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ABSTRACT
The observed formation of Barrier Layer (BL) and the seasonal variability
of BL thickness (BLT) in the Bay of Bengal are examined utilizing the most
comprehensive data set. Thick BL (~50m) first appears in the coastal region of
the northeastern bay in June and spreads westward as the summer monsoon
progresses. Along the east coast of India the BL formation and its variability are
controlled by the East India Coastal Current (EICC). Thick BL (~50m) first
appears along the east coast of India in November when the EICC flows equator
ward and gets spatially organized in December. By January it weakens when the
EICC reverses. The mature phase of BLT, both in thickness (60-70m) and in
spatial extent occurs during February, when the Subtropical Anti-cyclonic Gyre
(SAG) is well established in the bay.
During both the summer and winter monsoon seasons the surface
circulation and the redistribution of low saline waters show a dominant influence
on the observed BLT distribution. Other processes such as Ekman pumping and
propagating Rossby waves forced by the propagating Kelvin waves along the
eastern boundary also contribute significantly in modulating its variability. The
annual mode of BLT shows maxima during November-December, whereas the
semi-annual mode peaks during February–March and August–September. The
peak in February-March is attributed to the interior Ekman pumping and the
associated convergence in the central bay. Where as, the peak during August–
September is due to the westward propagating downwelling Rossby waves from
the eastern boundary.
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1. Introduction
In the tropics, the Bay of Bengal is a unique semi-enclosed basin that
experiences a dominant seasonal reversal in the surface wind field associated
with summer (June – September) and winter (November – February) monsoons.
Throughout the summer monsoon season, the sea surface temperature (SST)
remains > 28oC, the threshold for deep moist convection in the tropics [Gadgil et
al. 1984]. During this monsoon season several meteorological systems originate
in the bay and provide rainfall to the central and the northern India [Sikka, 1977].
These systems also provide large amounts of fresh water to the bay both as
rainfall and river runoff (R) [Martyn et al, 1981; Varkey et al. 1996]. The southern
bay also receives rain during winter monsoon season. Varkey et al., [1996] have
shown large seasonal variability in the R into the bay with a value of 943x109 m3
(103.8x109m3) during summer (winter) monsoon season. In spite of such low
fresh water input during winter, the near-surface layer exhibits large haline
stratification in the northern bay [Shetye et al. 1996; Maheswaran, 2004].

The large R and excess precipitation (P) over evaporation (E)
[Harenduprakash and Mitra, 1988; Prasad 1997] during summer monsoon result
in high stratification in the surface layer of the northern bay causing a BL, the
layer between the base of the mixed layer and the top of the thermocline [Lukas
and Lindstrom, 1991]. The BL formed during summer monsoon in the northern
bay is seen through post-monsoon season, and eventually gets modified during
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winter. During winter, the northern bay experiences strong temperature
inversions in the surface layer [Thadathil et al., 2002]. Since the inversion layer is
embedded within the BL, it is sustained by salinity stratification. Such inversions
within the BL are also reported from the western equatorial Pacific warm pool
[Anderson et al.,1996].

Understanding the BL formation and its variability is important to elucidate
its role in maintaining the warm SST (> 28oC) in the bay. The BL formation and
its variability have been extensively studied for the western equatorial Pacific
using the observations from Tropical Ocean Global Atmosphere - Coupled
Ocean Atmospheric Research Experiment [Tomczak, 1995; You,1995; Smyth et
al 1996, Anderson et al, 1996; Ando and Mc Phaden ,1997; Vialard and
Delcluse, 1998a,1998b]. In the west equatorial Pacific, a near-surface layer of
low salinity water with a barrier layer underneath appears intermittently after a
spell of rainfall associated with the westerly wind bursts [Godfrey and Lindstrom
1989; Lukas and Lindstrom 1991]. Salinity stratification over the bay is many-fold
greater than that in the western equatorial Pacific [Murty et al. 1992, Shetye et al.
1996; Conkright et al. 1998]. Thus, considering the salinity stratification, the BL
in the bay is more stable and sustained feature than that in the western
equatorial Pacific. However, there is no detailed study on the BL formation and
its variability in the bay. Sprintall and Tomczak [1992] have studied seasonal
variability using Levitus [1982] climatology and reported BL of 25m thickness in
the bay during summer monsoon. Masson et al. [2002] performed the same
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analysis of Sprintall and Tomczak [1992] using the monthly climatology of Levitus
[1998] and reported thick (40m) and robust BL in the bay during November–
March with maximum spatial extent in February. Using the time series
measurements made from a stationary location (18.5oN, 89oE) in the northern
bay during the summer monsoon of 1999, Vinayachandran et al. [2002] have
reported the BL formation and its intra-seasonal variability. Rao and Siva Kumar
[2003] analyzed the differences in mixed layer depth with and without salinity
effect for the north Indian Ocean and reported that the salinity effect on mixed
layer (referring to BL variability) is maximum in the bay during February.

The limitation of the above studies is the sparse data and the coarse
resolution in resolving the spatial and seasonal variability of the BL in the bay.
The objective of this study is first to resolve the spatial and seasonal variability of
BL in the bay using ‘the most comprehensive’ data set available for the bay and
then to understand the formation mechanisms and variability in the light of the
known dynamical and thermodynamical processes. The most recent study
[Masson et al., 2002] on the BL variability in the bay was based on the World
Ocean Atlas (WOA) of Levitus [1998]. The temperature and salinity profiles in the
bay have increased considerably after the release of WOA98. The WOA98, itself
has been updated to WOA01 in 2001. Further, the deployment of ARGO profiling
floats in the bay since 2002 has generated many additional profiles. In addition to
the ARGO data and the updated WOA01, the hydrographic data collected from
the bay under several Indian national programs and archived in the Indian
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Oceanographic Data Centre (IODC) was also considered in the present study.
The WOA98 and WOA01 consist of only limited data from the IODC archive,
especially from the Exclusive Economic Zone of India.

Therefore, the

combination of these data from the three different sources (WOA01, ARGO and
IODC) provides ‘the most comprehensive data set’ for the bay to resolve the BLT
structure and its variability in a much better scale than in the past. In section 2,
the data and methods of analysis are described. The seasonal variability of the
BLT is presented in section 3. In section 4, the results of harmonic analysis on
the BLT are presented to understand the annual and semi-annual variability. The
mechanisms of the BL formation and its observed variability in thickness are
outlined in section 5. Section 6 provides the discussion, which is followed by
conclusions in section 7.

2. Data and Methodology
The spatial distribution of data used in the present study is shown in figure 1.
Figure 1a represents the station coverage of profiles from ARGO floats. Under
the international ARGO project, ARGO profiling floats are deployed in the bay by
national and international agencies. High quality temperature and salinity profiles
from the floats generated during August 2002-November 2005 are used in the
present study. The ARGO depth resolution is about 10 m up to 100 m depth and
therefore, shall resolve the BL in the bay with resolution of ~ 10 m. The expected
accuracies of temperature and salinity from the floats are 0.005oC and 0.01 PSU
respectively [ARGO Science Report, 2000]. Though the ARGO data have been
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subjected to real time quality check, the data used in the present study have
been subjected to additional quality check using ‘float-to-float’ and ‘float-to-ship’
CTD validations as reported by Thadathil et al. [2004]. The data were linearly
interpolated at 1m interval.

The spatial coverage of hydrographic data from the IODC archive is
shown in figure1-b. Figure 1c represents the WOA01 station coverage in the bay
for selected hydrographic data (bottle and CTD) with ‘good’ quality flags. While
selecting the data from WOA01 and IODC databases, duplicate profiles from
both the archives are removed. In case of the bottle data, if a particular station
does not have data at all standard depths up to 100m, the station is not
considered for the present study. If data at any standard depth above 100m is
missing it results in inaccurate representation of BL. In all cases, profiles
shallower than 100m are not considered for the analysis. Figure1d represents
the spatial coverage of total stations from all the three sources.

The MLD is defined as the depth at which,
σt(z=h) = σt(z=0) + ∆T dσt⁄ dt

(1)

where σt(z=0) is the surface σt value, ∆T the desired temperature criterion (1oC,
following Wyrtki, [1971] and dσt⁄dt

is the coefficient of thermal expansion

evaluated with the surface values of temperature and salinity

[Sprintall and

Tomczak, 1992; Kara et al. 2000; Rao and Sivakumar, 2003]. The ILD, the depth
of the top of the thermocline, is defined as the depth at which temperature
6

decreases by 1oC from SST [Sprintall and Tomczak, 1992; Kara et al. 2000; Rao
and Sivakumar, 2003]. The above definition of ILD holds good for normal
temperature profiles without any temperature inversion in the surface layer
(figure 2a). The above definition of ILD does not hold good during winter, when
the bay experiences large scale temperature inversions near the surface
[Thadathil et al., 2002] when the BL also attains its maximum thickness and
horizontal extent. In the bay, the temperature inversions with even 4oC are quite
common during winter [Thadathil et al., 2002].

For temperature profiles with

inversions, the method of calculating ILD as the depth where temperature
changes by a fixed value from SST either overestimates or underestimates the
ILD significantly. Figure 2b shows ILD computed with the criteria of 1oC increase
from the SST in the presence of inversion [Kara et al., 2002]. In this case the ILD
(hence the BLT) is underestimated. Figure 2c shows the ILD computed with the
criteria of 1oC decrease from the SST for an inversion profile [Sprintall and
Tomczak, 1992; Masson et al. 2002; Rao and Sivakumar, 2003]. Here, the ILD
and the BLT are overestimated. Therefore in this study, for profiles with
temperature inversion, ILD is defined as shown in figure 2d. Here, ILD is defined
as the depth at which the temperature at the ‘base of the inversion layer’ (star in
fig 2b, 2c and 2d) is equal to the temperature at the ‘top of the inversion layer’
(circle in fig 2b, 2c and 2d). This definition is valid as the inversion layer is
embedded within the BL and it is sustained by the haline stratification [Thadathil
et al. 2002]. The selection of ‘top and base of the inversion layer’ is done
quantitatively. ‘Top of the inversion layer’ is selected from the temperature profile
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by searching for a depth where the temperature shows ‘first increase from the
surface value’. ‘Base of the inversion layer’ is selected from the temperature
profile by searching the depth where the temperature value of ‘first increase from
the surface value’ is repeated again in the subsurface depth. Although the
program picked the inversion precisely in most of the cases, in the case of
complicated thermal structures (for eg. multiple inversion layers) where the
program fails to pick a single inversion layer, the comment card ‘manual check’ is
written in the output. Therefore, certain level of subjectivity is unavoidable to
ensure better results. The BLT is computed as the difference between ILD and
MLD. After computing MLD, ILD and BLT, monthly scattered data of all
parameters have been objectively mapped to a common grid (1ox1o) using the
‘Krigging’ method (Deutsch and Journel, 1992; Cressie, 1991).

3. Seasonal variation of BLT
The seasonal evolution of BLT shows large variability with rich spatial
structure (figure 3). The annual minimum (~10m) covering almost the entire bay
is observed during April-May. By June, when the summer monsoon sets in, thick
BL (> 50m) occurs in the northeastern bay with the largest values (~70m) near
the head bay. In July, the thick BL (30-50m) spreads westward. By August, the
BL formed in the northeastern bay gets more organized in space. The BLT about
30m is found all along the eastern bay, with maximum thickness of 60-70m
hugging the northeastern coast. By September, the region of thick BL extends
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further westward from the northeastern bay and reaches the central bay. This
westward spread to the central bay is seen from June to October.

With the beginning of the winter monsoon in November, the distribution of
BLT shows a distinct change from that of summer monsoon. For the first time,
the BL thickens up to 50m along the east coast of India. The offshore extent of
the patch of the thick BL formed along the coast is very narrow, comparable to
the width of the EICC that hugs the east coast of India during November [Shetye
et al. 1996]. In December, while the 50m thick BL is seen along the east coast,
BL of 30m spreads offshore. In January, the thick BL that was present all along
the east coast of India and in the eastern bay during November gets weakened.
Instead, the BLT becomes more organized in the northern bay extending from
the head bay to the central bay. The region of thick BL (50–70m) covers the head
bay with a reduction towards the central bay. Notably, the patch of 70m BLT is
found detached from the head bay in January. In February, the area of thick BL
(30m) gets enlarged to cover the entire northern bay. The annual BLT maxima in
amplitude (70m) and spatial extent, is seen during February. Although the BLT
and its spatial extent decrease by March, thick BLT is still present in a large area
confined to the central bay.

4. Harmonic analysis
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In order to resolve the relative importance of annual and semi-annual
harmonics over an annual cycle, the Fourier analysis was performed on BLT
[Jenkins and Watts, 1968]. The distribution of amplitude, percentage variance,
and phase of the annual (CPY=1) and semiannual (CPY=2) harmonics is shown
in figure 4. The amplitude of annual mode (CPY=1) shows large signal (> 20m) in
the coastal region of the northern bay. However, the amplitude of the semiannual mode shows large values in the central and head bay. Compared to the
amplitude of the annual mode, the semi-annual mode is weak (< 10m), i.e. nearly
half of the annual mode. In both the cases, the percentage variance is large and
it is spatially coherent with the amplitude indicating the robustness of the
features. While the annual mode shows maxima during November-December,
the semi-annual mode has two peaks, the first during February–March and the
second during August–September. A close examination of the phase and
amplitude distributions reveals that the annual mode strengthens from June and
sustains through the summer monsoon and the post-monsoon seasons. It attains
its maxima during November–December.

5. Forcing Mechanisms
In order to understand the forcing mechanisms that govern the BLT
formation and its variability, it is necessary to understand the forcing mechanisms
that control the MLD and ILD in the bay. The variability of ILD is mainly controlled
by the upward/downward movement of the thermocline.

Ekman pumping,

propagating long waves (Kelvin and Rossby waves) and net surface heating are
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the major phenomena that control the ILD. Since the bay is a tropical basin,
remote forcing from the equator is significant to influence the ILD. On the other
hand, MLD is controlled by transfer of turbulent fluxes of heat, mass (fresh
water), and momentum across the air-sea interface and the horizontal advection
in the surface layer. When the MLD is determined by thermal stratification
caused by net surface heat flux (Q), both MLD and ILD will be nearly equal
resulting in BLT minimum. Since the role of wind stress is to deepen the mixed
layer it acts against the formation of thick BL. Therefore, the main candidate that
facilitates thick BL is the fresh water flux (E-P+R) and its redistribution by
horizontal advection (Ekman and geostrophic) in the surface layer. Although the
effect of E-P on MLD could be computed from the buoyancy flux derived from EP, it is not easy to quantify the contribution of fresh water flux from R. In the bay,
contribution of fresh water from the major rivers like Ganges, Brahmaputra,
Irrawadi, etc. is significant to alter the surface salinity considerably. Therefore, EP alone does not account for the surface fresh water flux. This is illustrated in
the seasonal distribution of E-P and salinity (figure 5). If E-P accounts for most of
the surface fresh water flux, then the distribution of E-P and SSS should have a
better spatial coherence than what is seen in figure 5. Since the fresh water flux
(E-P+R) has a direct influence on the sea surface salinity (SSS) distribution,
throughout this study, SSS is used as a proxy for the fresh water flux.

11

Considering the distribution (fig 3) and the processes involved, the
seasonal evolution of BLT could be summarized into four major phases; spring
minimum (April-May), late-winter maximum (January-February), and two
transition phases during summer (June–October) and early winter (NovemberDecember). Therefore, the subsequent discussion in this section on the
processes governing the BL formation and its variability in thickness for different
seasons will be focused mainly for these four phases.

5.1 April – May
The seasonal minimum of BLT (~10m) is found over most of the bay during AprilMay (figure 3). The distributions of ILD and MLD during April-May are shown in
figure 6 and figure 7 respectively. During April, the 30m contour of ILD in the
northern bay shows spatial coherence with the convergence zone of the
Subtropical Anticyclonic gyre (SAG). Shetye et al. [1993] and Babu et al. [2003]
reported that the mature phase of the SAG occurs in April. However, from the
distribution of ILD from the present study (figure 6), the annual maxima (80m) in
the centre of the gyre is found during February. The presence of SAG in the
northern bay from January to April can be seen from the seasonal surface flow
(figure 8), which is computed as the sum of surface Ekman and geostrophic
currents. For computing the surface Ekman drift, the surface wind climatology of
da Silva 1994 is used. The geostrophic current is computed
product of

from gridded

merged ERS-1/2, and Jason-1 sea level anomaly (SLA) weekly

Global data sets starting from September 2001 - December 2005 distributed on a
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1/3° Mercator grid using the method of Chelton et al. [2003]. Shankar et al.
[2002] studied the surface current in the north Indian ocean and found that the
annual mean geostrophic current is very weak compared to the seasonal current.
Therefore, the geostrophic current computed from the sea level anomaly nearly
represent the total geostrophic current. From figure 8 it could be seen that the
SAG is better organized in February than during April. The shoaling of the ILD
and MLD starts from March and their minima are observed during April-May,
when the SAG breaks down resulting in minimum BLT. The correlation of MLD
with SSS, Q and surface wind stress (τ) for all months are shown in Table1.
Monthly data for all parameters (MLD, ILD, BLT, SSS, Wind stress and net
surface heat flux) are objectively mapped on a common grid (1ox1o) before
finding the correlation. Since the degree of freedom is same (338) for all
parameters, the correlation coefficient (r) at 99 % significance level is 0.14. The
correlation coefficients for MLD with all the three surface forcings (SSS, Q and τ)
for April and May are small compared to that for other months. The seasonal
buildup of warm waters during April-May is a distinct feature of the north Indian
Ocean [Hastenrath and Lamb, 1979, Vinayachandran and Shetye, 1990]. Based
on moored buoy observations Sengupta et. al. 2002 reported the spring warming
of the Bay of Bengal. When the MLD is controlled by one dimensional heating
processes, it is determined more due to the thermal stratification than the haline
stratification. However during March-April, the SAG redistributes the fresh water
received in the northern bay to the southern bay. Subsequently, during April-May
the SSS (fig 5) increases due to mixing by the prevailing moderate winds. The
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increase in SSS results in reduction of stratification that results in deepening of
MLD and weakening of BLT during this period. The correlation coefficients(r)
between BLT&MLD and BLT&ILD for April and May are shown in Table 1. While
the BLT correlates significantly with ILD, the former shows much less
dependence on MLD.

5.2 January – March
During this time the BLT attains its mature phase, both in thickness
(~70m) as well as in horizontal extent (30m thick BL covers almost the entire bay
in February). In January, thick BL of 60-70m occurs in the head bay with a
reduction towards the southeastern bay. The observed BLT distribution during
this season is a consequence of the interplay between the fresh water induced
haline stratification (fig 5) and the negative wind stress curl (figure 9) in the
northern bay. In the northern bay during January, the anti-cyclonic gyre (figure 8)
driven by the negative wind stress curl deepens the ILD (figure 6) through the
interion Ekman pumping (McCreary et al, 1996, Shetye et al., 1993). Although
the northern bay experiences cooling during January, the haline stratified surface
layer (figure 5) inhibits the deepening of the MLD through convective mixing. The
dominant role of fresh water flux on shoaling of MLD is seen from its relationship
with SSS (Table 1). The effect of Q and τ on MLD is not as significant as that of
fresh water flux induced buoyancy (Table 1). Thus, the thin MLD and thick ILD
result in thick BLT in the head bay with a decreasing trend towards west and
southeast. The thick BL (~ 50m) adjacent to the east coast of India during
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November-December weakens by January as the EICC reverses to flow pole
ward (figure 3 and figure 8). A patch of low BLT appears in the southwestern bay,
where it shoals to nearly 10-20m. This low might be the remnant of the cyclonic
gyre present in this region during November-December [Vinayachandran et al.
2003].

In the bay the annual maxima in BLT occurs during February. While BLT
of 30-40m is seen around 10oN, it reaches to 60–70m in the northern and
northwestern bay. Although the BLT weakens in March, thick BL of 50-60m is
seen in the central bay. The SAG gets more organized in February (figure 8) and
carries the surface low saline water from the northern bay to the central and
southern bay and moves further towards the east coast. At this time, the central
bay - the zone of maximum convergence, results in maximum ILD with a radial
decrease. The SAG deepens the ILD while the low saline water advection shoals
the MLD, thus forming a thick BL during February-March. In February, the EICC
reverses completely (figure -8) and therefore, the shifting of the thick BL away
from the coast is more conspicuous than in January.

The relationships of MLD with SSS, Q and τ for all months are shown in
Table 1. The combined effect of ILD deepening (convergence associated with
SAG) and MLD shoaling (associated with fresh water advection) on BLT could be
seen from Table 1. Both the BLT-ILD and BLT-MLD relationships are significant.
When ILD increases, BLT increases, whereas BLT decreases when MLD
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increases. Although the earlier studies [Sprintall and Tomczak, 1992; Shetye et
al., 1996; Masson et al., 2002; Rao and Sivakumar, 2003] have reported thick
BL during February near the head bay, the large value of BLT of 60-70m in the
northwestern and central bay during February-March is an interesting feature of
this study.

5.3 June – October
From June onwards the BLT (> 50m) increases in the northeastern bay
and spreads westward till October (figure 3). At the same time, during the whole
summer monsoon the BLT is very thin (~ 10m) all along the east coast of India
and offshore (in the central and southern bay). Such a distribution of the BLT
can be explained based on the surface forcings of wind, current and fresh water
induced buoyancy.

During the summer monsoon the surface waters move

eastward due to Ekman drift (figure 10). Thus, the surface current transports
(figure 8) the low saline water (E-P+R) continuously eastward. The transport of
low saline water towards the northeastern bay is seen from the lower SSS in this
region (figure 5) compared to that in the western bay.

The southwesterly winds along the east coast of India and Sri Lanka
cause divergence due to upwelling and results in shoaling of the ILD (figure 6)
and MLD (figure 7). Where as, along the northeastern bay the surface flow
causes convergence and results in thick ILD. Deepening of MLD is constrained
by haline stratification. The dominant influence of SSS on MLD compared to
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other surface forcings such as т and Q for the summer monsoon is shown in
Table 1. Thus, the deepening of the ILD and shoaling of the MLD cause thick
BLT observed in this region. During June, the downwelling equatorial Kelvin
waves propagate poleward (McCreary et al. 1996, Vinayachandran et al. 1996)
along the eastern boundary deepening the ILD. Further, these waves also radiate
westward propagating downwelling Rossby waves (Prasannakumar and
Unnikrishnan, 1995, Vinayachandran et al. 1996). The influence of this wave
propagation is seen on ILD and BLT in the subsequent months. The thick BLT
confined to the east coast of the bay in June is seen shifted almost towards the
central bay by September-October. Here, the MLD is shallow owing to the
accumulated low saline water in this region. This is seen from the distribution of
ILD and MLD during June-October (figure 6 and 7).

The BLT-MLD and BLT-ILD monthly relationships are presented in Table
1. The high correlation coefficients for summer monsoon season show that both
ILD and MLD are significant in the formation of the observed BLT and its
variability.

5.4 November - December
During November–December, when the winter monsoon winds are
northeasterly, the BLT distribution changes significantly from that of summer
monsoon, especially along the east coast of India and Sri Lanka. Along the east
coast of India, thick BL (~ 50m) first appears in November and attains the mature
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phase (in thickness as well as spatial extent) in December. During NovemberDecember the northeasterly winds in the bay cause westward Ekman drift (figure
10). Besides the Ekman drift, the presence of the fresh water within the EICC
creates a strong pressure gradient perpendicular to the coastline and increasing
toward the coast. This is one on the mechanisms driving the EICC and
participates to the southwestward advection of the fresh water. The net surface
flow shown in figure 8 depicts the equatorward EICC as a narrow band hugging
the coast. The EICC and the surface flow carry the low saline water gathered in
the northern bay westward and southwestward. The low saline water transported
by EICC could be seen as a narrow patch of low SSS in figure 5 along the coast.
The EICC flowing equatorward deepens the ILD along the coast and the low
saline water transported by it induces strong haline stratification along the coast
to shoal the MLD. Thus, the deepening of ILD and shoaling of MLD develop thick
BL all along the east coast of India and Sri Lanka. Although the BLT weakens
along the northeastern bay, it maintains moderate values during NovemberDecember. The shallow BL during this season in the southwestern bay can be
explained due to the cyclonic gyre seen during November-December
[Vinayachandran et al. 2003]. The correlation coefficients are significant for both
the ILD-BLT and MLD-BLT relationships (Table 1). The dominant role of SSS on
MLD compared to other surface forcing such as τ and Q for NovemberDecember is shown in Table 1.

6. Discussion
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The observed BLT maximum is the largest reported from the tropical
waters. Although such thick BL is common in high latitudes, BL of such large
thickness is not yet reported from the tropics. Formation of temperature
inversions in the bay has a major role in the formation of such thick BL. It is clear
from figure 2 that the classical definitions either underestimate or overestimate
the BLT significantly, compared to the method that is adopted in the present
study. Therefore, the method employed in earlier studies [Sprintall and Tomczak,
1992; Masson et al. 2002; Rao and Sivakumar, 2003] do not capture the real
BLT structure in the region of strong temperature inversions. On this account, the
BLT structure presented in this study provides more realistic description than the
past studies. The appearance of thick BL along the east coast of India as a
narrow strip during November-December shows the robustness of the data set in
resolving the BL structure. The narrow strip (80 km in width) of BLT is associated
with low saline water carried by equatorward flowing EICC and the delineation of
such narrow features is well captured by this data set.

The BL formation is essentially the result of haline stratification in the
surface layer caused by excessive fresh water flux (E-P+R). In this case, the
MLD is more limited by haline stratification than by thermal stratification. As
discussed in section 5, there are various processes involved in the BL formation
and its seasonal variability. However, the BLT distribution and its seasonal
variability are predominantly controlled by the two contrasting monsoons, the
carriers of fresh water to the bay. For clarity in understanding these processes
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further schematics involving the monsoons and other significant processes are
provided in this section.

Figure 11 shows the schematic of the forcing mechanisms for the observed
distribution of BLT during summer monsoon. Summer monsoon sets in the
following major processes in the bay to affect the distribution of BLT.

•

The alongshore winds of the summer monsoon (the winds are
predominantly south westerly) drive coastal upwelling along east coast of
India (shaded with black dots in figure 11) causing divergence in this
region to cause for the shoaling of ILD and MLD resulting in the thin BL
here.

•

During this time along the eastern and northeastern boundary of the bay
there are two significant processes that affect the BL formation. The
southwesterly winds along the eastern and northeastern bay generate
down welling Kelvin waves that propagate towards north along the eastern
boundary of the bay. In addition, down welling Kelvin waves from the
equator also arrive this region during this season. These Kelvin waves and
the westward propagating downwelling Rossby waves, together cause for
the convergence in this region to deepen the ILD here (the shaded region
with blue dots in fig 11). However, MLD in this region remains to be
shallow due to the presence surface fresh water that is transported to this
region through the Ekman drift.
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•

During summer monsoon high saline ‘monsoon drift current’ enters the
bay as illustrated in figure 11 (shaded with red dots) reducing the haline
stratification that results in deepening of MLD and shoaling of the BL.

During winter monsoon (November–February), the winds reverse from
southwesterly to northeasterly. The EICC flows equatorward during NovemberDecember. During January, the EICC reverses to flow poleward as the western
branch of the SAG that matures during February-March. Therefore, the
schematics of the forcing mechanisms for November-December (figure 12) and
January-February (figure 13) are shown separately.

•

The northeasterly winds force upwelling along the eastern boundary of the
bay and the Ekman drift moves the surface water towards the east coast
of India. Therefore, along the eastern boundary of the bay the divergence
associated with the upwelling shoals the ILD and MLD here (shaded with
red and blue dots in figure 12), where as the movement of the surface
freshwater towards the east coast of India forces convergence in this
region (shaded with blue dots in fig 12) to deepen the ILD. However, the
MLD shoals here due to the presence of less saline water in the surface.

•

Another significant process in the bay during November-December is the
presence of the cyclonic gyre (shaded with red dots in figure 12). The
cyclonic gyre shoals the MLD and ILD here to form thin BL.
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•

During January the northern bay experiences negative wind stress curl
that drives the SAG. The interior Ekman pumping associated with the SAG
deepens the ILD. However, MLD in the gyre remains shallow due to the
presence of low saline surface water. The thick BL during February is
spatially coherent with the SAG (shaded blue dots in figure 13).

The BLT is minimum during April-May. The schematic of the forcing mechanism
for the formation of thin BL during this season is shown in figure 14.

The

seasonal buildup of warm water (shaded red dots in figure 14) in the bay during
April-May (spring warming) is a distinct feature of the north Indian Ocean. The
SAG redistributes the fresh water received in the northern bay to the southern
bay. Subsequently, during April-May the SSS increases due to mixing by the
prevailing moderate winds. The increase in SSS results in reduction of
stratification that results in deepening of MLD and weakening of BLT during this
period.

7. Summary and Conclusions
Using all the available historical hydrographic and recent ARGO profile
data the BL formation in the Bay of Bengal and its seasonal variability are
described in detail in this study. The seasonal variability of BLT is closely related
to the processes that occur during summer and winter monsoons. During both
the seasons, the Ekman drift and distribution of low saline waters in the surface
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layer show a dominant influence on the observed BLT distribution. In addition,
the coastal Kelvin waves and the westward propagating Rossby waves are also
found to modulate the observed BLT in the eastern and central bay. The
observed BLT maximum (~ 70 m) is the largest value reported for the tropical
waters. This study provides the necessary background to understand the role of
BL on the seasonal evolution of SST in the bay and its relationship with the
weather processes. BL acts as a ‘Barrier’ for the transfer of fluxes (momentum,
heat and mass) across it. The surface mixed layer receives a good amount of
nutrients that is required for the production from the subsurface due to
entrainment. In the bay, where BL is thick, entrainment of nutrients will be limited.
Compared to the Arabian Sea, the Bay of Bengal is known for its low productivity,
in spite of its tropical status. To what extent the low production in the bay is
influenced by BL formation? remains as a ‘question’ worth answering.
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Figure Legend
Figure 1. Geographical distribution of hydrographic (temperature and salinity)
stations in the Bay of Bengal considered in the present study: a)
ARGO profiling floats, b) Indian Oceanographic Data Centre (IODC), c)
World Ocean Atlas, 2001 (WOA01), and d) all the three sources
(ARGO + IODC + WOA01). Number of stations under each category is
given in parenthesis in the respective figures. (final)
Figure 2: a) Schematics of MLD (shaded grey) and BL (shaded dots) for typical
profiles of temperature and salinity from the Bay of Bengal. In this
case, there is no temperature inversion and ILD is calculated as the
depth where the temperature drops by 1 oC from its surface value.
b) Same as in figure 2a, but for temperature profile with surface layer
inversion. Here, the circle (star) represents top (base) of the inversion
layer. In this case, ILD is calculated as the depth where the
temperature increases by 1 oC from its surface value. c) Same as in
figure 2b, but for ILD is calculated as the depth where the temperature
drops by 1 oC from its surface value. d) same as in figure 2b, but for
ILD is calculated as the depth at which the temperature at the ‘base of
the inversion layer’ is equal to the temperature at the ‘top of the
inversion layer’ (final)

Figure 3. Annual distribution of barrier layer thickness (BLT) in meters. The
contour interval is 10 m and the contour labels are provided at 20

28

m intervals.
Figure 4: Distributions of amplitude (m), percent variance (%) and
phase (months) of BLT for annual (left panels) and semi-annual (right
panels) harmonics.
Figure 5: Map showing seasonal distribution of Sea Surface Salinity (SSS) in
PSU and E-P (mm/day). Climatological SSS is computed from
the data set used in the present study. Both E and P are from
the Atlas of Marine data (da Silva et al.,1994).
Figure 6. Seasonal distribution of ILD in meters. The contour interval is 10 m.
Figure 7. Same as in figure 6, but for MLD in meters.
The contour interval is 10 m.
Figure 8. Seasonal surface circulation computed as the sum of surface
Ekman drift and geostrophic current from the altimetry data. The
geostrophic current is computed from gridded product of merged
ERS-1/2, and Jason-1 sea level anomaly (SLA) weekly Global data
sets starting from September 2001 - December 2005 distributed on a
1/3° Mercator grid. The surface Ekman drift is computed using the
monthly climatological winds of da Silva et al.(1994).

Figure 9. Wind stress curl (10-8Nm-3) for January-March. QuikSCAT wind stress
curl data is downloaded from the site ftp://ftp.ifermer.fr/.
Figure 10: Surface Ekman drift for different seasons using the climatological
winds of da Silva et al. 1994.
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Figure 11. Schematic of the forcing mechanisms explaining the variability of ILD,
MLD and BLT for April-May.
Figure 12. Same as in fig 11, but for the season January-March.
Figure 13. Same as in fig 11, but for the summer monsoon season
(June-September).
Figure 14. Same as in fig 11 but for the season November–December.
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Table 1:

Correlation of BLT with MLD & ILD and correlation of MLD with
sea surface salinity, wind stress and net surface heat flux.

Month

BLT(m)
with
ILD(m)

BLT (m)
with
MLD (m)

MLD (m)
with
SSS (PSU)

MLD(m)
with
t (Nm-2)

MLD(m)
with
Q (Wm-2)

January

0.6

0.6

0.7

0.4

0.2

February

0.4

0.6

0.6

0.4

0.3

March

0.1

0.7

0.7

0.2

0.4

April

0.0

0.7

0.3

0.1

0.1

May

0.0

0.6

0.4

0.2

0.1

June

0.5

0.6

0.5

0.3

0.5

July

0.1

0.5

0.5

0.2

0.5

August

0.4

0.6

0.6

0.6

0.4

September 0.5

0.6

0.7

0.6

0.3

0.5

0.8

0.6

0.5

0.2

November 0.6

0.7

0.8

0.1

0.4

December 0.6

0.5

0.7

0.4

0.2

October
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