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ABSTRACT

The study aims to understand the intra-annual variability of pH, dissolved oxygen and thermo-haline properties
of central Arabian Sea to discern its implications on sound absorption properties. The study was carried out utilizing
one year Argo float data (WMO ID 1902458) during 2023-2024. The pH distribution exhibited a typical vertical
pattern characterized by a surface maximum, a sub-surface minimum, and a gradual increase with increasing depth.
The pH distribution showed a pronounced downward gradient, coinciding with a strong downward gradient in
temperature and dissolved oxygen. This suggests a robust correlation between pH vs dissolved oxygen (R°=0.97) and
pH vs temperature (R’°=0.91) in the thermocline region. The study emphasizes the significant impact of Arabian Sea
High Saline Water mass and Bay of Bengal low saline waters on pH variability. Furthermore, the findings highlight
the important influence of pH fluctuations on sound absorption properties, emphasizing the need to consider these

factors in oceanographic characterization.
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1. INTRODUCTION

The Arabian Sea (AS) located in the western part of the
Northern Indian Ocean (NIO) is regarded as one of the most
productive regions of the world ocean and is characterized
by seasonally reversing monsoonal winds'3. This unique
seasonal reversal in atmospheric forcing during summer and
winter monsoon play a vital role in the variability of thermo-
haline structure, circulation, and biogeochemical distributions
in the upper layers of water column in the AS'*7. In summer
monsoon, the enhanced productivity in central AS is primarily
attributed to the lateral advection of nutrient rich coastal
waters, with minor contribution from vertical mixing®. Arabian
Sea undergoes rapid biogeochemical changes witnessing a
temperature rise,”"" a rise in CO,"?, and a drop in pH""'*. The
sea-surface temperature and mixed layer depth in the central
Arabian Sea were mainly controlled by wind forcing and
incoming solar radiation’. The AS has one of the world’s most
pronounced and intense Oxygen minimum zones (OMZs)'5,
with previous reports indicating an expansion in AS OMZ'5"7.

Since the beginning of the Industrial Revolution, ocean
acidification has been observed and is expected to further
decrease the ocean pH in the future, which has a significant
impact in the operation of commercial, scientific and naval
applications based on ocean acoustics'®!”. Previous studies
have reported that, for pH reduction by 0.3, from 8.1 to 7.8,
has resulted in a 40 % decrease in the acoustic absorption at
low frequencies (<1 KHz), leading to a considerable increase
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in the ocean noise*”?'. The human-induced CO, absorbed by
the ocean gets transported to the deeper layers of the water
column leading to a reduction in pH of deeper waters!!, that
has a substantial effect on the sound absorption properties
used in acoustics!®22! Although few studies are available
revealing the seasonal variations in pH in the surface waters
of NIO?*% and in the coastal waters of AS'4, an understanding
of pH variability in the sub-surface and deeper layers of
Arabian Sea is still in the fundamental stage!!. Very recently,
Shetye, et al., have documented the seasonal, temporal and
spatial variations in pH and the factors influencing pH in the
NIO'". The vertical pH variability give an idea about vertical
mixing and stratification, and also could reveal the extent of
photosynthetic zone (euphotic zone), where phytoplankton
conduct photosynthesis?. The objectives of the study focus
on assessing (1) seasonal variations of temperature, salinity,
dissolved oxygen, and pH along the Argo float trajectory and
the factors controlling their variability (2) the significance of
pH changes in central Arabian Sea and its implications on
acoustic propagation.

2. METHODOLOGY
2.1 Study Area

During summer monsoon, the strong southwesterly winds
prevail and the monsoon current is strong and flows south-
eastward (Fig. 1(b)). During Fall Inter Monsoon, the winds are
observed to be weak and a shift in the wind pattern from the
southwest direction to the northeast is observed. The currents
are also observed to be weak during this transition period. In
winter monsoon, the northeast monsoon sets in with strong
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northeasterly winds and the current flows north westward.
Similar to Fall Inter Monsoon, the winds and currents during
Spring Inter Monsoon are also observed to be weak.
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Figure 1. (a) Location map showing the trajectory of Argo
float (WMO ID 1902458) during June 2023 to June
2024. Red, green, yellow and blue circles indicates
the trajectories of Argo float in summer, fall, winter
and spring monsoon seasons, respectively. Black circle
designate the Argo float deployment location; and
(b) monthly evolution of ERA 5 wind and CMEMS
currents, averaged over the float location in the AS.

2.2 Data and Methods

The Argo data used in this study were obtained from the
Coriolis Argo Global Data Assembly Centre, with float number
WMO ID: 1902458 deployed near the south central Arabian
Sea (12.5°N, 67.4°E) during June 2023. The float was equipped
with a SBE41CP CTD unit to measure conductivity (salinity),
temperature and an SBE 63 OPTODE 3251 dissolved oxygen
sensor. In addition, the float was fitted with an SBE SEAFET
720-11597 TRANSISTOR-pH sensor for measuring the pH.
The analytical precision was ~0.004 for pH. The Argo float
acquire data at predetermined depths every 2 m in the upper
1000 m and every 50 m between depths of 1000 and 2000 m
during their ascent and the temporal resolution was every ten
days. The Argo float is still active and we specifically report
data collected between 14-06-2023 and 08-06-2024. The
deployment location (shown as circle) and the trajectory of the
float deployed in the region are shown in Fig. 1(a).

We defined Mixed Layer Depth (MLD) as the depth at
which the temperature showed 1 °C drop from its surface
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Depth (m)

value. The two water masses observed in the upper 100 m are
low saline Bay of Bengal water mass (BBW; o, < 22 kg m”,
salinity 34-35 psu) and Arabian Sea High Saline water mass
(ASHSW; ¢,~23-24 kg m?, salinity >36.00 psu, temperature
28-24 °C)*?*. The core of ASHSW (S_ ) is defined as
the maximum salinity value observed while the depth
corresponding to this maximum salinity is designated as S_
D. The sound absorption was calculated using the formula
put forth by Francois and Garrison [28]. We have represented
the following seasons during the year: Summer Monsoon
(SM; June-September), Fall Inter Monsoon (FIM; October-
November), Winter Monsoon (WM; December—March), and
Spring Inter Monsoon (SIM; April-May). In this study, we
have focused on analysing data in the upper 500 m for dissolved
oxygen and pH, and 200 m depth for other parameters.

3. RESULTS AND DISCUSSION
3.1 Observed Variability of Thermo-Haline Structure
The time—depth sections of temperature (°C) and
salinity (psu) along the Argo trajectory in the upper 200
m of the water column, are exhibited in Fig. 2(a) and
Fig. 2(b), respectively. The sea surface temperature (SST) in
the Argo float trajectory ranged from 27.64 °C to 31.21 °C with
minimum and maximum temperatures observed in the month
of February and May, respectively. The average SST in SM,
FIM, WM, and SIM was found to be 28.96 °C, 29.63 °C, 28.67
°C, and 30.69 °C respectively. The near-surface temperature
exhibits a strong bimodal signal consistent with earlier studies,
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Depth-time section of (a) temperature; and (b)
salinity along the Argo float trajectory. MLD and
D23 is marked as thick black line and dashed line,
respectively. S D is indicated as blue line in Fig.
2(b).

Figure 2.
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with warming observed during SIM (April-May) and FIM
(October-November), and cooling observed during the SM
(June-September) and WM (December-February) seasons.
The SST in Arabian Sea is mostly influenced by factors such
as surface heat fluxes, vertical mixing, horizontal and vertical
advection®*!12%3! The average position of the depth of the 23
°C isotherm (D23), which is regarded as a proxy for permanent
thermocline was observed around 100 m depth and it varied
between 75 m to 120 m depth (Fig. 2(a)).

The MLD varied from 22 m to 92 m, with the deepest
MLD observed during August and the shallowest during May.
The mixed layer showed a deepening tendency after the onset
of SM and it reaches its deepest MLD in August. The deepening
of mixed layer can be ascribed to the strong wind-induced
vertical mixing and convective overturning due to net heat loss
from the surface’. From September onwards, shallowing of
mixed layer is observed and the shallowest MLD is observed
during SIM period. This might be due to the increasing surface
net heat flux and lower wind speed conditions resulting in the
warming and shallowing of mixed layer during FIM and SIM?.
During WM, the MLD gets slightly deepened (74 m) compared
to FIM and relatively shallower compared to SM, attributed to
weak surface forcing®.

The salinity data from the Argo float shows comparatively
low saline waters (34.7-34.8) in the near surface layer and
relatively high saline waters (>36.0) in the sub-surface layer
during April-May, resulting a strong halocline in the near
surface layer during SIM period (Fig. 2(b)). The increased
evaporative cooling driven by dry air (low humidity) from the
north leads to the convective formation of ASHSW during WM
in the northern AS and it spreads southward along the constant
density surface (o, ~24 kg m?) [31]. It generally occurs at
deeper depths (90-100 m) during April-May and relatively at
shallower depths (50-60 m) during September-October in the
central AS [32]. In this study, the S (core of ASHSW) ranged
between 36.02 and 36.57 psu, with the minimum core value
recorded at April and maximum at December (Fig. 2b). The S
D extends from the surface till 100 m depth. It is evident that
the core of ASHSW appears weaker in SM, while its intensity
is getting stronger in WM. In the open ocean, the mixed layer
salinity evolution is influenced by various processes including
local fresh water flux (evaporation-precipitation), horizontal
advection leading to salinity redistribution, and entrainment
through the mixed layer base’. Horizontal advection in the
southeastern Arabian Sea plays a significant contribution on
mixed layer salinity modulation than local fresh water flux and
vertical process 3,

In the present study, the low salinity waters observed
in the near surface layer during April-May, along the float
trajectory is primarily attributed to the influence of Bay of
Bengal low saline water mass. During this time, the Argo
float was located (~11.5°N, 67.4°E) at the southern part of its
trajectory (blue circles in Fig.1), and the thermohaline indices
of this low-salinity water suggest the presence of BBW. During
the winter monsoon (December—February), the East India
Coastal Current (EICC) bifurcates south of Sri Lanka, with one
branch flowing northward as the West India Coastal Current
(WICC). This current transports low-salinity Bay of Bengal
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Water (BBW) into the southeastern Arabian Sea (SEAS), with
the intrusion typically ceasing by February—March. However,
the intruded BBW recirculates within the region and spreads
southwestward, influenced by the prevailing anticyclonic eddy
circulation of the Laccadive High. This low-salinity water
is believed to be one of the key drivers for the formation of
the Arabian Sea Warm Pool>*. Similar salinity structures
in the SEAS during March—-May have also been reported
by Ravichandran, et al’. Following the onset of SM, the
clockwise gyral circulation in the AS transports relatively high
saline waters from the northern AS to southern regions™*.
This influx of high saline water replaces the pre-existing
low salinity waters during SIM and relatively high saline
waters were observed during SM, as evidently depicted in the
Fig. 2(b).

3.2 Observed Variability in Dissolved Oxygen and
pH

The depth-time section of dissolved oxygen (DO) and
pH in the upper 500 m of the water column are displayed in
Fig. 3(a) and Fig. 3(b), respectively. The vertical profile of DO
shows maximum concentration of 180-200 uM in the upper
60 m of the water column, irrespective of all the seasons. The
oxycline region is observed at depths of 40-110 m. The OMZ
(where the DO concentration < 22 pM?¢) is found in the depth
range of 110-1000 m, consistent with previous studies®*’** The
oxycline region shows its shallowest (deepest) depth during
October-November (June-July, March-April) associated with
shoaling (deepening) of the thermocline.

Atthe surface, pH ranged from 7.98 to 8.04, with minimum
(maximum) pH observed in June, 2023 (February, 2024). The
surface waters showed higher pH in WM followed by FIM and
lower pH values observed during SM and SIM period. In a
study conducted in the Southeastern AS in 1962, the surface
pH was observed to be 8.3%, whereas the present study showed
a maximum surface pH of 8.04, indicating a decline of 0.26
units over the past 62 years. The pH difference within the MLD
showed only small variation, while the thermocline region
exhibited a sharp gradient in pH, irrespective of all the seasons.
The spatial and seasonal variations in pH is regulated by both
physical and biological processes, which are in turn influenced
by the seasonal reversal of monsoonal winds?.

The vertical distribution of pH showed a consistent pattern
in all the seasons, characterized by a surface maximum followed
by a sub-surface minimum, and a gradual rise with increasing
depth. The pH varied from 7.57 to 8.04, with minimum
(maximum) pH observed in June, 2023 (February, 2024) at
256 m and surface layers, respectively. The higher pH values
observed in the surface layers was attributed to the consumption
of CO, by photosynthesis. But the pH values dropped rapidly
in the sub-surface waters as a result of respiration processes
releasing CO,?. The vertical pH distribution exhibited similar
pattern as that of DO content, suggesting a marked relationship
existing between the pH and variations in DO. The pH showed
its maximum values mostly in regions where the maximum
DO concentration is observed. Moreover, these high pH values
at the surface is attributed to the photosynthetic removal of
CO, by phytoplankton®. The maximum pH is observed in the
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Figure 3. Depth-time section of (a) DO and (b) pH in the upper
500 m water column along the Argo float trajectory.
The depth corresponding to pH minimum values
(pH_,) in all the profiles are indicated as a thin red
line in Fig. 3(a) and Fig. 3(b).

surface waters, where maximum photosynthesis takes place.
In this study, the maximum pH observed zone extends from
the surface till 56 m depth from June 2023 to June 2024. The
maximum pH observed below the surface waters might be
attributed to the occurrence of Arabian Sea high saline water
mass near the surface layers. Irrespective of all the seasons, the
maximum pH observed zone is found in the surface and near-
surface waters.

The pH distribution exhibited a marked downward
gradient, coinciding with a strong downward gradient in
temperature and DO concentration. The thermocline in all the
profiles marks a transition zone in pH. The lowest pH in the
vertical profile of pH from June 2023 to June 2024 occurred
within the depth range of 236 m to 388 m. The minimum
pH value in all the profiles is observed mostly in the intense
oxygen minimum zone and is clearly visible in the Fig. 3(a).
The correlation analysis performed between the pH values
with temperature and DO concentration in the thermocline
region revealed significant relationship existing between these
parameters. The scatter plots of pH vs DO (R’=0.97) and
temperature vs pH (R?=0.91) designated in Fig. 4(a) and Fig.
4(b), respectively showed significant correlation.

3.3 Water Masses and pH Variability

The ASHSW typically occupies the region between the
surface and the upper thermocline layer. Notably, when the
core of the ASHSW is observed near the surface, there is a
coincidental occurrence of pH maxima at corresponding
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Figure 4. Scatter plots of (a) pH vs DO and (b) pH vs temperature
in the thermocline region.

depths. This phenomenon is evidently observed in multiple
profiles from August to October 2023 and from February to
June 2024, where pH maxima occurred at depths ranging from
14 m to 56 m. Furthermore, it is intriguing to observe that the
pH exhibited a weak gradient at depths corresponding to the
ASHSW. This weak pH gradient is attributed to the ASHSW,
which typically forms in the northern Arabian Sea due to
intense evaporation and associated convective mixing. The
influence of low saline BBW in the study region during April-
May leads to a decrease in pH values in the surface waters.
This might be due to the elevated acidification rates reported in
the coastal Bay of Bengal resulting from anthropogenic input
of pollutants to the atmosphere and subsequent deposition
instigating significant decline in pH*.

3.4 Impact of pH Variations on Sound Absorption

Properties

Figure 5 illustrates the intricate relationship between
sound absorption, frequency, and pH in the South Central AS.
Utilizing the Francois and Garrison Method, sound absorption
values (in dB) were calculated across a frequency spectrum
ranging from 500 Hz to 10 kHz, corresponding to pH values
ranging from 8.04 to 7.6 at depths ranging from the surface
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Figure 5. Illustration of the non-linear change in sound absorption
at 10 km range (in dB) across a frequency range
from 500 Hz to 10 kHz, showcasing the impact of
pH variation from 8.04 to 7.6 from surface to 200
m depth.

to 200 m?®. The calculations were based on mean temperature
and salinity values of 29 °C and 36.1 for the surface, and 15.5
°C and 35.5 for 200 m depth. Notably, a significant decrease
in absorption was observed for pH values at 200 m depth,
particularly for frequencies up to 7.5 kHz. Conversely, an
increase in absorption was noted for higher frequencies (>8
kHz). Specifically, the reduction in absorption values for
frequencies of 4 kHz amounted to ~ 30 %, while there was a
corresponding increase of ~ 20 % for frequencies of 10 kHz,
thus emphasizing the complex relationship between pH and
frequency-dependent sound characteristics.

5. CONCLUSIONS

The study investigates the seasonal variations in
temperature, salinity, dissolved oxygen and pH in the upper
200 m along the Argo float trajectory in Central AS from June
2023 to June 2024. SST ranged from 27.64 °C to 31.21 °C,
with maximum (minimum) temperatures observed in May
(February). The MLD exhibited a deepening tendency after the
onset of SM, reaching a maximum depth of 92 m in August,
attributed to wind-induced vertical mixing and convective
overturning. Conversely, shallowing of mixed layer was
observed during FIM and SIM, reaching its minimum MLD
during May, likely due to increased surface net heat flux and
lower wind speeds. The ASHSW extended up to 150 m depth,
with the core salinity (S_ ) ranging from 36.04 to 36.57 psu,
exhibiting seasonal variations. The core of ASHSW appears
weaker in SM, while its intensity is getting stronger in WM. A
strong halocline was observed in the near surface layer during
SIM period due to the intrusion of low saline BBW into the
study region. The pH in the surface layers ranged from 7.98 to
8.04, with minimum (maximum) pH observed in June, 2023
(February, 2024). The higher pH values observed in all profiles
are associated with higher temperature and greater dissolved
oxygen content. The minimum pH value in all the profiles is
observed mostly in the intense oxygen minimum zone below
the thermocline region. The scatter plot analysis revealed
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significant correlation existing between pH vs temperature
(R°=0.91) and pH vs DO (R?=0.97) in thermocline region. The
study also highlights the role of ASHSW and BBW in regulating
pH variability. These findings underscore the substantial impact
of pH variations on sound absorption properties in the Central
Arabian Sea, highlighting the complex interplay between
oceanic acidity, sound propagation, and frequency-dependent
absorption characteristics.
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