (Grids 4 — 6); Arabian Sea region (Grids 7 — 10); and
Equatorial North West Indian Ocean region (Grids 11 — 16) (Size
= 3.33 inch)

were computed from the historical data files available
from the World Data Centre (WDC) WDC-A
(Washington D.C.), WDC-B (Moscow), and the
Egyptian National Oceanographic Data Centre
(ENODC). The temperature datasets from the various
sources spanned the period of 1933 — 2008 (76 years)
with diverse density in each grid of interest. The
accuracy of records from both WDC and ENODC
was 0.1 °C. The study area exhibits two seasons:
winter (from November to March), and summer (from
June to October). April and May are two season-
transitional months.

The data were measured/computed at standard depths
(0 — 100 m & 0 — 300 m). To obtain higher-quality
hydrographic data, the data were primarily subjected to
objective analysis prior to any calculation. It is
noteworthy that only a few observations were rejected
due to poor quality, perhaps due to personal,
instrumental, and/or location errors. Using the above
randomly distributed temperature data, the values at
each grid centre were calculated for each month. Table 1
summarises the statistical measures of the recorded
annual temperature at the 100- and 300-m layers.

As seawater temperature is the key driver of the
calculated OHC, the salinity values in the present work
were considered constant, ranging from 10 to 43 psu.

The seawater density (p kg/m’) was calculated
based on the sigma-t values, which were calculated
based on temperature records and salinity limits,
using the standard equations®:

Sigma-t = 28.152-(0.0735T)-(0.00469T%)+((0.802-
0.002T)(S-35)) .. (D)
p = sigma-t + 1000 kg/m’ ...

Table 1 — Statistical measures of the recorded annual
temperature at the two layers of interest

0 — 100 m original data 0 — 300 m original data

Temperature Year  Temperature Year
Number of values 83459 83459 217230 217230
Minimum 13.5 1933 10.4 1933
Maximum 36.4 2008 36.5 2008
Mean 243 19.6
Standard deviation 3.5 5.0

Ocean Heat Content (OHC) at any grid centre is
calculated according to Levitus®*°, relative to 0 °C:

OHC = [} pC,Tdz .3

C, = 4186 * {[1.0049 — 0.001621 S + (3.5261 * 10° §°)
— [(3.2506 — 0.14795 S + 7.7765 * 107 §%) * 107 T] +
[(3.8103—0.12084 S + 6.121 * 107 §°) *10° T]}... (4)

Where, OHC is the Ocean Heat Content (J/m?), p is
the density of the seawater (kg/m’), C, is the specific
heat capacity (J /kg°C), T is the seawater temperature
(°C), S is the seawater salinity, and z is the depth (m).

Results

Monthly climatological ocean heat content (1933-2008)

The pattern was determined by calculating the mean
monthly OHC data for each region. Figure 3 displays
the mean monthly OHC for the upper 100 m (upper
panel) and 300 m (lower panel) layers. In the 100 m
layer, the monthly average OHC showed similar
patterns across different regions, with a dramatic drop
in OHC from May to June persisting throughout the
summer months, except in the Equatorial North West
Indian Ocean. In the 300 m layer, the monthly average
OHC increased in the southern Red Sea region relative
to the other three regions throughout the study period,
except during the summer months. This sub-region
solely showed a clear increase in its OHC from
September to November.

Spatial distribution of monthly climatological ocean heat
content

Figures 4 and 5 show the OHC (per unit area) in
the study area, calculated within the upper water
column from the sea surface to depths of 100 and 300
m, respectively, during different months. The amount
of OHC varied spatially between 6x10° and 14x10°
J/m® in the upper 100 m. The minimum value was
observed in the Arabian Sea (grid 10) during summer
in June, whereas the maximum value was found in the
Equatorial North West Indian Ocean (grid 14) during
the transitional month of April. For the upper 300 m,
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and 300 m during the study period
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the amount of OHC varied between 17x10° and 29x10°
J/m®>. The minimum value was also observed in the
Arabian Sea (grid 10) in June, similar to as occurred
in the 100 m layer, whereas the maximum value was
observed in the South Red Sea in March.

During winter, the OHC ranged between 9.4x10°
and 11x10° J/m’ in the 100 m layer. The minimum
value was observed in the Gulf of Aden (grid 6) in
December, whereas the maximum value was found in
the Equatorial North West Indian Ocean (grid 16) in
March. In addition, Figure 4 depicts a slight increase
in the amount of OHC toward the open sea, except in
grid 15 within the Equatorial North West Indian
Ocean in January and April. For the 300 m layer, the
amount of OHC varied between 21x10° and
29x10° J/m*. The minimum value was observed in the
Equatorial North West Indian Ocean (grid 16) in
January, whereas the maximum value was found in
the South Red Sea in March. In the 300 m layer, the
OHC varied across the diverse sub-regions in the
study area.

During transitional months (April and May), the
amount of OHC varied between 10.5x10° and 12.4x10°
J/m? in the 100 m layer, whereas for the 300 m layer,
it varied between 23x10° and 28x10° J/m?, as shown in
Figure 4. The minimum value was observed in the
Equatorial North West Indian Ocean (grid 13) in
April, whereas the maximum value was observed in
the Equatorial North West Indian Ocean (grid 14) in

Fig. 4 — The monthly Ocean Heat Content (OHC) at 100 m and 300 m depth (January — June) (Size = 6.92 inch)
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Fig. 5 — The monthly Ocean Heat Content (OHC) at 100 m and 300 m depth (July — December) (Size = 6.92 inch)

May for the 100 m layer. For the upper 300 m, the
minimum OHC value was observed in the Equatorial
North West Indian Ocean in April, whereas the
maximum values were observed in the Arabian Sea
(grid 10) in May. The upper 100 m and 300 m layers
showed the similar OHC pattern.

During the summer (June to October), the OHC in
the study area exhibited a different behaviour. Results
revealed that the minimum values occurred close to
the coast, and then increased slightly toward the open
sea, reaching their maximum values in the Equatorial
North West Indian Ocean. In addition, the upper 100 m
layer and the 300 m layer showed the same OHC
pattern as observed during the transitional months.
The heat content varied between 6.5x10° and 11x10° J/m?
in the 100 m layer. For the upper 300 m, the OHC
varied from 19.5x10° to 25x10° J/m*. The minimum
value was observed within the Arabian Sea (grid 10)
in June for the two layers, whereas the maximum was
found in the Equatorial North West Indian Ocean
(grid 16) in August for the 100 m layer, and in July
and August for the 300 m layer in the Equatorial
North West Indian Ocean (grid 13).

Ocean heat content signal amplitudes distribution

The difference between the monthly maximum and
minimum OHC values for each grid was used to
calculate the OHC signal amplitudes. The horizontal
distribution of the signal amplitudes for each grid for
the upper 100 m and 300 m layers is shown in

Figure 6. This varied between 0.6x10° and
5.8x10° J/m* and between 3x10” and 11x10” J/m’ for
the upper 100 m and 300 m layers, respectively. Only
grid 10 in the Arabian Sea had the highest value at
both layers, while grid 13 in the Equatorial North
West Indian Ocean had the lowest value in the upper
100 m layer. For the upper 300 m layer, three grids
had the lowest values (grid 8 in the Arabian Sea and
grids 14 and 16 in the Indian Ocean at the Equator).

Discussion

Numerous phenomena, including upwelling,
marine heat waves, and Red Sea-Gulf of Aden
exchange have an impact on the Northwest Indian
Ocean (NWIO) region. Ocean Heat Content (OHC) in
the upper layer in this region is affected by all of these
phenomena. Additionally, the OHC is generally
crucial to the dynamics of the ocean.

In this study, the behaviour of monthly variations
of the mean OHC in the upper 100 m and 300 m layers
of the NWIO was examined along with the horizontal
distributions of monthly OHC and OHC signal
amplitudes.

In the upper 100 m layer, the monthly mean OHC
showed a similar pattern of variation across all regions,
except in the Equatorial North West Indian. In the lower
300 m layer, the climatological OHC is higher in the
Red Sea across months, which may be attributed to
water exchange between the Red Sea and the Gulf of
Aden through the Bab El-Mandeb Strait. This is in
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Fig. 6 — Annual amplitude of Ocean Heat Content (OHC) at 100 m and 300 m during the study period (Size = 6.92 inch)

agreement with the results of Maiyza & Mohamed®’.
Furthermore, the climatological OHC showed distinct
patterns of wvariation at the two layers of interest
throughout the seasons, except during summer. This
finding agrees with those of Maillard & Soliman',
Smeed'®, and Sofianos & Johns', who showed that
during the summer, the OHC decreased due to the colder
and thicker intermediate water of the Indian Ocean
inflowing to the Red Sea between 80 and 120 dbar.
Also, the temperature and salinity distributions are
extremely homogenous below the sill depth (137 m)
throughout the four seasons of the year'>"”,

During all months, the amount of OHC increased
slightly toward the open sea in the Equatorial North
West Indian Ocean, except in June for the upper 100
m layer. The thermal properties of each area within
the NWIO during the winter monsoon were precisely
displayed by the OHC values for the 300 m layer.
During summer and transitional months, the upper
100 m and the lower 300 m layers showed the same
OHC patterns.

The amount of OHC ranged between 6x10° and
14x10° J/m? in the upper 100 m. For the 300 m layer,
the amount varied between 17x10° and 29x10° J/m’.
The minimum OHC value observed in the Arabian
Sea in June in the upper 100 m and lower 300 m
depth layers may be attributed to upwelling in the
Arabian Sea during the summer season''. The
maximum OHC was found in the Equatorial North
West Indian Ocean in April for the upper 100 m layer.
Also, there was a high ocean heat content value in the
Arabian Sea in May, which might be associated with
the occurrence of Marine Heat Waves (MHWs)
during the pre-monsoon and summer monsoon
seasons'’. Chatterjee et al.” reported the MHW
characteristics for the Arabian Sea over the period

1982-2019. They discovered that the majority of the
marine heatwave days recorded annually occur during
the pre-monsoon and summer monsoon seasons, with
over 60 % of heatwave days in the Arabian Sea
occurring during these two seasons. The strongest
tendency during the pre-monsoon season is mainly
restricted to the western boundary of the Arabian Sea
along the coasts of Arabia and Somalia, the northern
Arabian Sea along the coast of Pakistan, and the
northwest coast of India. The western Arabian Sea
exhibits no discernible trend in heatwave days during
the summer monsoon. Nonetheless, the SST rapidly
cools near the western boundary of the Arabian Sea
by late May, when the summer monsoon winds begin
to sweep across the water”. In the northern and
southeast Arabian Sea near the west coast of India,
the duration of MHWs has increased, leading to more
frequent and significantly longer heatwave episodes
over the last ten years. Additionally, 2010 and 2016
witnessed the highest number of heat wave days, with
heat waves occurring on more than 75 % of days
throughout the pre-monsoon and summer monsoon
seasons. The present results agrees with those of
Gnanaseelan et al.”’, who found that high ocean heat
content values occurred at 62° E and 10° N during the
extreme southwest monsoon. Gupta et al’’
characterised the long-term evolution of MHWs, in
both space and time, in the Northern Indian Ocean.
Their results revealed that the regimes of MHW
intensity and frequency of occurrence exhibit the
same spatio-temporal patterns, and that both are
showing increasing trends in occurrence, which, in
turn, have important consequences for thermal
stratification.

The ocean heat content signal amplitudes varied
between 0.6x10° and 5.8x10° J/m® and between 3x10°
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and 11x10° J/m* for the upper 100 m and 300 m
layers, respectively. Only in the Arabian Sea, the
OHC signal had the greatest value at both layers,
because of the temperature difference between the
MHWs and the cold upwelling water. This agrees
with the conclusion of Maiyza & Mohamed”. They
showed that there was high amplitude of Sea Surface
Temperature Anomaly (SSTA) in the Gulf of Aden
and Arabian Sea. In the Equatorial North West Indian
Ocean, the OHC signal amplitude was lowest for the
upper 100 m layer. For the 300 m layer, several grids
had the lowest values (in the Arabian Sea and Indian
Ocean at the equator). This lowest annual signal
amplitude shows the homogeneity of the water masses
in these grids throughout the year.

Conclusion

To conclude, this study computed the ocean heat
content patterns and signal amplitudes from the
available historical seawater temperature and salinity
data in the upper 100 m and 300 m layers of the
NWIO. In the upper 100 and 300 m layers, this
region, except the Equatorial North West Indian
Ocean, displayed the a similar pattern of monthly
average ocean heat content. Additionally, throughout
the winter and transitional months, the Red Sea's
bottom layer displayed a different pattern. The annual
amplitude in the NWIO region was found to be
uniform, with the Arabian Sea having the largest
annual amplitude in both layers. Future research
focusing on ocean heat content and its impact on
climate change in this region is highly recommended.
Also, the investigation of the relationship between
ocean heat content and the NWIO region’s
phenomena, such as the Indian Ocean Dipole,
circulation systems, upwelling, and monsoon regimes,
is essential.
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