OCEANS 2022 - Chennai | 978-1-6654-1821-8/22/$31.00 ©2022 IEEE | DOI: 10.1109/0CEANSChennai45887.2022.9775509

Sound Speed Variability over Bay of Bengal
from Argo Observations (2011-2020)

1% Sudip Jana
Department of Mathematics
Adamas University

2" Avijit Gangopadhyay
School for Marine Science and

Kolkata, India  Technology
sudip.ocn@gmail.com University of Massachusetts
Dartmouth

Dartmouth, MA, USA
avijit.gangopadhyay@umassd.edu

Abstract—In this paper, we study the spatio-temporal
variability of the sound speed in the Bay of Bengal (BoB) estimated
from the Argo observation data during 2011 - 2020. We perform
domain-wide and region specific analysis of the sound speed
structure and identify the regions and times of higher variabilities.
The domain-wide spatio-temporal variability in the sound speed is
maximum in the thermocline layers near 110 m depth. This
variability is smaller at around 35-40m depth but increases in the
surface layers. The regions of higher temporal and spatial
variability vary with depth and time. In the surface layers, the
variability is large in the northern part of the Bay but in the
subsurface and the layers underneath, it is large along the entire
western boundary from the north to south. Due to the combined
impact of temperature inversion and the positive salinity gradient,
the northern BoB experiences a significant positive vertical
gradient in sound speed above the sonic layer depth (SLD) during
the postmonsoon and winter periods. This gradient supports
strong surface ducting and formation of the shadow zone below
the SLD.

Keywords—Sound speed variability, Bay of Bengal, Argo data,
Sonic layer depth, Surface duct, Uncertainty characterization

L INTRODUCTION

Underwater sound propagation has many important
implications in acoustic communication, detecting underwater
objects, and observing and monitoring the ocean interior and
different oceanic processes. The analysis of the sound speed
structure and its variability is essential to understand and
predict the underwater refraction of sound and hence the
formation of surface sound duct and shadow zone. The sound
speed in the ocean depends on temperature, salinity and
pressure and increases with all these three parameters. Among
these three parameters, the temperature and salinity vary widely
over space and time depending upon different oceanic and
atmospheric conditions. In general the temperature plays the
dominant role in controlling the variability in sound speed.
However, the salinity impact becomes important in the regions
where the salinity contrast is very large. The Bay of Bengal
(BoB) is one such region that realizes a remarkable spatial and
seasonal contrast in both temperature and salinity due to
multiple factors.
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The excess freshwater influx, intrusion of equatorial
currents, seasonally reversing western boundary currents,
eddies, basin to sub-basic scale gyres, and equatorial remote
forcing substantially modulate the thermohaline structure and
its variability in the BoB. The enormous amount of freshwater
input from the monsoon rain and the runoff of a number of
rivers results in extreme surface freshening in the northern BoB
[1]-[6], which leads to the formation of barrier layer and
temperature inversions [7]-[11]. The northward flowing
Western Boundary Current (WBC) during spring carries salty
water towards the north [12] —[14] while the southward flowing
East India Coastal Current (EICC) carries low-saline water
from the north to the south [4], [15]. The boundary currents and
associated eddies lead to significant variability in the
thermocline region. The southwest monsoon wind results in
upwelling of colder subsurface water to the surface along the
west coast during the summer [16]. The BoB remains populated
by several eddies of shorter to longer time scales throughout the
year. The intrusion of Southwest Monsoon Current (SMC)
through the southwest corner during the monsoon period
supplies warm and salty water that helps maintain the salinity
balance in the BoB [17], [18]. The equatorial remote forcing,
such as, the upwelling and downwelling Kelvin waves
modulates the currents and the thermohaline structure [19]. All
these factors affect the thermohaline structure of different parts
of the BoB and eventually affect the sound speed of this region.
Understanding of the spatial and seasonal distribution of the
sound speed variability is useful for ocean acoustic modeling,
sensing, and data assimilation [20]-[23]. Therefore, it is
worthwhile to study the sound speed variability in the BoB.

A number of previous studies investigates different aspects
of the BoB and Arabian Sea sound speed structures. Reference
[24] studied the sound speed structure in the BoB and the
Arabian Sea using the Levitus annual climatology. Reference
[25] estimated SLD from surface parameters using an artificial
neural network technique. Reference [26] investigated the
seasonal variability of SLD in the central Arabian Sea. Using
two climatologies, [27] studied the variability in the sound
speed and the SOFAR channel in the Indian Ocean. Reference
[28] used World Ocean Atlas (WOAO1) climatology and Argo
in situ data to study the distribution of the SLD in the Arabian
Sea. Reference [29] used hourly mooring profiles and studied
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the relative impact of temperature and salinity on the sound
speed in the central Arabian Sea. Using the World Ocean Atlas
2013 (WOA13) annual data, [30] studied the variability of the
sound channel over the BoB and Arabian Sea. Reference [31]
used Argo data and studied the relationship between SLD and
MLD in the Arabian Sea. Reference [32] studied the
characteristics of the sound channel in the south central BoB.
Reference [33] showed the afternoon effect in sound speed
profiles in the central BoB using the high resolution Glider data.

Note, the variability of sound speed can also be analyzed
from the climatology data. However, as the climatology fields
are smooth and obtained from the long term average of data, the
synoptic variabilities get diluted significantly. Because of the
Argo project, the in-situ data coverage has significantly
increased in the BoB. So, we have taken the opportunity to
utilize the Argo observation data to capture the main properties
(time and space scales, regionality, amplitudes, etc.) of the
variability in the sound speed of the BoB upper ocean.

The main purpose of this study is to estimate the observed
sound speed variability to (i) identify the regions and times of
higher variabilities, and (ii) explore the sound speed structures
and variabilities in different parts of the BoB.

The paper is organized as follows. Section II describes the
data and the methodology used in this study. Section III
presents the results on the sound speed variability. Section IV
summarizes the study by highlighting the major findings.

1L DATA AND METHOD

A. Argo Data

The sound speed profiles in this study were estimated from
the temperature and salinity profiles from the Argo
observations over the period 2011 - 2020. The Argo data were
obtained from the corioli’s website
(ftp://ftp.ifremer.fr/ifremer/argo/geo/indian_ocean). The Argo
floats provide temperature and salinity data up to a depth of
2000m. All the Argo data are gone through several standard
automated quality checks before being available for the users
(in the webserver). All the Argo profiles were subjected to
robust statistical and visual quality checks to remove the
outliers and spurious values before using them for analysis in
this study. We removed the profiles having data values outside
two standard deviations from the mean profiles. The profiles,
which have at least one observation within the upper 20m and
extended down to 500 m and beyond, are considered in this
study to make the spatial variability analysis consistent at
different depths. A total of 14246 profiles were finally archived
for this analysis over the 10-year period (Fig. 1). Month by
month spatial distribution of the profiles are shown in Fig. 2.
There is very little data available in the Andama Sea. However,
other parts of the BoB have adequate data coverage in all the
months.

B. Computation of Sound Speed

Due to unavailability of the direct measurements, the sound
speed profiles were estimated from the Argo temperature and
salinity profiles using the UNESCO equation [34]. All the
temperature, salinity and sound speed profiles have been
interpolated to a regular vertical grid with 1m resolution

between 5m to 500m depths. The top depth is considered as 5
m because of there is a smaller number of data above this depth.
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Fig. 1. Spatial distribution of all the Argo observations (grey dots) during
2011-2020 used in this study. The outer black box represents the study domain
and the inner smaller boxes represent the sub-domains considered for the
region-specific variability in sound speed. The definition of the domain and
sub-domains are mentioned in Table 1.
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Fig. 2. Monthly maps of spatial distribution of Argo data used in the analysis.
There are very little amount of data available in the Andaman Sea.

TABLE L. SPECIFICATION OF THE DOMAIN AND SUB-DOMAINS

Sub- Domain Boundaries Description

Domain

Names

BoB 80 —99°E; 6 — 23°N Entire domain Bay of Bengal
N-BoB 86 —93°E;16 — 21°N Northern BoB

C-BoB 86 —93°E; 11 — 16°N Central BoB

S-BoB 86 —93°E; 6 — 11°N Southern BoB

CW-BoB | 80.5 —86°E;12 — 18°N Central Western BoB
SW-BoB | 80.5 —86°E;6 — 12°N South Western BoB

AS 93 —98°E; 8 — 14°N Andaman Sea
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C. Selection of Domain and Subdomains

In order to study the region specific variability, we have
divided the entire domain into subdomains. We considered six
boxes (Fig. 1) covering most of the area of the domain, say
North (N-BoB), South (S-BoB), Central (C-BoB), Central-
West (CW-BoB), South-West (SW-BoB) and Andamas Sea
(AS). These boxes are influenced by different oceanographic
processes.

I11. RESULTS AND DISCUSSION

A. Domain-wide Variability

Fig. 3 presents the depth-dependent domain-wide spatio-
temporal variability of the temperature, salinity and sound
speed over the BoB. It is evident from the figure that the BoB
temperature, salinity and sound speed present a wide range of
variability over space and time. The temperature variability is
largest in the thermocline layers while the salinity variability is
largest in the surface layers. The sound speed also shows higher
variability in the thermocline region with a maximum standard
deviation (SD) of 6 m/s near 110 m depth. The pattern of sound
speed wvariability follows that of the temperature, which
indicates the dominant impact of temperature on sound speed
on a domain-wide scale. The SD decreases towards the surface
to a minimum of ~2.4 m/s near 35 m depth and again increases
to ~3 m/s near the surface. Note, the variability at the surface is
underestimated in this analysis as the observation is not
available near the northern end where salinity variability is
largest and has greater impact on sound speed. The range
(maximum — minimum) of sound speed is around 20 m/s, while
that goes to ~40 m/s in the thermocline depths.

To identify the regions of higher temporal variability at
different depths, we present maps of mean (Fig. 4) and SD (Fig.
5) over a 1° X 1° regular horizontal grid at Sm, 35m, 110m and
500m depths. These depths are selected based on the higher and
lower variabilities shown in Fig. 3. At each grid point, all the
data within a 2° x 2° cell having the grid point at the centre are
used in the mean and SD computation. Moreover, we have
considered the only grids which contain data from all the twelve
months and totalling at least 30 values to ensure statistical
consistency.

Near the surface, the northern part of the BoB shows higher
variability with a maximum of ~5 m/s, while the southern end
shows the lowest variability. The distribution of this variability
is quite consistent with the temperature and salinity variability.
At 35m depth, the larger variability is seen in the northern end
and southwestern part of the BoB. At this depth the salinity
impact is smaller than that of the surface. At 110 m depth, the
sound speed variability is significantly high and the spatial
pattern of the variability is remarkably different from that on
the surface. At this depth the largest variability is observed
along the western boundary. The magnitude and the spatial
pattern of this variability is consistent with those of the
temperature variability confirming the dominant impact of
temperature. Salinity variability and its impact on sound speed
is negligible at this depth. At 500 m depth, the sound speed
variability is very small (mostly less than 1.2 m/s) and follows
the temperature variability.
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Fig. 3. Domain-wide spatio-temporal mean (left column: black line) and
standard deviation (right column: red line) profiles of temperature (top row),
salinity (middle row) and sound speed (bottom row) over the BoB obtained
from all the Argo observations during 2011-2020. Green lines in the left column
represent all the individual profiles of corresponding parameter
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Fig. 4. Spatial maps of temporal mean of temperature (top row), salinity
(middle row), and sound speed (bottom row) at Sm (left column), 35m (2nd
column), 110m (3rd column) and 500m (last column).
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Fig. 5. Spatial maps of temporal standard deviation of temperature (top row),
salinity (middle row), and sound speed (bottom row) at Sm (left column), 35m
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Fig. 6. Time depth variation of the spatio-temporal mean (top), standard
deviation (middle) and vertical gradient of sound speed over the northern BoB
(N-BoB) region.

B. Region Specific Variability

It is evident from the previous section that the sound speed
variabilities vary significantly with regions. Moreover,
different oceanographic processes affect the sound speed
variability at different parts of the domain at different time

scales. So, we divided the domain into multiple smaller
subdomains (Fig. 1 and Table 1) to explain the region specific
variabilities. We have considered six boxes covering almost the
entire BoB as representatives of six sub-regions. At each of the
boxes we have analyzed the month-depth variation of the mean
and standard deviation of sound speed (Fig. 6-11). At each of
the boxes, to compute the mean and standard deviation for a
month, we considered the profiles of that month over all the
years within the specific box. We also present the mean vertical
gradient of the sound speed at each of the boxes.

Northern BoB: The northern BoB experiences a large
variation in both temperature and salinity in the surface. Due to
freshwater input from Ganges-Brahmaputra-Meghna (GBM)
river system along with the monsoon rain reduces the salinity
of this region throughout the year with a maximum intensity
during monsoon and postmensoon period. Due to this
freshwater induced stratification in the surface layers results in
barrier layer formation below the mixed layer. Heat gets
trapped within the barrier layer that eventually leads to the
formation of subsurface temperature inversion in the winter. In
addition, the surface temperature in this region drops
significantly during the winter and experiences the lowest
temperature in the domain.
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Fig. 7. Same as Fig. 6 but for central BoB (C-BoB) region.
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Fig. 8. Same as Fig. 6 but for south BoB (S-BoB) region.

Fig. 6 shows the sound speed variability in the northern
BoB. The average sound speed on the surface is maximum
(~1544 m/s) during May when the surface temperature is
maximum and the freshwater impact is minimum. After the
onset of summer monsoon in June, the supply of freshwater
from rivers and rain increases, which reduces the salinity and
eventually the sound speed. Note, the signature of the
freshwater impact in terms of lower salinity in June is not
evident due to lack of the data close to GBM river mouth.
During the winter, the surface temperature drops and hence the
sound speed. The impact of cold temperature along with the
lower salinity leads to the lowest surface sound speed during
the winter (~1533 in January-February).

The sound speed in this region shows a prominent
subsurface maxima (Fig. 6 top) associated with positive vertical
gradient (Fig. 6 bottom) throughout the year except during
April-May. Due to hydrostatic pressure, the sound speed
increases with depth within the mixed layer. However, in this
region, the temperature and salinity is more responsible for this
subsurface maxima than the hydrostatic pressure. Higher
salinity gradient in the stratified layer results in enhanced
vertical gradient in the sound speed. In addition, during the
winter the presence of temperature inversion substantially
enhances the subsurface maxima. The subsurface maxima and

the corresponding positive gradient in sound speed is largest
during the winter which is the combined impact of temperature
inversion and the salinity stratification. This large positive
gradient results in upward refraction of sound and has a
significant implication on formation of surface ducting and
shadow zone. Note, the sound speed in the deeper layers of this
region does not show any significant seasonal variation. The
variability in the sound speed is seen to be higher in the
thermocline layers. This variability is substantially large during
the spring with a maximum intensity (~8.3 m/s) near 115-120
m depth during April. Another moderate peak in this layer can
be seen in September. At the surface, the variability is higher
during the winter.

Depth (m)

Depth (m)

Fig. 9. Same as Fig. 6 but for central west BoB (CW-BoB) region.

Central BoB: This region is free from any direct impact
from major oceanic processes of the BoB, such as freshwater
plume, equatorial currents, boundary currents and the coastal
upwelling. The region does not show any specific circulation
features, rather mostly affected by several eddies. As the central
BoB is the link between the fresher northern part and saltier
southern part, it shows moderate salinity variation. Fig. 7
demonstrates the sound speed variability in the central BoB
region. The average surface sound speed ranges from 1537 m/s
in February to 1544 m/s in May. The positive vertical gradient
is very weak in this region. There is no signature of positive
gradient during March-May indicating the absence of a sonic
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layer during this time. The moderately higher vertical gradient
in February is due to the presence of the temperature inversion
in the northern part of this region along with comparatively
lower surface salinity. The variability in the thermocline depth
is weak compared to the other regions of the BoB. The
maximum variability (~6.2 m/s) is seen in May near 125 m
depth.
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Fig. 10. Same as Fig. 6 but for southwest BoB (SW-BoB) region.

Southern BoB: The southern Bay is influenced by the
equatorial Indian Ocean processes. The surface layers remain
warmer and saltier compared to the northern BoB throughout
the year. The sound speed variability in this region is shown in
Fig. 8. The vertical salinity gradient remains small. The average
surface sound speed remains higher throughout the year and
shows very little seasonal variation with maximum (~1544 m/s)
in April-May and minimum (~1541 m/s) in January-February.
The subsurface maxima is mostly diluted and the positive
vertical gradient is very small. During March-April, there is no
clear signature of positive gradient and hence the sonic layer
depth. The largest variability could be seen in the thermocline
depth with a maximum (~6.4 m/s) in July near 120-170 m
depth.

Western BoB: The western part of the BoB is influenced by
the seasonally reversing western boundary currents and a
number eddies throughout the year. The Figures 9 and 10 show

the sound speed variations over the central and southern part of
the western BoB respectively. The average surface sound speed
in the central (southern) part ranges from ~1537 m/s (~1539
m/s) in January-February to ~1545 m/s in May (April-May).
The surface sound speed in the central part is lower than that in
the southern part. The subsurface maxima is more prominent
with stronger positive vertical gradients in the central part than
that in the southern part. This is due to the greater freshwater
impact in the central part. The EICC carries low saline water in
the southern part during October-December. Note, below the
SLD, the intensity of the negative vertical gradient shows a
clear seasonality in the western BoB. The negative gradient is
greater in the southern part than the central part. The occurrence
of the higher variability in the thermocline region is different in
the central and southern part. The maximum variability in the
central part occurs during March-May near 125 m depth, while
that in the southern part occurs during September-October near
100m depth.

Andaman Sea: In the Andaman Sea region we have very
little data, which does not provide enough confidence to
conclude about the sound speed variability of the region.
However, we present the variability analysis in Figure 11 from
the available data to provide an indication.
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Fig. 11. Same as Fig. 6 but for Andaman Sea (AS) region.
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IV. SUMMARY AND CONCLUSION

Understanding of sound speed structure and its variability is
very important for underwater acoustic propagation and its
applications in any oceanic region. Several oceanographic
processes result in substantial variation in the temperature and
salinity over space and time which eventually modulates the
sound speed of the BoB. The sound speed variability estimated
from classic climatological data cannot be easily utilized to
capture the synoptic variability. In this study, we present the
sound speed variability of the BoB from direct historical Argo
observations over a 10-year period spanning from 2011 to 2020.
Our study mostly focused on the variability within the upper
500m. Specifically, we have analyzed the variability in the
domain-wide and region specific sound speed structures and
identified the regions where the sound speed variability is
significant. It is evident that the domain wide sound speed
variation is maximum in the thermocline layers due to the
temperature variation. In the surface layers, the higher sound
speed variation is seen in the northern part while that in the
thermocline region is seen along the western boundary of the
Bay. The temperature is found to be the dominant factor to
determine the overall sound speed structure and variability;
however, the salinity has a significant impact in the near-
surface layers. In order to characterize the regional variations,
we divided the BoB in six subdomains and investigated the
sound speed structure and variability in each of these
subdomains. The sound speed variations at different parts of the
Bay varies with time and depth. The larger variabilities are
observed in the northern and western part of the BoB. In the
northern and central-sestern BoB show larger variabilities
during the spring time within mostly within ~100-150 m depth.
In the southwestern BoB, the larger variability is observed
during the postmonsoon period within ~70-130 m depth.
Northern BoB shows lower sound speed in the surface and a
prominent subsurface maxima during major part of the year
except pre-monsoon period. The distribution of the variability
in the northern BoB shows the largest positive vertical gradient
above the sonic layer depth (SLD) which is favourable for
formation of the shadow zone below the SLD.

The present results highlight the importance of
understanding the sound speed variation in the BoB from
observations. The study can be extended further to understand
the variability in the SLD and the deep sound channel. In
addition, our findings will help perform acoustic modeling [35]
—[38] in the BoB and its regions. It is also useful to extend data
in space for mapping [39], [40] and to develop feature models
[41]. Characterizing the variability by ocean region is also
essential for accurate uncertainty initialization, probabilistic
forecasting and data assimilation, with varied ocean acoustic
applications [42] — [45]. In the future, our results can be used
for stochastic dynamically-orthogonal acoustic predictions
[46], [47] and adaptive sampling [48]. Additional ocean
acoustics studies would be most useful for the region, ideally
integrating ocean modeling and sustained in-situ sensing with
autonomous platforms [49], as for the Northern Arabian Sea
[50], [51] adjacent to the BoB. Such studies would lead to
further understanding of the BoB dynamics and its influence on
weather and climate, and the results could benefit local
populations, marine industries, and security in the region.
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