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[1] We present here, for the first time, comprehensive depth specific (near surface to 1800
m) oxygen isotope (d18O) data set of 175 water samples collected from 22 different
locations in the Bay of Bengal (BoB) during July–August 2009 and December–January
2012–2013. The study is aimed to constrain the water mass parameters using oxygen
isotope and salinity. Four water masses are identified on the basis of temperature-salinity
relationship: (a) Bay of Bengal Water (BoBW; 0–50 m), (b) Mixed Zone (MZ; 60–120 m),
(c) Indonesian Throughflow (ITF; 200–500 m), and (d) Indian Ocean Deep Water (IDW;
600–1800 m). Our study shows: (1) d18O-salinity correlation (slope 5 0.15 6 0.01;
intercept 5 24.58 6 0.24; r2 5 0.89; n 5 54) for the BoBW is found to be consistent with
surface BoB water reported earlier, (2) relatively lower correlation (r2 5 0.24; n 5 47) in
underlying mixed zone suggesting mixing of various water masses, (3) significant linear
correlation between d18O and salinity in IDW (r2 5 0.70) indicating depleted less saline
water from southern hemisphere spread up to 18�N, and (4) vertical profiles at various
sampling locations showing a continuous enrichment of d18O (0.6–0.8&) within top
60–100 m irrespective of their proximity to coastline. In conjunction with a sharp decrease
in D14C data below the same depth zone (60–100 m) as reported earlier, we suggest the
d18O value reaches to its acme at a zone of mixing between younger BoBW and relatively
older ITF. This preliminary study indicates oxygen isotope and salinity together can be used
to identify different water masses in the BoB.

Citation: Sengupta, S., A. Parekh, S. Chakraborty, K. Ravi Kumar, and T. Bose (2013), Vertical variation of oxygen isotope in Bay of
Bengal and its relationships with water masses, J. Geophys. Res. Oceans, 118, 6411–6424, doi:10.1002/2013JC008973.

1. Introduction

[2] The Indian Ocean as a whole and the Bay of Bengal
(BoB) in particular, provide a good laboratory for the study
of paleoceanographic and paleoclimatic reconstructions
and processes [Sarkar et al., 1990; Burton and Vance,
2000; Pierson-Wickmann et al., 2001; Ahmad et al., 2005].
Studies are essential for the understanding of ocean circula-
tion, hydrological cycle, and ocean transport within a
dynamic freshwater flux environment. The unique geo-
graphical setting of the Indian Ocean with northern boun-
daries being landmass and seasonal reversals of winds and
currents creates a dynamic ocean environment (Figure 1).
One tool used to study such dynamics is oxygen isotope
(d18O) together with salinity and temperature. Such studies
have been limiting due to the lack of extensive sampling.

[3] The available d18O data from northern Indian Ocean
(in general) and BoB (in specific) are mainly confined to

surface water (mostly up to a depth of 50 m) [Delaygue
et al., 2001; Somayajulu et al., 2002; Singh et al., 2010;
Achyuthan et al., 2013]. Most of the earlier studies estab-
lished a specific correlation between salinity and d18O
which could suitably be used for interpretation of paleocli-
mate data from various planktonic foraminifers [Cullen,
1981; Duplessy, 1982; Sarkar et al., 1990; Rashid et al.,
2011]. Salinity and d18O of surface water were used to
understand the mixing of various surface water masses in
northern and southern Indian Ocean [Srivastava et al.,
2007; Tiwari et al., 2013]. However, compared to ocean
surface, oxygen isotope data from deeper BoB water are
rarely reported. Limited deeper BoB water d18O data (at 50
m) reported so far indicate no visible change of slope and
intercept values from their surface counterpart [Singh et al.,
2010]. Due to paucity of depth specific d18O data, it was
practically impossible to study whether the slope and inter-
cept change systematically with depth.

[4] Depth specific studies of oxygen isotope could be
useful to understand the formation of near surface stratifi-
cation and vertical mixing in BoB which has a significant
impact on monsoonal activity. The stratification in BoB
occurs due to high precipitation, low evaporation, and large
amount of freshwater discharge by five of the world’s 50
largest rivers [Gopalkrishna et al., 2002; Vinayachandran
et al., 2002]. In this region the mixed layer is shallower
[Shenoi et al., 2002] and barrier layer is deeper
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[Girishkumar et al., 2011]. In the presence of a shallow
mixed layer, the air-sea fluxes affect intraseasonal sea sur-
face temperature (SST) fluctuations and air-sea interaction
which finally impact on monsoon activity via monsoon
intraseasonal oscillation [Sengupta et al., 2002; Parekh
et al., 2004; Klingaman et al., 2008; Achuthavarier and
Krishnamurthy, 2011]. The formation and thickness of both
mixed layer and barrier layer are controlled by vertical
mixing between surface freshwater and deep saline water
[Vinayachandran et al., 2002]. However, the processes
associated with the vertical mixing have not been studied
extensively due to lack of observations [Sengupta et al.,
2006; Vinayachandran et al., 2012]. Especially, ambiguity
still exists on how deep freshwater reaches and which phys-
ical processes determine its extent of reach [Sengupta
et al., 2006]. Salinity and d18O profiles together would help
to understand the physical processes and circulation in
deeper water as they have been used elsewhere [Fairbanks,
1982; Frew et al., 1995, 2000; Meredith et al., 1999,
2013; Yi et al., 2012].

[5] The usefulness of salinity-d18O correlations in surface
and deeper water has been discussed in many previous stud-
ies [e.g., Adkins et al., 2002; Abrahamsen et al., 2009]. The
slope and intercept of salinity-d18O linear regression for
coastal ocean are generally found to be sensitive to the
amount and isotopic composition of discharged freshwater
[Bigg and Rohling, 2000, Figure 1]. In open surface ocean,
where runoff component (RO) is minimal, the corresponding
slope is controlled by precipitation (P), evaporation (E),
upwelling, advection, and diffusion [Benway and Mix, 2004].
Both parameters (i.e., salinity and d18O) increase due to net
evaporation (E> P 1 RO) and decrease due to net freshwater
input (P 1 RO>E) at the surface. The slopes and intercepts
are higher in Arctic, Antarctic, and subtropical ocean
and lower in tropical and equatorial ocean [Legrande and

Schimdt, 2006]. Based on drifted ice-sheets and their subse-
quent melting to isotopically depleted water, surface Arctic
Ocean shows relatively large slope (0.48 6 0.007&/PSU)
and intercept (216.82 6 0.234&) values [Pfirman et al.,
2004]. Similar high slopes and intercepts were also observed
in north Atlantic, south Atlantic, north Pacific, Labrador Sea,
and other subtropical oceans [Fairbanks, 1982; Ostlund
et al., 1987]. On the other hand, tropical Atlantic and Indian
Oceans, with no significant contribution of melt water, are
characterized by small slopes (0.15 6 0.008&/PSU
and 0.16 6 0.004&/PSU, respectively) and intercepts
(24.61 6 0.297& and 25.31 6 0.135&), respectively
[Ostlund et al., 1987; Delaygue et al., 2001; Singh et al.,
2010]. Interestingly, depending on local advection and
upwelling, surface and deeper ocean water may show con-
trasting values of slopes and intercepts. For example, deeper
Arctic Ocean has considerably higher slope (0.84 6 0.005&/
PSU) and intercept (229.16 6 0.162&) compared to its
surface counterpart (0.48 6 0.007&/PSU) and (216.82 6
0.234&), respectively [Pfirman et al., 2004]. This all
suggests that vertical variation of isotope values and
their correlation with corresponding salinity data are highly
sensitive to various physical processes.

[6] Toward this, we present here, for the first time, depth
controlled d18O data set (up to 1800 m) from 22 locations in
the northern BoB. An attempt has been made to explain the
vertical variation of isotope values with respect to physical
oceanographic processes and variation of water masses. This
study presents unique approach to study BoB processes
using isotope, current analysis, and ARGO observations.

2. BoB Water Column Structure

[7] A brief knowledge of water column structure (up to
2000 m) in BoB is prerequisite to understand the oxygen

Figure 1. Sample location map in BoB. Locations are marked as black filled circle and sampling dates
are also mentioned in parenthesis adjacent to sample location. One GEOSECS (Station 446) location is
also marked. Surface salinity in PSU (shaded), temperature in �C (contour) and horizontal surface cur-
rent distribution from GODAS in cm/s for the BoB during July–August 2009.
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isotope profiles. Based on potential temperature-salinity
(h-S) correlations, three different water masses are identi-
fied in BoB (Figure 2a, Murty et al., 1992; Tomczak and
Godfrey, 2003]. Within the top 80–100 m, the existence of
BoB Water mass (BoBW) is demarcated by a sharp
increase in salinity from �28 to �34.5 PSU accompanied
by a small decrease in temperature (�1�C). From 100 to
500 m, existence of Australasian Mediterranean Water
(AAMW) masses, a tropical water mass derived from
Pacific Ocean Central Water formed during transit through
the Indonesian Seas, is identified by a sharp decrease in

temperature (28–8�C) and marginal increase in salinity by
�0.25 PSU. AAMW is often referred to as ‘‘Indonesian
throughflow (ITF)’’ in literature [Potemara, 2005; Nyad-
joro et al., 2010]. Intrusion of Red Sea and Persian Gulf
water can also produce departure from h-S curves near the
isopycnal surface at rt 5 27.2 and influence ITF water
mass [Kumar and Li, 1996]. The demarcation between ITF
and its lower adjacent water mass, Indian Ocean Deep
Water (IDW) is gradational. A small decrease in salinity
(by 0.3–0.4 PSU) is observed in IDW. IDW is considered
as a northward advected front of Antarctic Bottom Water

Figure 2. Potential temperature-salinity (h-S) plot of the study area (a) all samples collected during
July–August 2009 (open squares) and December 2012 to January 2013 (solid circles). Black dashed line
indicates conventional h-S plot and water mass classification in BoB after Tomczak et al. [2003]. (b) h-S
plot of water mass classification for total data set. Source water masses are shown as black solid circles.
AABW 5 Antarctic Bottom Water; AAIW 5 Antarctic intermediate water; h-S variation at various
depths in mixed zone is shown in inset. (c) Depth specific standard deviation of h/S values. Mixed zone
is marked as gray area.
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(AABW) [Clowes and Deacon, 1935, Figure 2b]. Due to
very sluggish circulation, ITF and IDW waters are consid-
erably older than BoBW [Dutta and Bhusan, 2012]. On the
other hand, top 30–40 m of BoBW, show strong seasonality
in h-S properties [Prasad, 2004]. The influx of freshwater
(in the form of precipitation and river runoff) produces a
thin mixed layer in the uppermost part of BoBW during
Indian Summer Monsoon (ISM; June–September) [Sen-
gupta et al., 2006]. Depending on net freshwater flux
(P 1 RO 2 E), the thickness of mixed layer may vary from
30 to 10 m in a single location within summer monsoon
[Vinayachandran et al., 2002]. A 30–40 m thick barrier
layer exists below mixed layer and above thermocline
[Bhat et al., 2001; Vinayachandran et al., 2002; Thadathil
et al., 2007; Agarwal et al., 2012]. The sharp density con-
trast across barrier layer inhibits vertical mixing across this
layer. Mixed layer and barrier layer together with a part of
thermocline constitute BoBW [Tomczak and Godfrey,
2003].

[8] East Indian Coastal current is the dominant surface
current in BoB during ISM which is drifted by southwest-
erly monsoonal wind. Discharged freshwater is distributed
in eastern BoB by Ekman transport [Shetye et al., 1996;
Schott and McCreary, 2001; Shankar et al., 2002; Durand
et al., 2009]. Apart from these surface currents, a warm
(27–23�C) and saline (35–35.2 PSU) water mass is
advected northeastward at 50–100 m up to 14�N [Murty
et al., 1993]. Intense vertical mixing is inferred at the zones
of salinity fronts in the depth limits of 40–100 m and also
at deeper depths (>2200 m) and elsewhere lateral mixing is
predominant [Murty et al., 1992]. All these processes and
sources of different water masses make BoB column struc-
ture very unique than any other Bay of global ocean.

3. Data Collection and Methodology

3.1. Sample/Data Collection

[9] The Continental Tropical Convergent Zone (CTCZ)
program was conducted under the Indian Climate Research
Program (ICRP). The detail science plan is available at
http://www.imd.gov.in/SciencePlanofFDPs/CTCZ. Under
the CTCZ, oceanic observations were taken on board ocean
research vessel Sagar Kanya. The cruise (SK-261) was con-
ducted during July–August 2009. The sample locations are
shown in Figure 1 with surface salinity, temperature from
ARGO observation, and current information from Global
Ocean Data Assimilation System (GODAS) for the months
July and August 2009. Water samples were collected at 15
locations from near surface to 500 m depth (supporting
information Table S1 and Figure 1). Samples were also col-
lected up to a depth of 1000 m from four locations AD,
AE, AF, and AJ (supporting information Table S1). How-
ever, in shallower coastal BoB region (location Y, AB, and
AG), collection of samples were possible only up to 100 m,
80 m, and 40 m depth, respectively. As limited samples
were collected at 1000 m or deeper ocean during summer
monsoon 2009, we studied the region again in December
2012 to January 2013 on board ORV Sagar Nidhi (SN-70)
and collected samples (from 1000 to 1800 m) from six
locations A-1, B-1, C-1, D-1, E-1, and F-1 (supporting
information Table S1). All samples were stored in 100 ml
doubly capped pesticide grade plastic bottles to avoid evap-

oration. Except for near surface samples (<10 m), tempera-
ture and conductivity of other samples were measured by
Conductivity-Temperature-Depth (CTD) instrument manu-
factured by Idronaut with analytical accuracy of 0.001�C
and 0.0001 Sm s21, respectively, and scan frequency of 40
Hz [Rao et al., 2011]. CTD profiler was calibrated against
standard conductivity solution before the cruise. Salinity
and density values were derived from temperature and con-
ductivity using standard UNESCO equation of state
[Fofonoff and Millard, 1984]. Salinity and temperature of
near surface water (<10 m) was measured on board by
Thermo-salinograph (TSG) with an external precision of
0.01%. Data from TSG were compared to that from CTD
temperature and salinity for the upper ocean and they were
found consistent with each other. Potential temperature is
estimated following the equation of Fofonoff and Millard
[1984].

3.2. Sample Analysis

[10] Water samples were equilibrated with CO2 at 32�C
in a gas bench and cleaned gases were measured (in dupli-
cates) in a Thermo Scientific Delta V Plus mass spectrome-
ter for d18O composition in the Stable Isotope Laboratory
of the Indian Institute of Tropical Meteorology, Pune,
India. The system was calibrated by analyzing International
Atomic Energy Agency (IAEA) primary reference materi-
als Vienna Standard Light Antarctic Precipitation
(VSLAP), Vienna Greenland Ice Sheet Precipitation
(VGISP), and Vienna Standard Mean Ocean Water
(VSMOW). Analytical precision was monitored by running
internal water standard NARM (prepared at Physical
Research Laboratory, Ahmedabad from Narmada river
water: d18O with respect to VSMOW 5 23.45&) with
each set of samples. Long-term performance of NARM
was routinely monitored by another secondary standard
IITM-B (prepared at Indian Institute of Tropical Meteorol-
ogy, Pune from normal reverse osmosis water and cali-
brated by three primary IAEA standards mentioned above).
The difference between NARM and IITM-B, routinely
measured, is 1.59 6 0.04& (1r) since the inception of sta-
ble isotope laboratory in 2009. 1r error mentioned above is
considered as the long-term precision of our measurement.
All isotopic data are reported in & (per mil) with respect to
VSMOW.

3.3. Current Analysis and ARGO Observations

[11] To understand the role of various physical processes
in depth specific variation of d18O, National Center for
Environment Prediction (NCEP)’s GODAS based on the
Geophysical Fluid Dynamics Laboratory, Modular ocean
Model version 4p0 (MOM4p0) with a three-dimensional
variational (3DVAR) data assimilation scheme is used
[Ravichandran et al., 2011]. The GODAS is one of the
state of the art systems providing all the three components
of currents (zonal, meridional, and vertical) at various
depths. The system is used to understand the role of advec-
tion in regulation of d18O with depth. Systematic assess-
ment of GODAS for the tropical Indian Ocean is carried
out by Ravichandran et al. [2013]. They compared
GODAS temperature vertical structure with the Research
Moored Array for African-Asian-Australian Monsoon
Analysis and Prediction (RAMA) buoys and surface
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temperature fields with Reynolds SST and similarly surface
current with the Ocean Surface Current Analysis Realtime
(OSCAR) and subsurface current with the RAMA buoys.
They carried out the comparison exercise for the period of
2004–2009 and found with RAMA for the depth of 50–100
m, temperature root-mean-square error (RMSE) is <0.8�C
and below 100 m it is <0.2�C and correlation is about 0.8
in the first 300 m. Comparison between GODAS and
OSCAR surface currents shows that RMSEs for the eastern
and western BoB are about 0.1 m/s and 0.2 m/s, respec-
tively. Comparison with the current from RAMA buoys
indicate RMSEs are about 0.4 m/s and about 0.3 m/s for the
depth zones 30 to 100 m and further deeper to 300 m,
respectively. The correlation coefficient is about 0.6. Sepa-
rate comparison is also carried out for the north BoB cur-
rent of GODAS and RAMA buoys and found that for the
surface current RMSE is 0.2 m/s. Thus, GODAS currents
are reasonably good and state of the art source of currents
in the case of BoB. Besides, gridded (1� 3 1�) ARGO sur-
face and subsurface temperature and salinity observations
are used to reveal the details of salinity and temperature
structure during the study period in the BoB [Agarwal
et al., 2012; Udaya Bhaskar et al., 2007].

4. Results and Discussion

4.1. Classification of Water Mass

[12] h-S plots of the samples are shown in Figure 2. The
summer and winter samples show nearly similar h-S prop-
erties around 1000 m depth (Figure 2a). This supports that
water below this depth is too old to show any seasonality in
physical properties. Hence, physical and isotopic attributes
of summer and winter samples from 1000 to 1800 m can be
clubbed together for discussion of their depth specific vari-
ation. In addition to the three major water masses discussed
earlier, a 60–70 m thick mixed zone is identified at the
boundary of BoBW and ITF (Figure 2b). The mixed zone
is characterized by considerably large spatial variations in
salinity (33.70–35.00 PSU) and temperature (23–27�C).
Murty et al. [1992] observed similar spatial variation of
salinity nearly in the same depth zone (50–100 m) and
explained those changes as being due to north-eastward
propagating saline water plume from the Arabian Sea (AS).
Though the salinity variation below 100 m across BoB is
not well documented (Figure 2b, inset), a large salinity var-
iation between a coastal profile Y and an open BoB profile
C is observed at 60 and 80 m (supporting information Table
S1). Moreover, depth specific standard deviation of h/S val-
ues shows (Figure 2c) two prominent peaks at the depths of
60 and 120 m indicating the depth zone of maximum varia-
tion of h/S values. Therefore, on the basis of h/S variation
in present study and comparison with literature, the follow-
ing four water masses are identified—(a) BoBW (depth:
surface to 50 m; salinity: 24.97–34.96 PSU; temperature:
24.23–29.66�C), (b) mixed zone (MZ; depth: 60–120 m;
salinity: 34.37–34.87 PSU; temperature: 16.95–28.3�C),
(c) ITF (depth: 200–500 m; salinity: 34.92–35.01 PSU;
temperature: 9.64–15.26�C), and (d) IDW (depth: 600–
1800 m; salinity: 34.78–35.01 PSU; temperature : 3.12–
9.37�C). Isotope property of each water mass will be subse-
quently discussed in the following sections.

4.2. Spatial Variation of d18O in Various Water
Masses

4.2.1. Isotope Signature of BoBW
[13] Salinity, temperature, and d18O data of all samples

are given in supporting information Table S1. Salinity and
d18O relationships for various water masses are shown in
Figure 3 and summary of correlation parameters are given
in Table 1. BoBW shows significant correlation between
salinity and d18O values (r2 5 0.89; n 5 54; Figure 3a).
Interestingly, the slope (s 5 0.15 6 0.01&/PSU) and the
intercept (i 5 24.58 6 0.24&) of the regression line
obtained in this study are close to corresponding values
(s 5 0.21 6 0.02&/PSU) and (i 5 26.9 6 0.7&) observed
by Singh et al. [2010] for September–October 2002. In a
recent study, Achyuthan et al. [2013] analyzed 194 samples
collected from various locations in northern BoB and
obtained similar slope (0.14 6 0.01&/PSU) and intercept
(24.7 6 0.04&) irrespective of the sampling locations
though they showed large latitudinal variation (�0.8&) of
d18O and salinity (�8 PSU) similar to our observation.
This indicates similar physical processes control salinity
and d18O distribution in the top 50 m. Supporting informa-
tion Table S1 further shows spatial variation of d18O being
maximum within top 10 m (1.28& at surface and 0.93& at
10 m). The spatial variation gradually decreases to 0.36&
at 50 m. A corresponding variation in salinity (Figure 2b)
and significant correlation between d18O and salinity indi-
cate considerable vertical mixing between surface fresh-
water and deep saline water. To understand whether this
lateral variation of d18O is related to the advection of any
depleted water plume, horizontal distribution of d18O, and
salinity (data from Argo observations) for various depth
intervals (10, 50, 100, and 500 m) have been examined.
Salinity, d18O, and current directions at these depths for
July and August 2009 are shown in Figures 4a–4d and 4e–
4h, respectively. Figure 4a shows a significant isotopic
depletion occurs toward north, northeast, and east at 10 m
which can be attributed to proportionate dilution by fresh-
water discharges from north and eastern rivers of the Indian
subcontinent. This is also supported by very strong positive
gradient of salinity in southwest direction (Figure 4a) and
eastward surface currents over this region (Figure 4e). The
salinity distribution in top few meters of BoB, on the other
hand, strongly depends on net freshwater flux (E-P). Figure
5a presents evaporation minus precipitation over the BoB
for the study period. The figure shows that the northern
BoB has negative freshwater flux (16–20 mm/day) and
southern west BoB has positive freshwater flux. These
numbers are in agreement with Rao and Sivakumar [2003],
who reported that in the BoB north of 8�N, sea surface
salinity falls from 32.5 to 31.5 PSU during July and August
and this is mainly due to precipitation of 35 cm/month,
river runoff of 10 cm/month and evaporation of 10 cm/
month. Rao and Sivakumar [2003] also reported that
Ganges, Brahmaputra, and Irrawaddy release 4 3 104 m3/s,
6 3 104 m3/s, and 2 3 104 m3/s, respectively, water mass
into the BoB during July and August. Thus eastern BoB
freshening is partly due to precipitation and partly due to
river runoff. Apart from net freshwater flux, salinity and
d18O distribution of surface BoB water is also controlled
by surface currents which are, in turn, connected to
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monsoonal wind direction. Figure 5b shows surface wind
speed (shaded) and direction (arrow) over the BoB for the
study period (July–August 2009). Stronger wind of 9–11
m/s is observed in the central north BoB, while rest of the
BoB is under wind speed of 6–8 m/s and the direction of
the wind is south westerly over the basin. This southwest-
erly wind is responsible for the dominant south easterly
Ekman transport (Figure 4e) in the BoB. This surface cur-
rent advects freshwater toward the eastern BoB. Surface
layer vertical motion is downward while the strongest
downward motion is at 17�N zonal strip and at 10�N and
90�E (Figure 4e). Spatial variation of d18O at surface BoB
in accordance with monsoonal wind direction has recently
been documented by Achyuthan et al. [2013]. A significant
isotopic depletion occurs toward east at the depth of 50 m
that is accompanied by a corresponding change in salinity
in latitude of 15�N (Figure 4b). In BoB surface, salinity is

mainly dependent on the distribution of freshwater through
ocean currents [Shetye et al., 1996]. From the current anal-
ysis, it is found that Ekman drift associated to south west-
erly monsoon winds (Figure 5b) push surface water toward
the east (Figure 4f), which accumulates freshwater in east-
ern BoB and enhance vertical mixing with deeper water.
Figures 4e and 4f indicate that downwelling is dominant
both at the surface as well as at 50 m in the south of 18�N.
Horizontal surface current is eastward in the entire study
region, while at 50 m current is eastward in the north of
18�N, between 17�N and 13�N it is southward and south of
13�N it is northward. This circulation pattern leads to sub-
surface freshening in the eastern BoB. This drifted fresh-
water also moves southward all along the eastern coast of
BoB [Shankar et al., 2002; Vinayachandran et al., 1999,
2002]. First 50 m stratification is quantified by energy
required for mixing [Shenoi et al., 2002; Agarwal et al.,

Table 1. Regression Statistics of d18O-Salinity Correlations in Four Water Masses

Water Mass
Slope

(&/PSU)
Standard Error

(&/PSU)
Intercept

(&)
Standard
Error (&) R2

Standard
Error

Number of
Observations

Significance
Level (%)

BoBW 0.15 0.01 24.58 0.24 0.89 0.08 54 >99
MZ 0.18 0.05 25.52 1.61 0.24 0.1 47 >99
ITF 21.54 0.47 54.29 16.46 0.31 0.1 26 >99
IDW 2.17 0.21 275.62 7.39 0.7 0.11 48 >99

18 δ
O

 (‰
)

Salinity (PSU)

δ

Figure 3. d18O-Salinity scatter plots for various water masses—(a) BoBW, (b) MZ, (c) ITF, and (d)
IDW. Equations of regression line and correlation coefficients (R2) at >99% significance level are men-
tioned in respective figures and summarized in Table 1.
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Figure 4. Salinity in PSU (contour) and d18O (shaded) in & at (a) 10 m, (b) 50 m, (c) 100 m, and (d)
500 m. Vertical currents (shaded) in 31025 m/s and horizontal current direction and magnitude (m/s,
arrows) at corresponding depths are in Figures 4e–4h.
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Figure 5. Spatial distribution of (a) freshwater flux (mm/day), (b) wind speed shaded (m/s) and direc-
tion (arrowed), and (c) ERM (J/m2) over the study area during July–August 2009. Discharge rate (m3/s)
of three major rivers Ganges (G), Brahmaputra (B), and Irrawaddy (I) are also shown in parenthesis in
Figure 5a.
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2012]. Energy required for mixing (ERM) is estimated
using the following relation and its horizontal distribution
is shown in Figure 5c:

ERM5
1

8
ðqb2qsÞgh2 (1)

where qs is density of surface layer water and qb is density
of 50 m layer water, g is acceleration due to gravity (9.8 m/
s2), and h is depth (50 m).

[14] It is found that within the top 50 m, stratification
(Figure 5c) follows the distribution pattern of surface fresh-
water flux (Figure 5a). The southwestern BoB region is less
stratified while the northeastern BoB is relatively more
stratified with an ERM of about 18,000 J/m2. The stratifica-
tion in the northern BoB, as observed in ERM data, is
resulted from high influx of river water and precipitation.
Notably, July–August is the peak period of the SW mon-
soon over the subcontinent. Figure 4b shows the d18O
enriched water mass in the north east of study area (north
of 19�N and 88–90�E). Figures 4e and 4f reveal that it is
due to strong coastal upwelling by southwesterly wind
resulting in strong upward motion (0.6–0.8 3 1025 m/s) of
high saline water from below 50 m. Another enriched d18O
water mass is in the southwest region, which is due to high
saline water mass from the AS and southern Indian Ocean.
4.2.2. Isotope Signature of MZ

[15] Although slope (0.18 6 0.05&/PSU) and intercept
(25.52 6 1.61&) of regression line in MZ are very close
to those of BoBW, d18O and salinity show significantly
lower correlation in mixed zone (r2 5 0.24, n 5 47; Figure
3b and Table 1). Salinity and d18O distribution at 100 m
show an eastward depletion (of maximum 0.4&) in isotope
values (Figure 4c). Notably, both salinity and d18O
decrease near 16�N. A similar low salinity patch along
16�N was also identified by Murty et al. [1992]. While the
prevailing wind (directed toward northeast; Figure 5b) aids
the flows in the central BoB, the freshwater influenced ther-
mohaline flow dominates the northeastern BoB (Figure 4g).
Different vertical current direction across 16�N is docu-
mented in Figure 4g. All this possibly suggests different
water masses mixing across the latitude and thus explains
the lower correlation of d18O and salinity compared to that
in a well-mixed water mass BoBW. Notably, very few
d18O data from AS in that depth zone (60–120 m) are cur-
rently available [Ostlund et al., 1987]. Twenty-nine sam-
ples collected from various locations in south eastern AS at
the depth of 50 m (marginally above MZ of our study area)
show high mean d18O values [0.97 6 0.43& ; Singh et al.,
2010]. This suggests that higher d18O at 100 m in the south-
ern part of our study area is a signature of mixing of isoto-
pically enriched AS water from south and comparatively
depleted water from north.
4.2.3. Isotope Signature of ITF

[16] Although no significant spatial variation of salinity
(34.91–35.03) was observed, a large change in d18O (0.16–
0.75&) was visible in ITF zone (Figure 3c). A gradual
enrichment of d18O toward north of the study area is
observed at 500 m (Figure 4d). Currents show a sluggish
flow from southwest to the study area (Figure 4h). It prob-
ably indicates an isotopically depleted front that might
have been transported to the study area from southwest.

Similar to MZ, d18O data are rarely available for the adja-
cent southeastern AS at this depth. This limits us to under-
stand the extension of depleted front to the south. Nearest
to our study area (10.10�N; 52.75�E), one d18O value
(0.33&) reported by Epstein and Mayeda [1953] suggested
that the depleted front might not reach up to that location.
However, due to our limited data set for that depth zone
and insufficient data set in southeast AS, it is not possible
to explain, at present, how this depleted water front
migrated northeastward without any significant change in
salinity. Another possible explanation for this significant
spatial variation of isotope values at 500 m may be isopyc-
nal mixing which has been discussed in detail later (see
section 4.3).
4.2.4. Isotope Signature of IDW

[17] Similar to BoBW, IDW also shows considerable
correlation between salinity and d18O (r2 5 0.70; n 5 48;
Table 1). However, the slope (2.17 6 0.21&/PSU) and
intercept (275.62 6 7.39&) of IDW are higher than
BoBW (Figure 3d). Although salinity range for this zone is
slightly lower than that of its upper adjacent water mass
(ITF), salinity-d18O correlation of these two layers are con-
trastingly different. Concurrent reduction of salinity and
isotopic ratio most probably indicates occurrence of
AABW in this depth zone even at the latitude of 18�N.
Although oxygen isotopic signature of AABW in IDW was
never reported earlier from BoB, similar high slope (�3&/
PSU) and intercept (2110&) of d18O-salinity correlation
was reported earlier from many locations between southern
Indian Ocean and Antarctica [Meredith et al., 1999] and
bottom water in Elizabeth trough at Antarctica [Frew et al.,
1995]. It is important to note that though, based on water
mass properties, AABW should exist between 2000 and
3800 m depth, but in Indian Ocean, the boundary between
IDW and AABW is gradational [Tomczak and Godfrey,
2003]. Notably, based on some chemical tracers, i.e., dis-
solved nitrate, phosphate, and silica, van Aken et al. [2004]
identified a fraction of North Atlantic Bottom Water
(NABW) in IDW at southwestern Indian Ocean. However,
a much lower slope (Dd18O/DS 5 0.61&/PSU) of North
Atlantic mix line, as reported by Frew et al. [2000] sug-
gests NABW front is possibly not migrated to northeastern
part of Indian Ocean and further to BoB.

4.3. Vertical Variation of d18O

[18] Vertical variation of d18O along with salinity, tem-
perature, and density are shown in Figure 6. Figures 6a and
6b show depth profiles along two sections in coastal BoB
and Figure 6c shows that along a section in open BoB. A
gradual but systematic enrichment of d18O with depth
(shallower than 100 m) is found in all the profiles. In the
SE coastal section AB-Z-AD (Figure 6a), the enrichment is
of 0.71& (location AD; 20.08& to 0.63&) to 0.86&
(location Z; from 20.18& to 0.68&). In all three loca-
tions, peak d18O values are obtained at the same depth (80
m). Similar depth specific trend is also seen in another east-
ern coastal section Y-X-R (Figure 6b). However, the peak
isotope values are found at different depths (100 m for Y
and R; 60 m for X). The magnitude of maximum variation
(from surface to 60 m/100 m) in all locations of Y-X-R pro-
file (1.51&, 1.00&, and 1.12& for Y, R, and X, respec-
tively) is considerably higher than that of AB-Z-AD. These
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profiles are from the north BoB and very close to the river
mouth of Ganges and Brahmaputra, which are discharging
huge freshwater to BoB. Notably, d18O peak for all six
locations are very close (mean d18O 5 0.65; 1r 5 60.11)

although surface water d18O are markedly different
(20.72&, 20.37&, and 20.2&, respectively, for Y, X,
and R and 20.18&, 20.30&, and 20.08& for Z, AB, and
AD, respectively). This is consistent with the surface

Figure 6. Vertical variation of d18O (in &), salinity (PSU), temperature (�C), and density (kg/m3) of
shallow subsurface (up to 200 m) at three sections—(a) south eastern coastal bay (AB-Z-AD), (b) eastern
coastal bay (Y-X-R), and (c) open bay (C-D-F). Mixed (ML) and barrier layer (BL) are marked in each
section. See Figure 1 for sample locations and sections.
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Figure 6. (Continued)
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Figure 7. (a) h/S versus d18O plot for various water masses. Legend is given below. Solid black stars
represent data for the only GEOSECS location (Station #446) in the study area [Ostlund et al., 1987].
Black dotted horizontal lines indicate the depth intervals at which D14C (&) data are available from
GEOSECS study [Ostlund et al., 1987]. Numbers in parenthesis next to the depth values denote concen-
tration of D14C at that level. Violet transparent field marks a sharp decrease of D14C values from 99 to
162 m. Yellow field indicates zone of d18O maxima. For the GEOSECS location, please see Figure 1.
Black dotted line joining the stars represents the trend of d18O in GEOSECS location. (b) Density
(kg/m3) versus d18O (&) plot for various water masses. Isopycnal layers are shown in ITF and IDW. Iso-
pycnal layers (transparent blue) at 200, 500, and 1000 m show some variation of d18O.
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salinity distribution in the BoB (Figure 1) and E-P features
(Figure 5a). More depleted surface BoB d18O values in
eastern coastal profile (Y-X-R) indicate higher amount of
freshwater by various eastern Indian rivers during this
period [Sengupta et al., 2006]. Similar to the two coastal
sections, the open BoB section (C-D-F) also shows a grad-
ual enrichment of d18O with depth up to 60–100 m (Figure
6c). Mean peak d18O (at 60–100 m) in open BoB is very
close (m5 0.66& ; 1r 5 60.06&) to that of coastal BoB
section. Surface water d18O values in open BoB (0.48&,
0.38&, and 0.40& for C, D, and F, respectively) are more
enriched than that of their coastal counterparts. All this
suggests that isotopic depletion in surface water due to
river discharges is more pronounced in the coastal bay than
the open bay (Figure 5a). A gradual enrichment of 0.3& in
d18O of surface water from coastal to open BoB has also
been reported earlier [Delaygue et al., 2001; Singh et al.,
2010]. Additionally, our study shows a d18O maxima exists
at the depth of 80 (620) m in both coastal and open BoB.
Notably, depth of d18O peak apparently is not correlated
with mixed layer and barrier layer depth. Mixed layer and
barrier layer exist within top 20 m and between 20 and 40
m, respectively, in the coastal BoB (Figures 6a and 6b). In
open BoB, mixed layer is thicker (40 m) and barrier layer
is thinner (Figure 6c). This indicates that mixing between
low density freshwater and higher density deep saline water
controls the density distribution of top 40 m in north coastal
BoB. Though vertical variation of d18O values within top
40–50 m mostly support the mixing phenomena mentioned
above, peak d18O (80 6 20 m) are found within the thermo-
cline region, below the barrier layer (Figure 6c). Recent
studies show proliferation of zooplankton and a corre-
sponding oxygen minima zone below the barrier layer at
BoB [Naqvi et al., 1994; Sarma, 2002]. d18O values of dis-
solved oxygen obtained from this oxygen minima zone are
generally 10–15& enriched than the threshold values of
dissolved oxygen [Nakayama et al., 2008]. However, abun-
dance of H2

18O and H2
16O in BoB water are many times

higher than those in dissolved oxygen. Therefore, no signif-
icant change in isotope values of BoB water is expected
due to isotope exchange with that species mentioned ear-
lier. We, therefore, consider the depth of peak d18O as the
maximum depth of vertical mixing and further consider the
intermediate d18O values within the top 80–100 m signify a
two component physical mixing between peak and most
depleted surface BoB values. Figure 7a shows isotope val-
ues reach acme within MZ and the high values persist in
ITF but gradually fall in IDW. Depth specific D14C values
of BoB water collected from one location at BoB in 1976
[Ostlund et al., 1987] and at many locations in BoB,
reported recently by Dutta and Bhushan [2012] indicate a
sharp decrease (from 92& to 227& in GEOSEC location
446) in D14C below 80–100 m (Figure 7). The rate of
decrease of D14C concentration (dD14C/dh) above and
below of MZ/ITF boundary is 1.88&/m and 1.60&/m,
respectively. Although no GEOSECS D14C data is cur-
rently available at 120 m (lower boundary of MZ in the
present study), the available radiocarbon profile clearly
shows presence of old water below 160 m and relatively
younger water above 100 m. Therefore, considering the
uncertainty due to paucity of D14C data between 100 and
160 m, we suggest the oxygen isotope peak at 80 (620) m

demarcates the boundary of two different water masses of
different ages (younger BoBW and older ITF). Closer
inspection of vertical profiles (Figure 6) shows salinity
slowly increases to 100–120 m. But no more significant
increase in salinity is observed in ITF. Salinity further
decreases marginally in IDW, which is accompanied by a
simultaneous decrease in d18O (Figures 3d and 7). There-
fore, vertical distribution of d18O in BoB mostly follows
the salinity distribution, and peak d18O zone is character-
ized by the zone of vertical mixing between two water
masses (BoBW and ITF). The relation between d18O and
density is shown in Figure 7b. This analysis reveals that
below the 100 m with respect to isopycnal level, d18O
spread is about 0.3–0.4&. Highest spread is found at 200–
500 m and the spread gradually decreases below 500 m.
The spread is very small at 1035 isopycnal level. This spa-
tial variation of d18O between the 150 to about 500 m lies
in the subthermocline region. The region is known for iso-
pycnal mixing [Hirst and Cai, 1994]. Hence, the spatial
variation of isotope values can be related to mixing within
isopycnal layers. However, more observations on d18O and
eddies at that depth zone are required to confirm the role of
isopycnal mixing on isotope values.

5. Conclusion and Implication

[19] Based on d18O, salinity, temperature, and density
records of 175 water samples collected from northern BoB
and deep BoB water current analysis, our study identifies:

[20] 1. Four water masses—(a) BoB Water (BoBW),
depth: surface to 50 m, (b) Mixed Zone (MZ), depth: 60–120
m, (c) Indonesian Throughflow (ITF) depth: 200–500 m, and
(d) Indian Ocean Deep Water (IDW) depth: 600–1800 m.

[21] Slope and intercept of d18O-salinity regression line
and correlation coefficient of those two parameters for
BoBW (top 50 m) are very close to that of surface water
reported earlier. This indicates that mixing of BoBW
extends more than 50 m. Spatial variation of d18O at 50 m,
in accordance with corresponding variation of salinity and
current data indicate strong downward movement of
depleted freshwater front.

[22] 2. Large spatial variability of d18O in mixed zone
possibly indicates mixing of various water masses during
Indian Summer Monsoon.

[23] 3. Regression parameters of d18O-salinity relation-
ship of IDW and AABW indicate deeper water of BoB is
possibly derived from Antarctic Bottom Water though ear-
lier work indicates a large fraction of IDW is derived from
North Atlantic Bottom water.

[24] 4. Vertical variation of d18O profiles show a maxima
at the depth of 80 6 20 m indicating a considerable vertical
mixing of two water masses, viz, BoBW and ITF. h/S ratio
of this study and D14C profile from other studies also sup-
port the mixing of two water masses close to the zone of
d18O maxima.

[25] Hence, this study, for the first time, in BoB suggests
that the vertical profiling of sea water d18O can be used to
identify water masses and associated physical processes
especially to study the three-dimensional distribution of
water masses in the BoB.

[26] Moreover, the subsurface d18O peak and the d18O-
salinity relationship could be used to model the paleo-BoB
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circulation. This may be employed by suitably varying the
slope and intercept encompassing the high and low mon-
soon regime. Proxy records indicate that summer monsoon
was significantly intensified (weakened) about 10,000 yr
(21,000 yr) ago. These kinds of situations would have
altered the location of the subsurface d18O peak as a result
of changes in freshwater supply to the BoB area. Hence,
modeling of the paleo-circulation may be constrained using
the d18O-salinity regression coefficients determined in this
study.
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