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Abstract surface layer temperature inversion (SLTI), a warm layer sandwiched between surface and
subsurface colder waters, has been reported to frequently occur in conjunction with barrier layers in the
Bay of Bengal (BoB), with potentially commensurable impacts on climate and postmonsoon tropical
cyclones. Lack of systematic measurements from the BoB in the past prevented a thorough investigation of
the SLTI spatiotemporal variability, their formation mechanisms, and their contribution to the surface
temperature variations. The present study benefits from the recent Research Moored Array for
African-Asian-Australian Monsoon Analysis and Prediction (RAMA) buoys located in BoB along 90°E at 4°N,
8°N, 12°N, and 15°N over the 2006-2014 period. Analysis of data from these RAMA buoys indicates that SLTI
forms after the summer monsoon and becomes fully developed during winter (December—February). SLTI
exhibits a strong geographical dependency, with more frequent (80% times during winter) and intense
inversions (amplitude, AT ~ 0.7°C) occurring only in the northern BoB compared to central and southern
Bay. SLTI also exhibits large interannual and intraseasonal variations, with intraseasonal amplitude
significantly larger (AT ~ 0.44°C) than the interannual amplitude (~0.26°C). Heat budget analysis of the
mixed layer reveals that the net surface heat loss is the most dominant process controlling the formation
and maintenance of SLTI. However, there are instances of episodic advection of cold, low-saline waters over
warm-saline waters leading to the formation of SLTI as in 2012-2013. Vertical processes contribute
significantly to the mixed layer heat budget during winter, by warming the surface layer through
entrainment and vertical diffusion.

1. Introduction

The Bay of Bengal (hereafter, BoB), a tropical semienclosed basin strongly influenced by the Indian mon-
soons, is characterized by large seasonal freshwater influx from rivers as well as excess precipitation over
evaporation [Shenoi et al., 2002]. A large fraction of the net freshwater flux into the ocean occurs during the
summer monsoon and the early postmonsoon seasons, with near-equal contributions from continental run-
offs (dominated by two major river systems, namely, the Ganges-Brahmaputra and the Irrawaddy) and mon-
soonal rainfall [Chaitanya et al., 2014]. These freshwater sources are predominantly located in the northern
BoB, making the sea surface salinity (SSS) there as low as ~28 psu just after the summer monsoon [Rao and
Sivakumar, 2003; Akhil et al., 2014]. The diluting effect of the rainfall and the river runoff is confined primarily
to the upper ocean layers, resulting in sharp near-surface salinity stratification [Rao and Sivakumar, 2003;
Thadathil et al., 2007; Girishkumar et al., 2011].

This strong near-surface salinity stratification increases the vertical stability of the upper ocean layer and
helps to maintain a thin mixed layer [Mignot et al., 2007; Thadathil et al., 2007; Girishkumar et al., 2013; Maes
and O’Kane, 2014]. The salinity stratification often leads to the formation of barrier layer [Lukas and
Lindstrom, 1991], an isothermal salinity-stratified layer located below the mixed layer. Barrier layers in BoB
develop during fall (October-November) and peak during winter (December—March) [Rao and Sivakumar,
2003; de Boyer Montégut et al., 2007]. They prevent turbulent entrainment of cooler thermocline water into
the mixed layer and consequently maintain a warm sea surface temperature (SST) after the southwest mon-
soon [Shenoi et al., 2002; de Boyer Montégut et al., 2007] and thus reduce the negative oceanic feedback on
the postmonsoon tropical cyclones [e.g., Neetu et al., 2012], favoring their intensification.
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Figure 1. (a) Trajectory (of the Argo float (ID no. 5903744) during 2 January to 22 March 2013. Green squares indicate the positions of the
four RAMA buoys located in the BoB. (b) Vertical profile of salinity (blue) and temperature (red) from Argo float on 27 January 2013 and
illustration of SLTI and the associated parameters: AT, AS, LT, and T, (see text for definitions). The blue shaded region marks SLTI. Time
evolution of three hourly (c) temperature and (d) salinity profiles from the Argo float during 2 January to 22 March 2013.

Barrier layers have regularly been reported to occur in conjunction with inversions in the vertical tempera-
ture profiles [Thadathil and Gosh, 1992; Thadathil et al., 2002; Shankar et al., 2004; Thompson et al., 2006;
Girishkumar et al., 2013; Drushka et al., 2014], in which temperature increases with depth due to the pres-
ence of a warm subsurface layer (inversion layer) sandwiched between surface and subsurface colder
waters. Figure 1c illustrates one such occurrence of temperature inversion lasting from January to March
2013, as recorded by an Argo float (Figure 1a) from the northern part of the BoB. The beginning of 2013
(Figure 1d) was, indeed, characterized by a strong surface freshening (salinity ~30 psu) associated with a
very sharp salinity stratification (a salinity difference of ~4 psu in the top 100 m depth), accommodating an
inversion layer of 60 m thickness with temperatures ~3°C higher than that at the surface layer (Figure 1c).
Although persisting through February-March, the amplitude of this surface freshening and the associated
temperature inversion weakened from late January onward. Such a warm-water layer will, hereafter, be
referred to as the surface layer temperature inversion (SLTI) (Figure 1b) throughout the text. In the presence
of fresh surface waters and a barrier layer underneath, SLTI can occur when warming within the barrier layer
is greater than the warming of the surface layer [Girishkumar et al., 2013]. Given that the density stratifica-
tion remains statically stable, the increased stability of the water column induced by the salinity stratifica-
tion can thus accommodate the formation of SLTI by compensating the stability loss due to increase in the
temperature with depth. Warming of the subsurface waters within the barrier layer usually arises from the
shallow mixed layer that allows increased penetration of shortwave radiation at its base [Kurian and
Vinayachandran, 2006; Mignot et al., 2012]. On the other hand, SLTI can also occur due to cooling of mixed
layer caused by net surface heat loss through increased latent heat flux, decreased surface shortwave radia-
tion and/or increased shortwave penetration, and also by horizontal advection process [Girishkumar et al.,
2013].

Analysis of historical data [Thadathil et al., 2002] and measurements from ARGO floats [Thompson et al.,
2006; Thadathil et al, 2007] revealed large spatiotemporal variations of SLTI over BoB, with spatially
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organized SLTI occurring mainly along the coastal regions of the western and north-eastern parts of the Bay
during winter, when barrier layers are most prominent. An investigation of SLTI variability has long been
limited to the seasonal timescale due to paucity of long-term temperature and salinity measurements at
high temporal resolution. Using repeated XBT data in the northern BoB, Thadathil et al. [2002], however,
reported significant SLTI interannual variability and attributed it to the year-to-year variations in freshwater
forcing. The availability of time series observations of physical (temperature, salinity, and current) and sur-
face meteorological parameters from Research Moored Array for African-Asian-Australian Monsoon Analysis
and Prediction (RAMA) buoys in the BoB (Figure 1a) now allows a more accurate description of the intrasea-
sonal to interannual variability of SLTI. Girishkumar et al. [2013] analyzed the data from one such mooring
located in the central part of the Bay (8°N, 90°E) and reported large intraseasonal and year-to-year (two win-
ters during 2006-2008) variations in the frequency and magnitude of temperature inversions. However, the
buoy considered in their study is not located within the core region of the intense and most frequent inver-
sions, which usually is most prominent in the north-eastern part of the Bay [Thadathil et al., 2002].

In this study, we provide a more comprehensive description of SLTI by analyzing the data from all four avail-
able RAMA buoys in BoB (Figure 1a), extending from 8°N to 15°N and for a longer period (seven winters dur-
ing 2007-2014), and investigate the mechanisms driving the SLTI variability. The paper is organized as
follows. Data and method are provided in section 2. A description of the main characteristics of SLTI and its
spatiotemporal variability are presented in section 3. Section 4 discusses the mechanisms driving the SLTI
variability observed at the northernmost buoy (15°N, 90°E) that exhibits the largest and most frequent SLTI.
Section 5 discusses the contribution of SLTI to mixed layer heat budget through vertical processes. Last,
main findings of the present study are summarized in section 6.

2. Data and Method

2.1. SLTI Characteristics Derived From RAMA Temperature and Salinity Profiles

Data from the four RAMA buoys (Figure 1a) located in the BoB along 90°E at 4°N (2006-2013), 8°N (2006-
2013), 12°N (2007-2014), and 15°N (2007-2014) are analyzed to describe and understand the occurrence of
SLTI in the Bay. These buoys provide daily time series of temperature collected at 1, 10, 13, 20, 40, 60, 80,
100, 120, 140, 180, 300, and 500 m depths and of salinity collected at 1, 10, 20, 40, 60, and 100 m depths.
The vertical profiles from these buoys are linearly interpolated onto a common 1 m vertical-grid resolution.

Following Monterey and Levitus [1997], a fixed density criterion, i.e., a change in density from the ocean sur-
face of 0.125 (sigma units), is used for calculating the mixed layer depth (MLD). The isothermal layer depth
(ILD), the depth of the top of thermocline, is defined to be the depth at which the temperature decreases
by 1°C from the SST. This ILD definition is consistent with that of MLD, resulting in similar values when the
salinity stratification is vertically homogeneous. Barrier layer thickness (BLT) is defined as the difference
between ILD and MLD. Following Girishkumar et al. [2013], we identify inversion in the vertical temperature
profile when the temperature at a depth is greater than SST by 0.1°C, a threshold that largely exceeds the
accuracy of original RAMA temperature measurements (=0.02°C). We also derive the main characteristics of
the SLTI from the depth profiles of temperature and salinity as illustrated in Figure 1b. The amplitude of the
inversion (AT) is calculated as the difference between the maximum temperature (T ,,,) in SLTI and the SST.
The amplitude of the salinity stratification (AS) during the period of inversion is defined as the difference
between the salinity at the depth of maximum temperature in the SLTI and the SSS.

2.2. Mixed Layer Heat Budget
As noted in section 1, temperature inversions can occur due to cooling of the surface layer through heat
loss, horizontal advection, or warming of the subsurface layer through shortwave penetration below the
mixed layer. These plausible causes are examined by performing a heat budget analysis of mixed layer,
using the expression [see e.g., Rao and Sivakumar, 2000] given below:
aT Qnet B Qpen aT aT .
—=—_—"—— |u— +tv—| +Residual 1
ot pCoh ox oy M
where g—I is the mixed layer temperature tendency, the first term on the RHS represents the heat fluxes due
to atmospheric forcing, in which Qne: is the net surface heat flux, Qpen is the penetrative shortwave below
the mixed layer, p (=1023 kg/m?) is the density of seawater, Cp (=3989.2 J/kg.K) is the specific heat capacity
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of seawater, and h is the MLD. The terms —u % and —vg—; are the zonal and meridional components of hori-
zontal advection, respectively. The difference of the atmospheric forcing plus the horizontal advection
terms from the mixed layer temperature tendency term is the “Residual.” In the absence of measurement
errors, the residual mainly accounts for the vertical processes (entrainment and vertical diffusion), the con-
tribution from horizontal diffusion being almost negligible [Halkides et al., 2011]. However, in our analysis,
the residual will include errors in the buoy measurements.

In equation (1), we use the daily MLD computed from the buoy density profile as detailed in section 2.1.
Qnet is obtained as the sum of latent heat flux (Q,), sensible heat flux (Qse,), surface shortwave radiation
(Qshord) and long wave radiation (Qiong). Qiats Qiongs and Qsen are estimated using the Coupled Ocean Atmo-
sphere Response Experiment (COARE) bulk flux algorithm [Fairall et al., 2003] using the air temperature, SST,
relative humidity, and wind speed from the RAMA buoy. Qg is derived from downwelling shortwave flux
measured by the buoy and corrected for albedo at the sea surface (downwelling shortwave radiation is mul-
tiplied by 0.945). Whenever the buoy data are not available, the data from TropFlux [Praveen Kumar et al.,
2011] are used. Qpen is estimated as

Qpen =0.47Qshort [V1 e;r +V2ez_2h]

where {1 and {2 are the attenuation depths of long visible, short visible and ultraviolet wavelengths, and h
is the MLD in meters [Morel and Antoine, 1994; Sweeney et al., 2005]. As in Girishkumar et al., [2013], the val-
ues of V1 and V2, {1 and (2 are estimated from MODIS 8 day composite chlorophyll a (mg m~3) data using
the method of Morel and Antoine [1994]. The approximate values of these parameters are 0.39, 0.69, 1.52,
and 18.9, respectively.

As the temperature is relatively uniform from the surface to the base of the mixed layer, we calculate the
horizontal advection terms using the SST derived from the optimally interpolated microwave plus infrared
SST product at 9 km resolution. Horizontal temperature gradient is estimated as the forward difference of
~25 km averaged SSTs on either side of buoy location. At the buoy location, current measurements are
available at 10 and 40 m within the depth range of the mixed layer. The availability of currents at 40 m is
far less than that at 10 m depth during the period considered in this study (Figure S1 in the supporting
information). Comparison of currents at these two depth levels during their common available period
indicates that they are very coherent both in terms of phasing and amplitude (Figure S1), implying close
to uniform velocity over depths within the mixed layer. We, therefore, use zonal (u) and meridional
(v) currents derived from the 10 m depth level at the RAMA buoy location for mixed layer averaged cur-
rents in equation (1). Surface currents shown in Figure 11 are derived from the Ocean Surface Current
Analysis (OSCAR), a satellite-based estimate of 0-30 m averaged currents on a 1/3° Mercator [Bonjean and
Lagerloef, 2002].

3. SLTI Main Characteristics

Daily evolution of vertical temperature (left) and salinity (right) from October 2012 to May 2013 is shown
in Figure 2 for the four RAMA buoys considered in this study. The dashed and continuous black lines rep-
resent MLD and ILD, respectively. The dots indicate the presence of temperature inversion and are placed
at the center of the SLTI, with their colors representing the magnitude of AT. SLTIs are present at all four
buoy locations but exhibit a strong geographical dependency in their intensity and the frequency of their
occurrence. The northernmost buoy at 15°N displays a far stronger salinity stratification, with AS exceed-
ing 3 psu, and considerably larger AT exceeding 2°C compared to the other three southern buoys (at
12°N, 8°N, and 4°N), which exhibit a rather weak salinity stratification (up to 1.5 psu) and AT that rarely
exceeds 1°C.

Figure 3 shows the climatological characteristics (viz., the percentage of occurrence of inversion, AT ampli-
tude and inversion layer thickness (LT)) of the SLTI for all four buoys to assess if the aforementioned geo-
graphical dependency of the SLTI characteristics holds true over the entire period for which the data are
available. SLTI occurs (at their peak, December-February) only ~15% of the times at the southern part of
the Bay (Figure 3d), and are very weak (~0.25°C) with LT ~40 m. In the central part of the Bay (Figures 3b
and 3¢), the percentage of occurrence (~30%) and the layer thickness (40-50 m) of SLTI are slightly larger,
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Figure 2. Time evolution of (left) temperature and (right) salinity vertical profiles during winter 2012-2013 for the RAMA buoys located
along 90°E at (top) 15°N, (middle top) 12°N, (middle bottom) 8°N, and (bottom) 4°N. The dashed and solid lines show MLD and ILD,
respectively. Filled circles indicate the presence of temperature inversion with colors indicating the amplitudes of AT and are placed at the
middle of SLTI.

but the amplitude of AT yet remains fairly weak (~0.25°C). This is in stark contrast with SLTI characteristics
in the northern part of the Bay (Figure 3a). At this location, the SLTI exhibits a very strong seasonal cycle,
with very frequent (~80%), thick (~60 m), and intense (~0.7°C) SLTI from December to February as com-
pared to October and March (~30%, ~30 m, and ~0.3°C, respectively). Consistent with Thadathil et al.
[2002], the above analysis thus illustrates the strong geographical dependency of the SLTI seasonal charac-
teristics, with frequent, intense and thick SLTI occurring only in the northern part of the Bay during winter.
Therefore, the SLTIs over the northern BoB are likely to have stronger impact on the oceanic heat budget
compared to those in the southern BoB. Henceforth, we will focus on analysis of the data from the northern-
most buoy (at 15°N).
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Figure 3. Seasonal variability of mean AT, LT, and occurrence frequency at the four RAMA buoys located in the BoB. Seasonal variations
are derived by averaging the parameters available over a period of 7 years (2006-2014).

Figure 4 provides plots similar to those in Figure 2, but for the seven winters during 2007-2014 at the north-
ernmost RAMA mooring. Although the seasonal SLTI variations discussed above are evident in this figure,
with more prominent SLTI during winters, it also depicts considerable intraseasonal to interannual variations
in the SLTI. For instance, strong intraseasonal oscillations are evident during winter 2012-2013, in particular,
at the beginning and at the end of January 2013, with AT values exceeding 2°C and also during early Febru-
ary 2013, with AT exceeding 1°C. The period 2012-2013 also displays the most persistent occurrence of
SLTI, which is seen over 2 months period from the first week of January to the first week of March 2013. In
contrast, the winters of 2007-2008 and 2010-2011 exhibit less persistent and weaker SLTI, with weak intra-
seasonal variations.

Figure 5 allows quantifying the respective contributions of intraseasonal and interannual variations to the
total SLTI variability during winter. In this figure, SLTI characteristics (AT and LT) are shown for each winter
from December to February during when persistent and intense SLTI occurs. The interannual component is
defined as the mean value of the seasonal anomalies (seasonal cycle removed) during December-February
for each year (red horizontal bars) and the intraseasonal variations are computed as the deviation from the
interannual component for each year. AT does not exhibit large interannual fluctuations, except in 2013
when AT reach ~1.3°C compared to 0.5°C-0.7°C for the rest of the years. In contrast, strong intraseasonal
fluctuations (+1°C) are evident on the top of the seasonal averages. Consequently, the AT amplitude at
intraseasonal time scale is larger (~0.44°C) than that at interannual scale (~0.26°C). This contrast is even
more striking for LT, whose variations ranges from 10 to 100 m, with a far larger contribution from intrasea-
sonal (amplitude ~14 m) compared to the interannual component (~4 m).

The relationships between different SLTI characteristics are examined in Figure 6. Figure 6a, which shows
scatterplot of LT versus ILD, indicates that SLTI thickness is mainly controlled by the depth of the thermo-
cline (correlation between LT and ILD is 0.87, which is significant at 95% confidence level) rather than the
depth of the halocline in the surface layers (0.01 correlation between LT and MLD, not shown). In agreement
with Girishkumar et al., [2013], Figure 6b indicates a nonlinear relationship between LT and AT; thin SLTI
(<40 m) are systematically associated with weak temperature inversions (AT < 0.5°C), while AT increases
considerably for thick SLTI (>60 m). It must however be noted that weak to moderate AT (<1°C) can be
observed even for large LT (60-80 m).
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Figure 4. Same as in Figure 3, but for the buoy at 15°N for seven winters during 2007-2014.
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Figure 5. Time evolution of (a) AT and (b) LT during December-January-February period of the seven winters over 2007-2014. The red
horizontal bars indicate the mean value of seasonal anomalies (by removing the seasonal variations) during December-February for each
year and are considered as the interannual component. Intraseasonal fluctuations are defined as the deviation from the interannual
anomalies after removing the seasonal cycle (black dots minus seasonal cycle minus the red bars). The standard deviation of the
intraseasonal and interannual AT and LT variations over the entire period are provided on the respective figures.
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Figure 6. Scatterplot of (a) ILD versus LT and (b) AT
versus LT. The correlation coefficients (r) are indicated in
the respective figures, with those significant at 95%
confidence level are bold faced.

4, Driving Processes

As noted in section 1, SLTI can form only in the presence
of strong upper ocean salinity stratification. Figure 7
presents the histogram of SSS normalized by the total
number of observations (normalized distribution of SSS)
for both inversion (when AT >0.1°C) and noninversion
cases. This figure highlights that the strong surface fresh-
ening (SSS < 31 psu) is systematically related to the tem-
perature inversions, while the moderate surface freshening
(31 psu < SSS < 33 psu) can result in both inversion and
noninversion cases. This figure thus illustrates that,
although the strong salinity stratification is a prerequisite
for the SLTI formation, it is not a sufficient condition. Fig-
ures 8a and 8b further demonstrate that, once SLTI is
formed, its amplitude is strongly related to the strength of
the salinity stratification (correlation > 0.8) and to the sur-
face freshening (correlation ~ —0.7). Increased (decreased)
upper ocean salinity stratification and lower (higher) SSS
lead to more (less) intense SLTI.

In the presence of strong upper ocean salinity stratification,
SLTI can form due to surface layer cooling and/or by warm-
ing below the mixed layer. Figures 8c and 8d, which pro-
vide scatterplots of AT against SST and T,,ax anomalies,
illustrate that AT is more tightly related to the SST fluctua-
tions (correlation ~0.7) compared to the subsurface
temperature (T,,,,) Variations (correlation ~0.4). Therefore,
in the presence of upper ocean salinity stratification, the
surface cooling processes (i.e, the SST variability) are key
drivers of the SLTI formation and maintenance.
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40 il We further investigate the processes
responsible for the SST variability at
ol | the buoy location. As mixed layer tem-
B esion perature is a proxy for SST, we perform
mixed layer heat budget analysis
described in section 2.2 to understand
the SST variability. Figure 9 presents
the result of this analysis for three par-
ticular years. It is evident from this fig-
ure that the occurrence of inversions
generally coincides with SST cooling
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forcing mainly drives the SST cooling.

Non-inversion

% of Occurence

Figure 7. Normalized distribution (in percentage) of SSS during inversion (red) .
and noninversion (blue) cases. Profiles with AT > 0.1°C only are treated as having For instance, the strong surface cool-
temperature inversion. ing occurring in late December 2008 is

strongly related to atmospheric heat
loss in the mixed layer, while it appears to be unrelated to horizontal advection process, which indicates a
warming tendency. Similarly, the SST cooling tendency in January 2010 is strongly related to the fluctua-
tions in the atmospheric forcing rather than the horizontal advective process. This is in contrast with the sit-
uation seen during winter 2012-2013, when the SST tendency appears to be very consistent with the
horizontal advection term rather than the atmospheric forcing. The above analysis thus suggests that the
relative contributions of horizontal advection and net surface heat flux to evolution of the mixed layer tem-
perature (and hence SST) depend on the period considered.

Figures 10a-10c show the scatterplots of the SST tendency against each of the three terms involved in the
heat budget analysis (i.e., atmospheric forcing, horizontal advection, and residual) over the entire period
and hence allow a more general assessment of the processes driving the SST variations. This analysis indi-
cates that the atmospheric forcing exhibits large fluctuations (between —0.4 and 0.4°C d ') and is the dom-
inant contributor to the total SST tendency during winters at this location (Figure 10a), as demonstrated by
the high correlation (0.46) between them. In contrast, the horizontal advection term shows a weaker vari-
ability (between —0.15 and 0.15°C d~') and is not significantly correlated with the SST tendency. In line

with the previous studies [e.g., Roxy

4 — 15 ———— and Tanimoto, 2007; Vialard et al.,
r=0.87 : : )

. ‘.,"(a) (©) | 2011], this analysis confirms that the

3t . atmospheric forcing is, by and large,

=) | the main driver of the SST evolution at

g 2 1 this location, though the horizontal

g i advection can also play a role as in ear-
1t

ly 2013 (see Figure 9c). Figures 10d-
10f allow us to investigate further the
main component of the atmospheric
heat flux responsible for these atmo-
spheric fluctuations. Latent heat flux
dominates the net heat flux variability
(Figure 10d), showing the largest cor-
relation (0.87) and regression (0.49)
coefficients among the different com-
ponents. Although the shortwave flux
(Figure 10e) contributes significantly to

SSS (PSU)

AT (°C) AT (°C) the net flux variability (0.7 correlation
and 0.47 regression), the relationship is
Figure 8. Scatterplots of AT versus (a) AS, (b) SSS, (c) SST seasonal anomalies, and stronger for the noninversion (blue

(d) Trmax seasonal anomalies. The correlations between each pair of variables are d h duri he i .
indicated on the respective figures, with those significant at 95% confidence level ots) cases than uring the inversion
are bold faced. cases (red dots). This is also true with
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the weak penetrative shortwave flux as
shown in Figure 10f. Thus, the above
analysis suggests that the net heat flux
variations primarily drive the SST vari-
ability in this region, and the occur-

0.2

=]

| |
02 I SST Tendency |

| | | I
| | | |
! i ! ! rence of SLTI in the presence of strong
! Horizonthl Advectidn ! ! ! ! - . .
L : /\tmosph:eric Forcin}g : : : : _ sallnlty stratification.
1 1 1 1 1 1
; ; ; ; ; ; Although the above statement holds
B @)200?72010 ! ! ! ! ! true for most of the winters, it is not
= o2l ! ! ! ! ! ‘ the case with winter 2012, when hori-
) Mﬁ@: ‘ zontal advection strongly influences
S ) \
< 0 | the SST variability (Figure 9c). This
é-oa - ! ! peculiar role of horizontal advection is
8 B | | further detailed on Figure 11, which
l l shows weekly maps of SST and SSS,
L © 201%,2013 : superimposed with surface currents (Geo-
! ! strophic + Ekman) from late December
|
|

|
0.2 - : 2012 to late January 2013. The black line

in the left figures shows demarcation
between cold and warm waters. The
black star in Figure 11 shows the posi-
tion of RAMA buoy (15°N). The strong
cooling tendency observed in early

January 2013 at buoy location is
Figure 9. Mixed layer heat budget analysis. Time series from (a) October 2008 to indeed driven by horizontal advection
May 2009, (b) October 2009 to May 2010, and (c) October 2012 to May 2013 of
SST tendency (black) and the contributing terms: atmospheric forcing (red), of cold and fresh waters from the
horizontal advection (blue), and remainder (yellow) terms. Thick portions of the head Bay, resulting in cooling of sur-

lines indicate the presence of inversion during those periods. face water by about 3°C and freshen-

ing by ~2 psu during late January
compared to late December. This demonstrates the important role of surface advection in SLTI formation
during specific periods.

:

-0.2 —

Oct Nov Dec

5. Role of Vertical Processes

In the previous section, we discussed the role of atmospheric forcing and lateral advection in driving the
SST tendency. We now focus on the remainder term (see section 2.2), which includes both measurement
errors as well as the contribution from the vertical processes (entrainment and vertical diffusion); the contri-
bution from horizontal diffusion being almost negligible [Halkides et al., 2011]. The remainder term in our
analysis is far from being negligible (Figure 9) and is generally positive during December-February, especial-
ly when inversion occurs and is negative during noninversion periods (from March onward). This behavior is
very consistent with that expected from the vertical processes, which would tend to warm the surface layer
from below in the presence of SLTI (inversion period) and to cool the surface layer in the absence of SLTI
(noninversion period, i.e., when subsurface waters are colder than the surface waters). The remainder term,
however, does not show any systematic relationship with the SST tendency term (Figure 10c). If we assume
that the errors in the heat budget analysis (arising from the uncertainties in the measurements and the
approximations used in the heat budget calculation) are smaller than the amplitude of the vertical processes,
this remainder term can then be regarded as representing the contribution from the vertical processes and
hence can be used to provide a rough estimate of their contribution to the surface heat budget during the win-
ter season. In the following, we assume that the remainder term simply represents the vertical processes and
discuss their contributions to the SST variability.

Figure 12a provides scatterplot of amplitude of the remainder term during inversion period as a function of
amplitude of the inversion (AT). As expected from the contribution of vertical processes, this term is gener-
ally positive in the presence of SLTI and there is a clear warming tendency with increasing AT (correlation
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Figure 10. (top) Scatterplots of SST tendency against (a) atmospheric forcing term, (b) horizontal advection, and (c) remainder. (bottom)
Scatterplots of net heat flux against (d) latent heat flux, (e) shortwave flux, and (f) penetrative shortwave flux below the mixed layer. The
correlations (r) and regression coefficients (reg) are provided within each figure. The correlations significant at 95% confidence level are
bold faced.

between the remainder term and AT is ~0.5), further suggesting that the remainder term in our heat bud-
get equation (1) represents the vertical processes to a large extent. However, there are instances of negative
contribution of this remainder term (Figure 12a) as well, which are found mostly in the weak to modest SLTI
(AT < 1°C), that cannot be explained by the vertical processes. These features are most probably due to the
uncertainties in our heat budget calculation. Figure 12b further quantifies the amplitude of this remainder
term for noninversion periods and for inversion periods as a function of AT. If we assume that the errors in
the heat budget analysis would result in an erratic contribution to the SST tendency, this analysis can some-
what be interpreted as the contribution of SLTI to the mixed layer heat budget. Under this assumption, SLTI
contributes from 0.05°C d ™' (during weak inversion period with 0.1°C < AT < 1°C) to more than 0.15°C d ™"
(during strong inversion period, AT > 1.5°C) to the mixed layer heat budget, with an average of 0.12°Cd .
The contribution of vertical processes during noninversion period is generally negative and accounts for an
average cooling tendency of 0.07°C d~ ' in the mixed layer heat budget. On an average, the contribution of
vertical processes to mixed layer temperature budget between inversion and noninversion periods is about
0.18°C d™ ', and can be as large as 0.23°C d~' when strongest SLTI occurs. As these inversions occur fre-
quently during winter in the northern part of the BoB (80% of the times in December—February period; see
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Figure 3a) and their contribution is of the same order of magnitude as that of the atmospheric forcing, SLTI

is a major contributor to the SST variability and strongly contributes to damp the effect of winter cooling in

(geostrophic + Ekman) from OSCAR current. The black line in the left figure shows the demarcation of cold and warm anomalies. RAMA
this region. Thus, SLTI acts to “warm” the upper ocean layer during “winter cooling” in the northern BoB.

Figure 11. Weekly maps of seasonal (left) SST from AVHRR and (right) SSS from AQUARIS, superimposed with surface currents
buoy location (15°N,
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o4l @ ' . 6. Summary and Conclusion

’ . Lol ’ Surface layer temperature inversions, a warm layer sand-
wiched between surface and subsurface colder waters,
have been reported to frequently occur in conjunction
D with barrier layer in the BoB [Thadathil et al., 2002]. SLTI
affects surface temperature by entrainment and vertical
mixing of warm subsurface water into the mixed layer [de
Boyer Montégut et al., 2007], and have, therefore, been
suggested to have a significant impact on surface temper-
ature during winter, by damping the effect of winter [de
Boyer Montégut et al., 2007; Girishkumar et al,, 2013] in
BoB. The lack of systematic temperature and salinity pro-
files from the BoB in the past prevented a thorough inves-
tigation of the SLTI spatiotemporal variability, their
formation mechanisms and their contribution to the sur-
face temperature variations. The objective of the present
study is to address these issues by making use of vertical
temperature and salinity measurements derived from
four RAMA buoys distributed in the BoB along 90°E at
4°N, 8°N, 12°N, and 15°N over a period of 7 years.

o
[\
T
L ]
1

S
N

Remainder (°C day!)
o
)

e
—

Analysis of data from these RAMA buoys indicates that
SLTI forms after the summer monsoon and becomes fully
developed during winter (December-February). In agree-
ment with Thadathil et al. [2002], more frequent and
AT (°C) intense inversions occur in the northern BoB compared to
central and southern Bay. SLTI exhibits large interannual
and intraseasonal variations, with intraseasonal amplitude

0 05 1.0 15 20 25

Figure 12. (a) Scatterplot of remainder term against AT
during inversion period. (b) Averaged amplitude of the

remainder term for noninversion cases (blue bar) and significantly larger than the interannual amplitude.
inversion cases as a function of AT (red bars). The
correlation (r) significant at 95% level is bold faced. Our analysis indicates that, in the presence of strong

upper ocean salinity stratification, surface cooling pro-
cesses are key drivers of the SLTI, rather than subsurface warming. Further assessment of various processes
using mixed layer heat budget analysis reveals that the net surface heat loss is, by and large, the most dom-
inant mechanism in the formation and maintenance of SLTI during the seven winters considered in the
2006-2014 period. Episodic advection of cold, low-saline waters over warm, saline waters leads to the for-
mation of SLTI as in the case of winter 2012-2013. Though a direct estimation of vertical processes is
beyond the scope of the present study, an indirect assessment of vertical processes (assuming errors in the
measurements or approximations in heat budget analysis are negligible) through the remainder term indi-
cates that they contribute significantly to the mixed layer heat budget during winter, by warming the sur-
face layer through entrainment and vertical diffusion.

Frequent occurrence of SLTI in the northern BoB during winter can contribute to the warming of surface
layer by as large as 0.2°C d ', which is much higher than the estimate of 0.02°C d~' based on modeling
studies of de Boyer Montégut et al. [2007] and Mignot et al. [2012]. Such a discrepancy may arise due to
large region considered in these modeling studies, or from underestimation of SLTI in ocean models or
uncertainties in our heat budget calculation. Our estimate of such a large contribution of vertical process-
es to the SST is also considerably higher than the estimate of Girishkumar et al. [2013] (0.01°C d ' during
January-February 2008 in their analysis), who did focus their analysis on the southern RAMA buoy at 8°N.
This difference could be due to the presence of more frequent and intense SLTIs at 15°N compared to
the southern BoB, which is characterized by infrequent and very weak occurrence of SLTI as illustrated in
Figure 3.

It should, however, be noted that the results of the present study, obtained by analyzing the data from the
northernmost buoy, cannot be generalized to entire BoB, as SLTI is known to exhibit large spatiotemporal
variations. Studying the SLTI characteristics in the entire Bay, however, is not possible due to limitations of
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observation in terms of the spatial and temporal coverages (only four buoys as of now in BoB over 7 years
period). The warming rate of mixed layer due to the presence of SLTI (a maximum of ~0.2°C d ") is subject
to uncertainties in the heat budget calculations related to measurements errors (mainly fluxes) and approxi-
mations in heat budget calculation (for e.g., horizontal advection term). These uncertainties get absorbed in
to the remainder term (treated as vertical processes) and hence would be interpreted as the influence of
SLTI on heat budget via vertical processes. These shortcomings call for a dedicated modeling approach,
which would allow accurate evaluation of the terms in the heat budget equation and to ascertain the con-
clusions based on the observations.
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