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Abstract

Time series measurements (2010-2017) from the Research Moored Array for African-Asian-Australian Monsoon
Analysis and Prediction (RAMA) moorings at 15°N, 90°E and 12°N, 90°E are used to investigate the effect of the
seasonal barrier layer (BL) on the mixed-layer heat budget in the Bay of Bengal (BoB). The mixed-layer
temperature tendency (97/9¢) is primarily controlled by the net surface heat flux that remains in the mixed layer
(Q') from March to October, while both Q' and the vertical heat flux at the base of the mixed layer (Qy), estimated
as the residual of the mixed-layer heat budget, dominate during winter (November-February). An inverse relation
is observed between the BL thickness and the mixed-layer temperature (MLT ). Based on the estimations at the
moorings, it is suggested that when the BL thickness is =25 m, it exerts a considerable influence on 97/9t through
the modulation of Q;, (warming) in the BoB. The cooling associated with Q, is strongest when the BL thickness is
<10 m with the MLT exceeding 29°C, while the contribution from Qj remains nearly zero when the BL thickness
varies between 10 m and 25 m. Temperature inversion is evident in the BoB during winter when the BL thickness
remains =25 m with an average MLT<28.5°C. Furthermore, Qj, follows the seasonal cycle of the BL at these RAMA

mooring locations, with r>0.72 at the 95% significance level.
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1 Introduction

The Bay of Bengal (BoB) is a semi-enclosed basin with unique
characteristics due to the influence of the Asian monsoon and
freshwater influx. It is distinguished by a strongly stratified sur-
face layer and seasonally reversing circulation (Shetye et al.,
1996; Schott and McCreary, 2001; Jinadasa et al., 2020) and re-
mote forcing by seasonal winds and waves in the equatorial Indi-
an Ocean (McCreary et al., 1993; Chen et al., 2015). The BoB re-
ceives a large quantity of fresh water (~1 030 km?3/a) via precipita-
tion and river runoff that exceeds evaporation (Harenduprakash
and Mitra, 1988). This freshening makes the surface layer buoy-

ant and maintains the strong stratification in the BoB (Shetye
et al., 1996; Agarwal et al., 2012). This strong stratification main-
tains the stability in the surface layer (Chowdary et al., 2016) and
supports the formation of a barrier layer (BL), a unique layer
between the base of the mixed layer and the top of the thermo-
cline (Lukas and Lindstrom, 1991; Sprintall and Tomczak, 1992).
The formation and variability of the BL have been attributed to
the changes related to the shoaling thermocline, Ekman pump-
ing (Thadathil et al., 2008), mixed-layer depth (MLD) (Vinay-
achandran et al., 2002), and wave propagation in the BoB (Gir-
ishkumar et al., 2011). Wind stress acts against the formation of a
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thicker BL (Bosc et al., 2009) by deepening the mixed layer,
whereas the freshwater flux facilitates a thicker BL (Cronin and
McPhaden, 2002) by reducing the MLD through stratification at
the surface. The presence of a BL restricts the mixing within the
mixed layer and affects the sea surface temperature (SST) by re-
ducing the mixing of cool thermocline water in the mixed layer
(Vialard and Delecluse, 1998b; Foltz and McPhaden, 2009).
Hence, the BL has an important role in the surface mixed-layer
heat balance (Lukas and Lindstrom, 1991). Using a model simu-
lation, de Boyer Montegut et al. (2007) suggested that thicker BLs
are linked to positive SST anomalies in the northern Indian
Ocean. Thus, understanding of BL (seasonal) formation and its
variability is important to explain the mixed-layer energy bal-
ance in the BoB.

Generally, SST in the BoB remains higher than 28°C (Shenoi
etal., 2002) and during the pre-summer monsoon it exceeds 29°C
(Pathirana et al., 2020; Pathirana and Priyadarshani, 2020). The
seasonality in the BoB is strong and the climatology of SST, MLD,
barrier-layer thickness (BLT), and top of thermocline depth
(TTD) is presented in Figs 1a and b. SST which also represents
the mixed-layer temperature (MLT) is at maximum, with a thin-
ner mixed layer during pre-summer monsoon (March-May).
However, the mixed layer is deepest during summer (June-Au-
gust) in seasonal climatology (Fig. 1a). TTD remains shallow with
a thinner barrier-layer during both pre- and post-summer mon-
soon (September-November), where they reach to maximum
during winter (December-February) (Fig. 1b). Thus, the strong
seasonality exists in the BoB may play an important role in regu-
lating the heat in the region. Many studies have suggested that
the net surface heat flux (Qnet) dominates the mixed-layer heat
budget, and McPhaden and Foltz (2013) pointed out the import-
ance of the radiative heat flux, which dominates in Qnet in the
tropics. In general, Qnet in the BoB completes its annual cycle
with two positive peaks during the pre- and post-summer mon-
soon. The heat change in the mixed layer due to the variations in
Qnet is balanced by the other terms in the mixed-layer heat
budget—the horizontal mixed-layer heat advection (HAdv) and
the combination of entrainment and vertical turbulent heat
fluxes at the base of the mixed layer (Qr) (Girishkumar et al.,
2013). Though there are many studies addressing the mixed-lay-
er heat budget in the BoB (Shenoi et al., 2002; Girishkumar et al.,
2013), accurate estimation of Qy, still remains as a challenge due
to the inconsistency of accurate subsurface observations. Warner
et al. (2016) suggested that the subsurface turbulent heat flux
during summer cools the surface layer at rates greater than three
times that measured during winter in the BoB. Using the Re-
search Moored Array for African-Asian-Australian Monsoon
Analysis and Prediction (RAMA) mooring data in the southern
BoB (8°N, 90°E), Girishkumar et al. (2011, 2013) suggested that
the vertical process (entrainment and vertical diffusion) can
warm the mixed layer during winter with the presence of temper-
ature inversion associated with a thicker BL. However, such stud-
ies did not discuss in detail the seasonal changes in Qp, and its in-
fluence on the seasonal mixed-layer heat budget in the BoB. Also,
due to the lack of systemic measurements with high temporal
resolution in the BoB, previous studies have not examined in de-
tail the seasonal influence of the BL on the mixed-layer heat
budget and their relationship.

In this study, we provide a more comprehensive description
of the effect of the seasonal BL on the mixed-layer heat budget in
the BoB, with respect to MLT, temperature inversion (—AT), Qp,
and entrainment using observations at two RAMA mooring sta-
tions (12°N, 90°E and 15°N, 90°E) (McPhaden et al., 2009) from

January 2010 to December 2017 (Fig. 2). The remainder of this
paper is organized as follows. In Section 2, the data and methods
used in the analysis are described. Results and discussion are
presented in Section 3, followed by a summary in Section 4.

2 Data and methods

Data from multiple sources are used in this study. Daily time
series data from January 2010 to December 2017 obtained from
the RAMA moorings (https://www.pmel.noaa.gov/tao/drupal/
disdel/) deployed at 15°N, 90°E and 12°N, 90°E (Fig. 2) are used to
estimate the daily MLD, TTD, BLT, 23°C isothermal layer depth
(D23), and the terms in mixed-layer heat budget. The two RAMA
moorings are selected based on the data availability compared
with the other RAMA moorings located along 90°E in the BoB.
Measurements include SST, subsurface temperature and salinity,
air temperature, sea-level pressure, wind velocity, relative hu-
midity, and shortwave and longwave radiation. Ocean temperat-
ure is measured at 1 m, 5m, 10 m, 13 m, 20 m, 40 m, 43 m, 60 m,
80 m, 100 m, 120 m, 140 m, 180 m, 300 m, and 500 m. Salinity
data are collected at 1 m, 5 m, 10 m, 20 m, 40 m, 60 m, 100 m, and
140 m. During the analysis, we considered the values between
0°C and 36°C for temperature and 20 and 38 for salinity and all
the values outside of these ranges were considered as missing
values (RAMA data quality control information is available at
https://www.pmel.noaa.gov/gtmba/data-quality-control). The
data for the upper 120 m are interpolated vertically to 1 m inter-
vals using a spline interpolation technique to facilitate the ana-
lysis. Furthermore, we utilize data from Argo (http://www.
argodatamgt.org/), Hybrid Coordinate Ocean Model (HYCOM)
(http://apdrc.soest.hawaii.edu/dods/public_data/Model
output/HYCOM/), Ocean General Circulation Model for the
Earth Simulator (OFES) (Masumoto et al., 2004), climatology (de
Boyer Montegut et al., 2004), Optimally-interpolated SST (OISST)
(https://www.ncdc.noaa.gov/oisst), Ocean Surface Current Ana-
lysis Real-time (OSCAR) (https://podaac-opendap.jpl.nasa.
gov/opendap/allData/oscar/preview/L4/oscar_third_deg/), and
TropFlux (Kumar et al., 2012) to examine the mixed-layer heat
budget at the moorings. The seasonal cycles of each parameter
are estimated using a fast Fourier transform analysis technique.
The calculated correlation values between different parameters
are based on the 95% significance level (¢=0.05) and the confid-
ence intervals are given within square brackets with correlation
values in the text.

2.1 Mixed-layer depth and barrier-layer thickness

Assuming that the upper layer of the tropical ocean can un-
dergo significant temperature changes in its diurnal cycle and
may influence the thickness of the mixed layer, we estimated the
MLD as the depth where the density change is equivalent to a
0.2°C temperature criterion starting from a reference depth of
10 m (de Boyer Montegut et al., 2004). Hence, the estimated MLD
is always deeper than 10 m in our results, but it is possible to ob-
serve MLDs shallower than 10 m in the BoB, particularly during
the months of March-April. However, as we mainly focus on the
mean seasonal cycle, we assume that the error introduced at
times when the MLD is shallower than 10 m is not significant.
The TTD is calculated as the depth where the temperature is
0.2°C lower than the temperature at the 10 m reference depth.
Thus our calculation of MLD and TTD is based on a fixed
threshold in temperature profiles (de Boyer Montegut et al.,
2004). BLT is defined as the difference between TTD and ML
(BLT=TTD—MLD) (Sprintall and Tomczak, 1992). The Argo
data in the selected two regions (14°-16°N, 89°-91°E and 11°-
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Fig. 1. Seasonal climatology of mixed-layer depth (contours, m) (de Boyer Montegut et al., 2004) and sea surface temperature (SST)
(colored shading) (Huang et al., 2017) in the Bay of Bengal (BoB) (a); seasonal climatology of barrier-layer thickness (contours, m) and
top of thermocline depth (TTD) (colored shading) in the BoB (de Boyer Montegut et al., 2004) (b).
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Fig. 2. Location of the selected RAMA moorings in the Bay of Bengal (a) and the number of Argo profiles at 15°N, 90°E (area marked
with red box) (b), 12°N, 90°E (area marked with blue box) (c) used in the present study.

13°N, 89°-91°E, Fig. 2) are averaged to produce the monthly
means of MLD and BLT to compare with the observations at the
RAMA moorings.

2.2 Mixed-layer heat budget

Air-sea fluxes at the mooring locations are computed from
the daily winds extrapolated to 10 m height, SST, air temperature,
and relative humidity. Latent (QL) and sensible (Qs) heat fluxes
are estimated using the Coupled Ocean-Atmosphere Response
Experiment bulk algorithms (Fairall et al., 2003). As only the
mooring at 15°N, 90°E had longwave radiation (Qrw) measure-
ments, net longwave radiation from the TropFlux is used (Kumar
et al., 2012) for the mooring at 12°N, 90°E. Net shortwave radi-
ation (Qsw) is estimated from downwelling shortwave radiation
measured at the mooring sites, corrected for albedo (6%) at the
surface. Finally, the net heat flux (Qnet) is estimated using Eq. (1)
given below:

Qnet = Qsw + Quw + QL + Qs, (1)

with the convention that the heat flux into the ocean is positive.
The amount of heat flux that remains in the mixed layer due to
air-sea exchange is estimated as Ql, where QI = Qnet— Qpen. Here
we consider the penetrative solar radiation (Qpen) and Qnpet dur-
ing the estimation of Q/, and assume that it does not introduce
error. The penetrating shortwave radiation below the mixed lay-
er is estimated considering Qpen="0.47 X Qsw.e "M (Jouanno
etal., 2011) and a constant e-folding depth of 25 m (k = 0.04).

To address the seasonal variability of the mixed-layer heat
balance at each mooring location, we consider the following ex-
pression (Rao and Sivakumar, 2000; Foltz and McPhaden, 2009;
Girishkumar et al., 2013):

or Q[ aT 0T
Bt~ pC,- MLD {a +”ay}+Q"' @

The terms in Eq. (2) represent, from left to right, mixed-layer
temperature tendency (07/0t), net surface heat flux that re-
mains in the mixed layer, horizontal mixed-layer HAdv, and the
combination of entrainment and vertical turbulent heat fluxes at

the base of the mixed layer (Qr). However, when Qp is estimated
as the residual of the mixed-layer heat budget, the term also in-
cludes errors in the estimation of the other terms in Eq. (2),
which are associated with data sources and unrepresented/unre-
solved physical processes (Foltz and McPhaden, 2009). In Eq. (2),
T is the averaged MLT, p is density of seawater (p=1 024 kg/ m3),
C, is specific heat capacity of seawater (C,=4 000 J/(kg - K)),
and t is time. Q at the mooring locations are estimated using the
terms in Eq. (1) and Qpen. HAdv is estimated using the zonal (u)
and meridional (v) components of the surface current measure-
ments from OSCAR with OISST. OISST and MLT at 12°N (15°N),
90°E shows a reasonably good agreement with a correlation of r=
0.97 and a confidence interval of [0.96, 0.98] at the 95% signific-
ance level (r=0.98 [0.97, 0.99]), and root mean square difference
(RMSE) of 0.2 (0.18)°C. OISST averaged over 50 km on either side
of the mooring locations is used to estimate the horizontal gradi-
ent of SST (Vialard et al., 2008). The direct estimation of Qy is
tricky due to the uncertainties associated with the vertical resolu-
tion of temperature observations, the choice of thermocline
depth, and the vertical diffusion coefficient. Hence, we estimate
Qp, as the difference between the observed 0T/ 0t and the sum of
Q’/pC,, - MLD and horizontal advection (Foltz and McPhaden,
2009). However, to identify the influence of BLT on Qp, we exam-
ine the change in entrainment and vertical velocity at the moor-
ings.

2.3 Entrainment and vertical velocity
To determine the importance of entrainment in the mixed-

layer heat budget, we used the expression Q, = {Wh + ((ii}tl]
% +¢ following Girishkumar et al. (2013), where Wj, is the

rate of change of thermocline depth and dh is the rate of change

in MLD, Ty is the temperature below 5 m from the MLD, and ¢
represents the summation of vertical diffusion and other unre-
solved processes. H is the logical operator, which is set to one if

dh
Wy, + E
the upward movement of subsurface water. Entrainment is es-
timated considering two depth levels, W, =TTD and W, =D23,

to examine the variations associated with the selection of ther-

> 0, otherwise it is set to zero, when considering only
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mocline depth. Seasonal change in vertical velocity at the base of
the mixed layer, TTD, and D23 are examined using daily data
(2010-2014) from OFES. As we are focusing on only the upward
movement of the water (entrainment), the negative vertical velo-
city values are removed before estimating the seasonal cycle.

3 Results and discussion

3.1 Seasonal MLD and BLT at the RAMA moorings

The accuracy of the estimated seasonal MLD and BLT is im-
portant to enhance the accuracy of the calculated mixed-layer
heat budget terms at the RAMA moorings. Therefore, the estim-
ated MLD and BLT from the mooring data are compared with the
estimations from Argo, HYCOM, and climatology from de Boyer
Montegut et al. (2004), and the results are presented in Fig. 3.
However, here we mainly focused on the correlation values
rather than the RMSE. At 15°N, 90°E, the MLD correlations are
positive, in which the highest correlation (r=0.86 [0.58, 0.96]) is
observed between the MLDs from RAMA and Argo with a
RMSE=3.7 m (Fig. 3a). Though a good positive correlation
(r=0.77[0.35,0.93]) exists between MLDs from RAMA and the
climatology, from July to December the RAMA mooring at 15°N,
90°E underestimates the MLD compared with the climatology,
leading to a RMSE=11.7 m. The BLT at 15°N, 90°E is strongly
positively correlated between each dataset, and the highest cor-
relation (r=0.96 [0.86, 0.98]) is between the BLT from RAMA and
the climatology with RMSE=5.7 m (Fig. 3b). At 12°N, 90°E, MLD
shows a strong postive correlation (7> 0.80), but compared with
MLD from Argo and climatology, the MLD from HYCOM shows
the best agreement (r=0.90[0.67,0.97]) with MLD from RAMA
(RMSE=4 m), Similar to that at 15°N, 90°E from July to Decem-
ber, the RAMA mooring at 12°N, 90°E underestimates the MLD

=0.86
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compared with the climatology, leading to a RMSE=11.8 m (Fig.
3c). However, the differences in MLDs from RAMA and climato-
logy during July to December could be attributed to the changes
in vertical salinity distribution rather than temperature at the
moorings. The BLT at 12°N, 90°E is also strongly positively correl-
ated between each dataset, and the highest correlation (r=0.95
[0.82,0.98]) is between the BLT from RAMA and HYCOM with
RMSE=5 m (Fig. 3d). Thus, the good correlations for MLD and
BLT calculated using RAMA data compared with Argo and clima-
tology enhance the validity of using RAMA data in this study
(Table 1).

The MLD follows a strong seasonal cycle at the moorings with
deepening (summer and winter monsoon) and shoaling (pre-
and post-summer monsoon) responding to the seasonal
changes. However, a strong seasonality of BLT is observed only at
15°N, 90°E compared with the change in BLT at 12°N, 90°E. The
change in the seasonal cycle of BLT at 15°N, 90°E is ~60 m, which
is relatively large compared with that at 12°N, 90°E (~30 m)
(Thadathil et al., 2007). The differences in BLT at the moorings
are relatively large during the winter monsoon (November-Feb-
ruary) and this highlights the possible influence from temperat-
ure changes in the upper waters. A shallow MLD and a weaker BL
are evident during the pre- and post-summer monsoon at both
locations, but they are still prominent during the pre-summer
monsoon. At the times when the summer monsoon peaks
(month of July), the MLD reaches its maximum depth in the sea-
sonal cycle with an average BLT of around 10 m. In agreement
with Narvekar and Kumar (2006), the estimated MLD (~40 m) is
relatively deep with a thinner BL (~20 m) at 12°N, 90°E compared
to that at 15°N, 90°E during winter. In agreement with previous
studies (Girishkumar et al., 2011; Felton et al., 2014), the vari-
ations in the seasonal cycles of MLD and BLT at the RAMA moor-
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Fig. 3. Comparison of estimated mixed-layer depth (MLD) (a, b) and the barrier-layer thickness (BLT) (c, d) using observations at the
RAMA moorings, Argo, HYCOM, and monthly climatology at 15°N, 90°E (a, c) and 12°N, 90°E (b, d). The numbers represent the
correlation (r) values between the RAMA estimations with Argo (red), HYCOM (blue), and climatology (green). The standard
deviations of the RAMA observations are: +6.5 (a), +8.6 (b), +16 (c), and +7.4 (d).
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Table 1. Correlations at the 95% significance level between the estimations from RAMA data and other data sources

43

15°N, 90°E 12°N, 90°E
Parameter Data source
r RMSE r RMSE
MLD RAMA-Argo 0.86 [0.58, 0.96] 3.70 0.82 [0.48, 0.94] 8.00
RAMA-HYCOM 0.42 [0.36, 0.52] 7.20 0.90 [0.67, 0.97] 4.00
RAMA-Climatology 0.77 [0.35, 0.93] 11.75 0.80 [0.42, 0.94] 11.80
BLT RAMA-Argo 0.95 [0.85, 0.98] 5.60 0.77 [0.36, 0.93] 4.90
RAMA-HYCOM 0.85 [0.55, 0.95] 12.50 0.95 [0.82, 0.98] 5.00
RAMA-Climatology 0.96 [0.86, 0.98] 5.70 0.88 [0.63, 0.97] 7.40
MLT RAMA-Argo 0.98 [0.95, 0.99] 0.19 0.88 [0.62, 0.97] 0.70
RAMA-HYCOM 0.98 [0.93, 0.99] 0.51 0.92 [0.73, 0.98] 0.62
RAMA-OISST 0.98 [0.97, 0.99] 0.18 0.97 [0.96, 0.98] 0.20
MLS RAMA-Argo 0.81 [0.45, 0.94] 0.23 0.89 [0.65, 0.97] 0.32
RAMA-HYCOM 0.62 [0.08, 0.88] 0.30 0.91[0.71, 0.97] 0.20

Note: The confidence intervals are noted in square brackets. MLD: mixed-layer depth; BLT: barrier-layer thickness; MLT: mixed-layer

temperature; MLS: mixed-layer salinity.

ings indicate the relative importance of subsurface temperature
and salinity distribution, and surface winds in the BoB. Hence,
the relative importance of the seasonality in MLT and mixed-lay-
er salinity (MLS) at the moorings are discussed in the next sec-
tion.

3.2 Seasonal MLT and MLS at the RAMA moorings

The correct estimation of the seasonal MLT is important as it
is used to calculate the 07/0t. The accuracy of the estimated
MLT could influence Qr, when it is estimated as the residual of
the mixed-layer heat budget. Furthermore, the correct estima-
tions of both seasonal MLT and MLS will enhance the validity of
using observations at the RAMA moorings to examine the effect
of the seasonal BL on the mixed-layer heat budget. Hence, we
compare the MLT and MLS at the RAMA moorings with other
data sources and the results are presented in Fig. 4. Similar to
Section 3.1, here we mainly focus on correlation values. The MLT
estimated using mooring data is strongly positively correlated
(r>0.98[0.96,0.99]) with Argo and OISST, where the RMSE (0.18
and 0.20 (°C)) shows relatively good agreement between RAMA
MLT and OISST. Further, the MLS estimated from RAMA data
shows relatively good agreement with Argo data at 12°N, 90°E
(r=0.89[0.65,0.97] , RMSE=0.32) and 15°N, 90°E (r=0.81[0.45,
0.94], RMSE=0.23). Thus, the observed good correlations for
MLT and MLS between RAMA data and Argo data confirm the
validity of using RAMA data in this study (Table 1).

The observed seasonality in MLT at 15°N, 90°E is relatively
strong compared with that at 12°N, 90°E. The seasonal changes in
MLT indicate the presence of a warmer mixed layer during pre-
to post-summer monsoon and a cooler mixed layer during winter
at the moorings. Furthermore, the MLT change within the sea-
sonal cycle is obvious from post- to pre-summer monsoon,
where the change in MLT remains almost zero during the sum-
mer monsoon. The MLT, which remains around 29°C between
July and September, indicates that the variability of the mixed-
layer heat budget terms are limited to post- to pre-summer mon-
soon in the BoB (Figs 4a, b). The seasonality of MLS is relatively
strong at 15°N, 90°E, where it peaks during late-summer mon-
soon and remains at a minimum during the pre-summer mon-
soon in the BoB (Figs 4c, d). Furthermore, it is evident from the
results that the MLS is positively correlated with the MLD, while
the MLT is significantly negatively correlated with the BLT at the
moorings (Table 2). Thus, based on the correlations, it is noted
that the MLT is linked with the seasonality of the BLT at 15°N,
90°E, while both MLT and MLS are linked with the seasonal cycle

of the BLT at 12°N, 90°E in the BoB. The relationship between the
BLT and entrainment cooling/heating in the heat budget has
been well discussed for the western Pacific (Vialard and Dele-
cluse, 1998b) and tropical North Atlantic (Foltz and McPhaden,
2009). The effect of the seasonal BL on the mixed-layer heat
budget in the BoB, with respect to MLT, temperature inversion
(—AT), Qn, and entrainment, is discussed in the next section.

3.3 Seasonal mixed-layer heat budget at the RAMA moorings

Consistent with previous studies, Qnet dominates in the
mixed-layer heat budget in the BoB (McPhaden and Foltz, 2013).
Considering the seasonality of the mixed-layer heat budget terms
and based on the data availability we have selected two RAMA
moorings. The results are presented in Fig. 5. In general, Qsw and
Qv play a primary role in heat gain and loss in Qnet compared
with that of Quw and Qs. The contribution of Qsw to Qne is deep-
est during pre- and post-summer monsoon. At 15°N, 90°E, Qsw
peaks during pre- and post-summer monsoon with a positive
heat gain while the heat loss from Qpen increases compared with
that of Qr, which may be attributed to the seasonality of MLD
(thin) and surface winds (weak) (Fig. 5a) (Girishkumar et al.,
2013). Such seasonal changes are not prominent at 12°N, 90°E ex-
cept during the pre-summer monsoon, and this further high-
lights the weakening of seasonality towards the southern BoB
(Fig. 5b).

The mixed-layer heat budget terms at 15°N, 90°E illustrate a
strong seasonality compared with that at 12°N, 90°E (Figs 5c, d).
At 15°N, 90°E, 0T/ 0t remains positive (heat gain) during pre- to
early summer (March-June), and deviates around zero (~0°C/d)
during summer to post-summer monsoon (July-October). Then
negative values during winter (November-February) complete its
annual cycle. The seasonality of 0T/ 0t is relatively weak at 12°N,
90°E and the contribution from HAdv at the mooring is also
weak. This indicates that the seasonal cycle of the mixed-layer
heat budget is mainly influenced by Qnet and Qr, in the BoB. The
magnitudes (°C/d) of the mixed-layer heat budget terms remain
almost the same during pre- to post-summer monsoon at the
moorings, while Q//pCp. MLD varies by ~1°C/d during winter.
The influence of Qr on the mixed-layer heat budget is higher
(positive) during winter and it strengthens towards the northern
BoB. The Qy, which represents the vertical heat exchange at the
base of the mixed layer (entrainment and vertical diffusion),
shows positive and negative contributions during November-
December and March-June, respectively. As the positive relation
between BLT and Qn has been discussed in previous studies (Vi-
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Table 2. Correlations at the 95% significance level between the

estimated barrier-layer thickness (BLT) and several selected

parameters at the RAMA moorings
15°N, 90°E

12°N, 90°E

BLT-MLT -0.86 [-0.88, —0.83] -0.96 [-0.97, —0.95]

BLT-HAdv -0.54 [-0.61, —0.47] -0.11[-0.21, -0.01]
BLT-Q, 0.72 [0.67, 0.77] 0.78 [0.74, 0.82]
BLT-(W,=TTD) 0.98[0.97, 0.99] 0.88 [0.85, 0.90]
BLT-(W,=D23) 0.97 [0.96, 0.98] 0.79 [0.74, 0.83]
BLT-(-AT) 0.94 [0.93, 0.95] 0.94 [0.92, 0.96]

Note: The confidence intervals are noted in square brackets. MLT:
mixed-layer temperature; TTD: top of thermocline depth.

alard and Delecluse, 1998a; Foltz and McPhaden, 2009; Girishku-
mar et al., 2013), it highlights the relative importance of examin-
ing the effects of the seasonal BL on the mixed-layer heat budget
in the BoB with respect to oceanic process.

3.4 Effect of seasonal BLT on MLT, HAdv and Q,,

The seasonal cycle of SST (or its proxy, MLT) is driven primarily
by the seasonal winds over the BoB, as shown by de Boyer Mon-
tegut et al. (2007). Furthermore, they show that the absence or
weaker upwelling is another major factor for the observed warm-
er SSTs in the region. Such findings highlight the presence of
stable water layers in the BoB, which is also evident from the vari-
ations in the BLT. The average BLT and its seasonality increases
towards the northern BoB along 90°E (Thadathil et al., 2007),
which also suggests an increase in water column stability. Hence,
the spatial and temporal variability of BLT could exert a consider-
able effect on the mixed-layer heat budget terms in the BoB.

BLT shows a significant negative correlation with MLT, com-
pared to that with MLS at the RAMA moorings and the results are
presented in Fig. 6a and Table 2. However, from pre- to post-

summer, MLT at the moorings does not show larger differences
similar to the changes in BLT. Thus, the observed MLT variabil-
ity during pre- to post-summer monsoon may be due to the at-
mospheric forcing, while oceanic processes (entrainment and
vertical diffusion) may play an important role determining the
MLT variability during winter. The relationship between the sea-
sonal cycle of BLT and HAdv remains less significant at the
moorings (Fig. 6b, Table 2) and indicates that the influence of
stratification below the mixed layer on HAdv is negligible at the
moorings. However, there is a lack of zonal and meridional cur-
rent observations at the moorings to support examination of the
influence of stratification on HAdv.

The weaker contribution from HAdv highlights the import-
ance of Qn followed by Q' to the mixed-layer heat budget at the
moorings. The Qp, which is estimated as the residual of the
mixed-layer heat budget, indicates warming (positive heat flux)
during winter and cooling (negative heat flux) during pre-sum-
mer. Qn remains almost zero duirng summer to post-summer
monsoon and completes its annual cycle. Consistent with previ-
ous studies (Vialard and Delecluse, 1998a; Foltz and McPhaden,
2009; Girishkumar et al., 2013), the positive correlation between
Qpand BLT is evident at the moorings (Fig. 6¢, Table 2). The pos-
itive relation between BLT and Qr shows spatial variability in the
BoB and the magnitude of Qn decreases towards the southern
BoB during winter. The quantification of processes in Qy in the
BoB has been challenging due to lack of high-resolution system-
atic measurements and the uncertainties in the available data
sources. However, despite the coarse vertical resolution, the con-
tinuous observations (daily) provided the opportunity to exam-
ine the seasonal variations of entrainment heat flux and temper-
ature inversion at the two RAMA moorings. Owing to the uncer-
tainties associated with the estimations of the vertical diffusion
coefficient, we considered the heat exchange due to vertical dif-
fusion as the residual term in Q. However, as the magnitude of
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heat change due to vertical diffusion in each season is relatively 3.5 Effect of seasonal BLT on entrainment and temperature inver-
low, we assume that the error introduced to the estimations by sion
neglecting vertical diffusion is not significant. The entrainment at the moorings is estimated based on two
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criteria and the results are presented in Fig. 7 and Table 2. The
absolute difference of entrainment estimated considering
W}, =TTD and Wj=D23 remains low throughout the seasonal
cycle. However, the difference is relatively high during the winter
compared with the other seasons (Figs 7a, c¢). Entrainment at
15°N, 90°E contributes to warming the mixed layer during winter
while it remains negative (cooling) during pre- to post-summer
monsoon and agrees with the seasonality of Q at 15°N, 90°E. The
entrainment at 12°N, 90°E remains negative in all seasons and
contributes to cooling the mixed layer throughout the year. Simil-
ar to Qp, the seasonality of entrainment decreases towards the
southern BoB (Fig. 8). The differences between Q; and entrain-
ment at the moorings during winter could be due to either the ac-
curacy of the estimated temperature inversion or the contribu-
tion from vertical diffusion, which we do not quantify in this ana-
lysis. Furthermore, a strong positive correlation between the sea-
sonal cycle of BLT and entrainment exists at the moorings, simil-
ar to that between BLT and Q. The relationship between BLT
and entrainment is significant (r>0.97) at 15°N, 90°E compared
with that (r<0.88) at 12°N, 90°E in the BoB (Table 2). Thus, the
results indicate that the variations in Qn and entrainment are
linked with the seasonal variability (spatial and temporal) of the

BLT in the BoB. Generation of temperature inversion (—AT) be-
low the mixed layer and its seasonality at the moorings is ex-
amined. Similar to the relation between BLT and Qp, significant
positive correlation exists between the BLT and —AT (r=0.94)
at the moorings (Figs 7b, d). —AT varies between -0.60°C/d and
0.30°C/d at the moorings while the seasonality is strong at 15°N,
90°E. This highlights the possible northward increase in the sea-
sonal cycle of —AT linked with BLT in the BoB. Similar to the
findings of Shee et al. (2019) in the northern BoB, our results at
the moorings indicate that the warming associated with —AT is
possible during only winter in the BoB.

Thus, we show that the variability of the BLT influences the
mixed-layer heat budget in the BoB, in terms of Qp, entrainment,
and —AT. The long term in situ observations at the two RAMA
moorings represent the actual conditions in the BoB and are
therefore more valid than the results obtained from model simu-
lations. Hence, based on the differences in the seasonal cycle of
BLT, Qx, and —AT at the moorings, we show the presence of a re-
lationship between the BLT and MLT in the BoB, which could in-
fluence the seasonal contribution of Qp, (or processes in it) to the
mixed-layer heat budget. Considering the observed relationship
between BLT and MLT in the BoB (Figs 4 and 7) we highlight two
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main points: (1) Temperature inversion occurs and the contribu-
tion from Qp, is warming (positive heat flux) when MLT < 28.5°C
and BLT > 25 m; (2) the contribution from Qy is cooling (negative
heat flux) and it is strongest when MLT >29°C and BLT <10 m.
Furthermore, we highlight the presence of —AT during winter

and absence of —AT during the pre-summer monsoon in the
BoB with respect to BLT and MLT. Shee et al. (2019) pointed out
that during winter, a thicker BL exists in the northern BoB due to
the deepening of the thermocline, and there is a significant tem-
perature inversion (2.5°C) in the subsurface BL. The temperature
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inversion diffuses and distributes heat within the mixed layer, fa-
cilitating deep penetration of Qsw through the mixed layer dur-
ing spring and enhancing the thermal stratification in the mixed
layer, resulting in the warmest MLT. Thus, the findings in the
northern BoB presented in Shee et al. (2019) strengthen our res-
ults obtained from the observations at the RAMA moorings.

During times when the BLT fluctuates between 10 m and 25 m
with a MLT around 28.5°C to 29°C, the presence of —AT is not
evident and the contribution from Qy, to the mixed-layer heat
budget remains around zero at the moorings. Shee et al. (2019)
suggested that during summer, the MLT in the northern BoB is
mostly governed by horizontal advection and wind-driven mix-
ing and neither BL nor temperature inversion influence the MLT.
However, as the calculated RMSE of MLT is 0.2°C, we do not in-
tend to draw any major conclusions except the two main points
discussed based on the average seasonal cycles (8 a) of BLT and
MLT. A thicker BL does not solely influence either generation of
temperature inversion or positive heat flux from Qp, and this is
well observed at the moorings (Fig. 7). Therefore, the combined
effects of the BLT and MLT are required to control the seasonal
contribution of Qx to the mixed-layer heat budget in the BoB.
Thus, in this study, we show the effect of the seasonal BL on the
mixed-layer heat budget in the BoB and highlight the appropri-
ate conditions for warming/cooling associated with Qn. To ex-
tend the observed relationships at the moorings to the entire BoB
region, more systematic measurements are needed to validate
the relationship identified between BLT and MLT.

Furthermore, we have examined the variations of Qy, at four
RAMA stations located along 90°E in the BoB (Fig. 8) and the res-
ults indicate that the seasonality of Qn decreases towards the
southern BoB and that the seasonal warming due to Qp is weak-
ening. Considering the strong postive correlations (Fig. 3), the
findings at the two RAMA moorings (12°N, 90°E; 15°N, 90°E) have
been tested for the entire BoB region using OISST and BLT clima-
tology. The strongest cooling associated with Qp, likely to appear
in the southeastern BoB during March, occupies the entire BoB
during April-May, then propagates towards the northwestern re-
gion and disapears during November. Furthermore, the regions
where Qp remains nearly zero seem to be related to the seasonal
BLT rather than the seasonal MLT. Nevertheless, we do not draw
any conclusion for the entire BoB region based on only the rela-
tionships identified at the two RAMA moorings. It will be import-
ant to validate the effect of BLT and MLT on the Qy using more
time series data.

4 Summary

The observations (2010-2017) at the two RAMA moorings
(12°N, 90°E; 15°N, 90°E) have been used to examine the effect of
the seasonal BL on the mixed-layer heat budget, with respect to
MLT, —AT, Qp, and entrainment in the BoB. Data have been ver-
tically interpolated using a spline interpolation technique to min-
imize the effect of the coarse vertical resolution of the data, and
the estimated results have been validated with respect to other
available data sources (Table 1). The 0T/ 0t is primarily con-
trolled by Q/ from March to October, while both Q/ and Qn dom-
inate during winter (November-February). Consistent with pre-
vious studies, the positive correlation between Q and BLT is
evident at the moorings with r>0.72 [0.67, 0.82] at the 95% signi-
ficance level. Owing to the lack of high-resolution systematic
measurements, we focus only on the entrainment based on two
depth criteria (W, =TTD and W, =D23) and consider the heat
exchange due to vertical diffusion as the residual in Q. A strong

positive correlation between the seasonal cycle of BLT and en-
trainment exists at the moorings, similar to that evident between
BLT and Q. A significant positive correlation between BLT and
—AT (r=0.94) is evident, which varies between -0.60°C/d and
0.30°C/d. Furthermore, in the mean seasonal cycle, the warming
associated with —AT is possible during only the winter monsoon
and indicates a spatial variability linked with BLT in the BoB.
Considering the relationships between BLT, Qp, and —AT at the
moorings, two arguments have been suggested in terms of aver-
age MLT and BLT. During times when a thicker BL (=25 m) co-
incides with MLT < 28.5°C, the BL exerts a considerable influ-
ence on 07/ 0t through the modulation of Q, (warming) in the
BoB. Furthermore, when the BL thickness is <10 m and coin-
cides with MLT >29°C, the cooling associated with Qp is strongest
and temperature inversion is not possible. The relationship
between MLT and BLT will be important to identify the contribu-
tion (spatial and temporal) of Qy, to the mixed-layer heat budget
and the regions with —AT in the BoB. To extend the relationship
found at the moorings to the entire BoB region, more systematic
observations are needed. Hence, we expect to continue this study
further, to quantify the processes in Q; and validate the effect of
the seasonal BL on the mixed-layer heat budget in the BoB.
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