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Modification of Upper-Ocean Temperature 
Structure by Subsurface Mixing in the Presence 

of Strong Salinity Stratification

BAY OF BENGAL: FROM MONSOONS TO MIXING

ABSTRACT. The Bay of Bengal has a complex upper-ocean temperature and salinity 
structure that is, in places, characterized by strong salinity stratification and multiple 
inversions in temperature. Here, two short time series from continuously profiling 
floats, equipped with microstructure sensors to measure subsurface mixing, are used 
to highlight implications of complex hydrography on upper-ocean heat content and 
the evolution of sea surface temperature. Weak mixing coupled with the existence of 
subsurface warm layers suggest the potential for storage of heat below the surface mixed 
layer over relatively long time scales. On the diurnal time scale, these data demonstrate 
the competing effects of surface heat flux and subsurface mixing in the presence 
of thin salinity-stratified mixed layers with temperature inversions. Pre-existing 
stratification can amplify the sea surface temperature response through control on the 
vertical extent of heating and cooling by surface fluxes. In contrast, subsurface mixing 
entrains relatively cool water during the day and relatively warm water during the 
night, damping the response to daytime heating and nighttime cooling at the surface. 
These observations hint at the challenges involved in improving monsoon prediction at 
longer, intraseasonal time scales as models may need to resolve upper-ocean variability 
over short time and fine vertical scales. 

INTRODUCTION
Two defining features of the Bay of Bengal 
(BoB) are its low near-surface salin-
ity and strong monsoon forcing (Schott 
and McCreary, 2001; Rao and Sivakumar, 
2003). These two components are related 
and depend on one another. Freshwater is 
added to the BoB through heavy precipita-
tion and terrestrial runoff that accompany 

the monsoon. The resultant strongly 
stratified upper ocean, in which salinity 
is regularly the dominant contributor to 
density (Agarwal et al., 2012), supports a 
complex upper-ocean temperature struc-
ture with direct consequences for sea sur-
face temperature (SST). In turn, oceanic 
control on the upper-ocean hydrographic 
structure can alter SST, influencing 

air-sea exchange of heat and freshwater 
and thereby creating a feedback path-
way between the atmosphere and ocean 
(Fu et al., 2003; Woolnough et al., 2007; 
Guemas et al., 2011; McPhaden and Foltz, 
2013). Consequently, understanding the 
diversity of the processes that set upper-
ocean stratification and SST in the BoB is 
important for improving monsoon pre-
diction (Inness and Slingo, 2003; Bernie 
et  al., 2005; Woolnough et  al., 2007; 
Sobel et al., 2008), particularly on intra-
seasonal time scales over which current 
forecast capabilities are poor (Goswami 
et  al., 2006, 2011). Further discussion 
of the region and its significance in the 
South Asian monsoon can be found in 
Goswami et al. (2016, in this issue). 

On seasonal time scales, monsoon 
forcing and the lateral spreading of fresh-
water from multiple terrestrial sources 
regulate mixed layer depth and SST (Rao 
and Sivakumar, 2003; Sengupta et  al., 
2006; Vinayachandran and Nanjundiah, 
2009). During the northeast mon-
soon (boreal winter), winds from the 
northeast carry dry air from the Indian 
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SCIENCE BOX 1. TURBULENCE → 
MICROSTRUCTURE → MIXING
 
The discussion in this paper of the contribution of mixing to mod-
ulation of the diurnal warm layer relates to processes beneath 
the air-sea interface—hence, we refer here to this contribution as 
subsurface mixing. Mixing is an irreversible thermodynamic process 
by which scalar properties (like heat) diffuse at molecular scales. 
According to Fick’s Law, the molecular diffusive flux of a scalar Φ is 
–γ∂Φ/∂xj, where γ  is the molecular diffusivity and ∂Φ/∂xj is the mean 
scalar gradient. The negative sign indicates that molecular diffusion 
is always a down-gradient process, moving properties from regions 
of high concentration to regions of low concentration. The γ  term is 
a property of the fluid that is measurable under laboratory conditions 
and varies weakly with temperature, pressure, and salinity. In the 
ocean, the molecular diffusivity of heat varies by around 15%, rang-
ing from γT = 1.36 × 10–7 m2 s–1 for fresh, cool water (0 gm kg–1, 0°C) to 
γT = 1.51 × 10–7 m2 s–1 for warm, salty water (40 gm kg–1, 30°C). 

Fluid dynamic instabilities (e.g.,  shear instability and convection) 
lead to fully three-dimensional turbulence, a consequence of which 
is scalar microstructure, small-scale eddies and overturns that 
enhance scalar gradients in all three dimensions as depicted in the 
lower right-hand corner of Figure  SB1. Sensors to measure ocean 
microstructure, like the fast thermistors on the χSOLOs discussed 
here, provide a measure of these enhanced gradients. These small-
scale gradients can be many orders of magnitude greater than mean 
background vertical gradients, consequently leading to enhanced 
molecular mixing that is several orders of magnitude greater than 
predicted by Fick’s law.

We often model the effect of turbulence on mixing in the ocean 
using a turbulence diffusivity, which is a property of the fluid flow and 
varies in space and time. The diffusive term in the heat equation is 
thus modeled as a combination of turbulent and molecular diffusiv-
ities, ∂/∂xj {ρcp (KT + γT)∂T/∂xj }, where ρ  is the density of seawater, 
cp is the heat capacity of seawater, and KT is the turbulent diffusivity of 
heat. KT, a property of the flow, is inferred from measurements of the 
ocean’s microstructure. Unlike molecular diffusivity, turbulence diffu-
sivity varies widely, as shown in the χSOLO data, in which KT ranges 
by five orders of magnitude from the molecular value to 10–2 m2 s–1.

subcontinent over the Bay of Bengal, where it accu-
mulates moisture and then causes heavy rain-
fall over southern India and northeast Sri  Lanka. 
During the southwest monsoon (boreal summer), 
winds from the southwest carry moisture-laden 
air toward the Himalayas, resulting in heavy rain-
fall over the Bay of Bengal’s northern rim nations, 
feeding the Ganges-Brahmaputra and Irrawaddy 
watersheds. Although much of the terrestrial run-
off is carried in boundary currents around the 
BoB, the freshwater signature from northern rivers 
is observed annually in the interior of the BoB in 
late summer (M. Ravichandran, Indian National 
Centre for Ocean Information Services, pers. 
comm., May 2015). Beginning at this time and con-
tinuing through early spring, the salinity stratifica-
tion in the interior BoB rivals that of temperature 
stratification in setting the upper-ocean density 
field. A salinity-stratified mixed layer allows for 
inversions in upper-ocean temperature profiles and 
the creation of a barrier layer (Agarwal et al., 2012), 
defined as the region between the mixed layer and 
the thermocline (Mignot et al., 2009). The barrier 
layer isolates cool thermocline water from the sur-
face mixed layer (Lukas and Lindstrom, 1991). 

Resolving upper-ocean variability at time scales 
as short as the diurnal can have important conse-
quences for SST evolution on longer time scales, 
including intraseasonal variability (Bernie et  al., 
2005; Guemas et al., 2011; Mujumdar et al., 2011). 
Intraseasonal variability in the southwest mon-
soon is marked by active periods with heavy cloud 
cover and precipitation and break periods with lit-
tle to no precipitation. During cloud-free break 
periods, strong insolation leads to the development 
of a diurnal warm layer (DWL) within the ocean 
mixed layer. The depth to which this heat pene-
trates determines the amplitude of the daily SST 
cycle within the DWL, with deeper penetration 
resulting in a weaker SST cycle (Fairall et al., 1996). 
During active periods of the monsoon, the short-
wave radiation (sunlight) is reduced by heavy cloud 
cover and may remain negligible for several days 
at a time in comparison to the sensible, latent, and 
longwave components (Sengupta et al., 2001; Sobel 
et al., 2008). Under these conditions, air-sea fluxes 
act to cool the ocean’s surface, limiting formation 
of a DWL. Because of the complexity of the upper-
ocean temperature structure, subsurface mixing 
(see Science Box 1) may also alternately cool and 
heat the sea surface, complicating the response of 
the DWL to surface fluxes. 

FIGURE SB1. A comparison of mixing enhanced by turbulence with 
mixing due to molecular processes alone, as revealed by a numer-
ical solution of the equations of fluid motion. The initial state (top) 
includes a circular region of dyed fluid in a white background. Two 
possible evolutions are shown: one in which the fluid is motionless 
(save for random molecular motions) as shown on the bottom left, 
and one in which the fluid is in a state of fully developed turbulence 
(bottom right). The mixed region (yellow-green) diffuses much more 
rapidly in the turbulent case. From Smyth and Moum (2001)
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Here, we detail upper-ocean struc-
ture in the northern BoB during the 
southwest monsoon using observations 
from two recent deployments of special-
ized profiling floats (χSOLO in Figure 1). 
These instruments combine the capa-
bilities of the SOLO-II profiling float, 
which can be programmed to change its 
buoyancy and dive and rise on a sched-
ule to sample conductivity- temperature- 
pressure at 1 Hz resolution (Roemmich 
et  al., 2004), with χpod microstructure 
sensors to sample turbulent fluctuations 
at 100 Hz (Moum and Nash, 2009). The 
roughly week-long drifts followed along 
the periphery of a sea surface height low, 
which was mapped by satellite and indi-
cates the presence of a geostrophic flow, 
centered near 17°N, 88°E. The signa-
ture of higher- frequency (primarily) tidal 
oscillations manifests as a wobble to the 
otherwise roughly geostrophic trajecto-
ries (Figure 1 inset). The northern χSOLO 
float (SN8382, referred to hereafter as 

χSOLO-N) generally sampled fresher 
water than the southern float (SN8371, 
referred to hereafter as χSOLO-S), con-
sistent with the large-scale salinity gra-
dients in the BoB (fresher water to the 
north). Both χSOLO floats were pro-
grammed to profile as rapidly as possible 
to ~50 m depth with ~25 minutes between 
successive profiles. The conductivity-  
temperature- pressure data were sent to 
shore through Iridium after each profile; 
higher-  frequency microstructure data 
were stored internally in a self-contained 
unit. These data are used to demonstrate 
the complexity and variability of the 
upper-ocean temperature-salinity struc-
ture over daily to weekly time scales, with 
focus on the competing roles of net sur-
face heat flux and subsurface mixing in 
the development of the DWL. 

Although this work details a relatively 
coarse, bin-averaged (0.5 m vertical res-
olution) view of upper-ocean struc-
ture, we note that a primary strength of 

the χSOLO technology lies in its ability 
to cleanly sample the upper ocean (see 
Science Box 2) and to resolve temperature 
within 1 cm of the ocean’s surface. Since 
the χSOLO lacks a surface expression, it 
is decoupled from the surface, minimiz-
ing surface wave contamination relative 
to other platforms (e.g., buoy records). In 
addition, floats profile vertically relative 
to the water, allowing for straightforward 
conversion of frequency to wavenumber 
spectra (and consequently calculation of 
turbulence quantities), offering certain 
advantages over gliders and tethered pro-
filers. This technology provides in  situ 
high spatial (centimeters in the verti-
cal) and high temporal (30 minutes for 
50 m profiles) resolution that is capable 
of resolving the structure and evolution 
of the DWL and SST.

UPPER-OCEAN SALINITY AND 
TEMPERATURE STRUCTURE 
Atmospheric conditions varied from 
clear-sky strong solar heating to per-
sistent cooling, as measured at the Woods 
Hole Oceanographic Institution (WHOI) 
air-sea buoy at 18°N, 89°E (Weller et al., 
2016, in this issue). χSOLO-S, deployed 
on August 29, 2015, at 0700 IST (India 
Standard Time = UTC plus 5.5 hours), 
initially recorded a four-day period with 
a regular and strong diurnal cycle in net 
surface heat flux (Figure  2a) and rela-
tively strong wind forcing (Figure  2b) 
before transitioning to a period of inter-
mittent cooling and heating with gen-
erally light winds. The initial period of 
χSOLO-N (deployed September 2, 2015, 
1900 IST) overlapped the second half 
of the χSOLO-S deployment. The lat-
ter part of the χSOLO-N drift was char-
acterized by continuing light winds with 
most days experiencing diurnal heating 
(Figure 3a,b). 

The complexity and variability of the 
upper-ocean temperature and salinity 
structure is evident through comparison 
of the two float time series (Figure  2c,d 
and Figure  3c,d). To the south, upper-
ocean salinity was generally higher by 
0.4 psu and temperature slightly warmer 

FIGURE 1. Background: Sea surface height anomaly (SSHA) with χSOLO trajectories 
(8371/χSOLO-S in black, 8382/χSOLO-N in gray). Stars indicate deployment locations. 
Isobaths are contoured in gray. Gridded SSHA data come from the Colorado Center for 
Astrodynamics Research (CCAR), available at http://eddy.colorado.edu. Inset: Salinity 
at 1 m (shading) and drift velocities (vectors). Start and end times are indicated. Times 
throughout the manuscript are in India Standard Time (IST, which is UTC plus 5.5 hours).
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by 0.2°C compared to the northern float in the upper 
15 m (density less than 1,019 kg m–3). Temperature 
and salinity were similar at depth (for water with 
potential density greater than 1,021.3  kg  m–3), so 
that generally the salinity (density) stratification was 
greater to the north. Notably, almost the entire upper 
50 m had temperature warmer than 28°C, a com-
mon threshold for atmospheric convection (Gadgil 
et al., 1984; Johnson and Xie, 2010). 

The contribution of salinity to density stratifica-
tion was typically more than 10 times greater than the 
destabilizing contribution from temperature at the 
base of the mixed layer (e.g., compare Figure 4b,c). 
The upper-ocean salinity stratification has multiple 
peaks, indicating the boundaries between stratified 
and well-mixed layers, while the temperature strat-
ification regularly alternates sign, showing locations 
of temperature inversions. Qualitatively, the strati-
fication for χSOLO-S is similar to that presented in 
Figure 4 for χSOLO-N, except that the stratification 
was slightly weaker. (Compare the spread of isopyc-
nals plotted in Figures 2 and 3.) In both float records, 
stable temperature stratification develops near the 
surface on days with diurnal warming from insola-
tion. The daytime heating is primarily constrained to 
within the pre-existing mixed layer. For example, the 
χSOLO-N record shows a very shallow DWL on day 
1 that transitions to a much more diffuse, deeper fea-
ture on day 6 as the mixed layer deepens (Figure 4). 

All profiles (total 1,077 profiles for the two floats 
combined) sampled at least one temperature inver-
sion and often multiple inversions (Figures 2c,e; 
3c,e; 4b,c). The uppermost inversion resides at the 
base of the salinity-controlled mixed layer (e.g., see 
Figure 4b,c for χSOLO-N). Subsurface maxima mea-
sured by the southern float were typically less than 
0.4°C warmer than the surface. In contrast, sub-
surface warm layers were regularly more than 0.5°C 
warmer than the surface at the northern float. And, 
the subsurface maximum exceeded 0.9°C for a six-
hour period spanning September 7–8. 

As noted above, most of the sampled water col-
umn shows temperature greater than 28°C. Taking 
this as a reference temperature, an estimate of 
upper-ocean heat content (UOHC, J m–2) in 
excess of the threshold for atmospheric convection 
can be made using 

UOHC = ∑>0 ρ0 cp (T – 28°C) × Δz,

where ρ0 is the reference density, cp is the heat capac-
ity of seawater, T is the measured temperature, ∆z 
is the 0.5 m bin size of the gridded data, and the 

SCIENCE BOX 2. SURFACE WAVE 
CHARACTERIZATION WITH DIFFERENTIAL 
PRESSURE MEASUREMENTS

χSOLO profiling through the sea surface provides a new perspec-
tive on near-surface (<5 m) properties and physics. In addition to 
thermistor data described in the main text, χSOLO floats also car-
ried pitot tubes that provided high-resolution differential pressure 
measurements. Pitot measurements yielded several unique infor-
mation streams (Figure  SB2). First, the mean profiling speed of 
0.18 m s–1 can be determined directly from the pitot data. Second, 
the high-frequency signal (e.g., apparent between 18 m and 22 m 
depth in Figure SB2) denotes turbulent velocity fluctuations, which 
can be scaled to quantify the viscous rate of dissipation of the tur-
bulence (Moum, 2015). A third and unique aspect of these near- 
surface profiles is the ability to characterize the surface wave field. 
In this example, the wave period (or frequency, ω) is directly esti-
mated from the spectral peak in the profile, which occurs at four 
seconds in this example. The wavelength (or wavenumber, k ) is 
uniquely determined from the period for deepwater surface gravity 
waves. Finally, the vertical dependence is defined by the exponen-
tial decay and determines the wave amplitude η0 of 0.15 cm. 

Future long profiling records such as this can contribute insight 
into the evolving surface wave field as well as the evolving struc-
ture of the diurnal warm layer and the mixed layer under a full range 
of conditions not accessible by ship.
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FIGURE SB2. Vertical profiles of vertical velocity relative to 
the float (left) and small-scale temperature gradients from 
sensors on an χSOLO profiler (right). These profiles were col-
lected on September 4, 2015, 0716 IST.
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FIGURE 2. Summary of χSOLO-S. (a) Net surface heat flux from the Woods Hole Oceanographic Institution (WHOI) 
mooring at 18°N (shading, left-hand side) and turbulent heat flux averaged over the upper 10 m (black, right-hand 
side). (b) Wind stress from the WHOI mooring (shading, left-hand side) and sea surface temperature from the 
χSOLO (black, right-hand side). Time series show (c) temperature, (d) salinity, (e) vertical gradient of temperature, 
(f) turbulent diffusivity of temperature, and (g) turbulent heat flux. Positive turbulent heat flux corresponds to mixing 
of heat upward. Isopycnals are contoured in black at 0.25 kg m–3 intervals in (c)–(g). 

FIGURE 3. Summary of χSOLO-N—same as Figure 2. 
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its slope from days 2 to 4 corresponds to a 
cooling rate of roughly 70 W m–2, consis-
tent with the measured surface cooling at 
the WHOI mooring.

Due to the observed weak turbulent 
heat fluxes (as discussed in the following 
section), the UOHC has the potential to 
be stored for a long period of time once it 
is isolated below the surface mixed layer. 
Given the relatively weak net surface 
flux during the southwest monsoon (in 
the long-term, large-scale average long-
wave and latent cooling roughly balance 
shortwave heating; Kalnay et  al., 1996), 
warm layers could persist through this 
season. Periods of either sustained cool-
ing (e.g.,  those accompanying the latent 
heat release associated with dry northeast 
monsoon winds) or intense wind forc-
ing (e.g., those realized during storms or 
cyclones) will be needed in order to erode 
the subsurface maxima in temperature.

W
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)

FIGURE 4. Time series from χSOLO-N showing the (a) net surface heat flux (shading, left-hand side) and aver-
age upper-ocean heat content below (black solid line, right-hand side) and above (black dashed line, right-hand 
side) the mixed layer, (b) contribution of temperature to density stratification, (c) contribution of salinity to den-
sity stratification, and (d) upper-ocean heating relative to 28°C converted to a rate using a time scale of one 
day. Mixed layer depth (turquoise line), calculated as the depth at which the density exceeds 0.03 kg m–3 of the 
value at 0.5 m, is plotted in (b–d). Note color axes differ by a factor of 10 in (b) and (c).

(Figure 4d), that is, if a depth bin lost all of 
its heat relative to 28°C in one day, its heat 
flux would be >10 W m–2. The summed 
total UOHC/∆t is typically greater than 
1,800 W m–2. In other words, if cooling 
were capable of eroding salinity stratifica-
tion near the surface, the UOHC is suf-
ficient to maintain an SST of 28°C for 
roughly 10 days given daily average sur-
face cooling of 150–200 W m–2 (i.e., con-
ditions typical to those observed on days 
of net cooling during the χSOLO deploy-
ments). Furthermore, while the aver-
age heat content above the mixed layer 
depth responds to surface heat fluxes, 
the average heat content below the mixed 
layer is relatively uniform over the time 
series (Figure  4a, right-hand side). The 
response of the average heat content 
within the mixed layer to surface fluxes 
can be seen in the time rate of change of 
the dashed line in Figure 4a. For example, 

summation includes only positive values. 
The average heat content per meter depth 
(in J m–3) within a layer of thickness, 
H, is given as H–1 × UOHC, where the 
UOHC has been summed over the layer. 
We consider the average heat content 
within two separate layers in Figure  4a 
(right-hand side): above the mixed layer 
(H spans from the surface to the mixed 
layer depth) and below the mixed layer 
(H spans from the mixed layer depth to 
the depth where T = 28°C). We also con-
vert UOHC to a daily rate using a set 
time scale, ∆t = 1 day, to convert J m–2 
to the more familiar W m–2. This conver-
sion is made so that the heat contained 
in each depth bin can be compared to the 
heat gained or lost by the average net sur-
face heat flux (Figure 4d). 

The region between the surface mixed 
layer and ~50 m depth typically contains 
>10 W m–2 in each half-meter depth bin 
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DEVELOPMENT OF THE 
DIURNAL WARM LAYER
The development of the DWL is detailed 
for both floats on September 3–4 (Figure 5) 
when χSOLO-S was near 16.6°N, 89.2°E 
and χSOLO-N was near 17.3°N, 89.4°E 
(i.e., a separation of roughly 80 km north-
south). Prior to sunrise, the isothermal 
layer was deeper than 10 m at the south-
ern float and shallower than 10 m at the 
northern float (Figure  5b,c). For both 
floats, the temperature increased with 
depth at this time, indicative of the sub-
surface warm layers evident in Figures 2 
and 3. After the transition to net heating 
at the surface (around 0930 IST), the tem-
perature at 0.5 m begins to increase. As 
the day progresses, warming occurs pref-
erentially near the surface due to the expo-
nential decrease in penetrating shortwave 
radiation. Temperature within the DWL is 
greater than in the previous evening’s iso-
thermal layer, resulting in depth curves 
that are characterized by the development 
of a minimum in temperature near 5–10 m 
depth. Later in the day, near- surface mix-
ing acts to homogenize the DWL, cre-
ating a sharply peaked minimum at the 
base of the DWL (intermediate shades 
in Figure  5b,c). As time progresses, the 

sharpness of the temperature minimum 
is eroded via mixing. Cooling at the sur-
face further reduces elevated near-surface 
temperature, and eventually a well-mixed 
region overlying a subsurface warm layer 
again characterizes temperature profiles. 

The daily evolution of the vertical 
derivative of temperature, ∂T/∂z within 
and at the base of the DWL follows a 
repeatable pattern, characterized by alter-
nating bands of positive and negative 
∂T/∂z (Figures 2e and 3e). As the DWL 
develops, relatively warm water resides 
above relatively cool water. At night, after 
the temperature stratification of the DWL 
is eroded, relatively cool water resides 
above relatively warm water. The alternat-
ing sign of ∂T/∂z is a direct consequence 
of both strong insolation, which provides 
the heat necessary to form the tempera-
ture stratification within the DWL, and 
strong salinity stratification, which inhib-
its mixing beneath the mixed layer and 
supports subsurface maxima in tempera-
ture. During the day, temperature within 
the DWL rivals or exceeds that in the 
subsurface maxima. At night, the well-
mixed and cool surface layer is directly 
in contact with subsurface warm layers. 
The daily fluctuation in the sign of the 

temperature gradient determines the sign 
of the turbulent heat fluxes within the 
upper ocean, as discussed below.

TURBULENT HEAT FLUX IN THE 
DIURNAL WARM LAYER
χSOLO floats were equipped with χpods 
that measure temperature and tempera-
ture gradient fluctuations at 100 Hz using 
FP07 thermistors (Moum and Nash, 
2009; Perlin and Moum, 2012). The resul-
tant frequency spectra are converted to 
wavenumber spectra using the ascent 
rate of the χSOLO floats (~0.2 m s–1) 
and scaled to theoretical spectra to esti-
mate the diffusive rate of destruction of 
temperature gradient variance (χ). A tur-
bulent diffusivity of temperature (KT) is 
computed directly as KT = ½ χ {∂T/∂z}–2. 
The turbulent heat flux is calculated as 
Jq

h = –ρ0 cp KT ∂T/∂z.
The highest values of KT (≥ 10–3 m2 s–1) 

are contained within the surface mixed 
layer (Figures 2f and 3f). In contrast, dif-
fusivity is very weak below the mixed 
layer, with median diffusivity near 
10–6  m2 s–1 in both float records. Apart 
from the distinction between the surface 
mixed layer and values at depth, spatial/
temporal variability is not pronounced. 
Sporadically, elevated diffusivity appears 
in layers along temperature-salinity fea-
tures (e.g., just below 20 m depth on days 
6 and 7 in the χSOLO-S record), but these 
events are not obviously linked to tidal 
or wind forcing over these short records. 
The near-surface mixing is reduced at the 
outcropping of the salinity front on day 4 
in the χSOLO-S record, but otherwise it 
remains elevated throughout the record. 

Jq
h alternates sign within the mixed 

layer on a daily basis, reflecting the sign 
of the temperature gradient within the 
DWL. At night, relatively cool water 
resides above relatively warm water, and 
upper-ocean turbulence acts to warm 
SST. Once the DWL has developed, rel-
atively warm water resides above rel-
atively cool water, and subsurface tur-
bulence acts to cool SST. On days with 
strong insolation, this daily cycle can be 
seen as regions of alternating positive 

FIGURE 5. (a) Net surface 
heating (shading) and 
insolation (black line). 
Upper-ocean tempera-
ture evolution as mea-
sured on September 4, 
2015, for (b) χSOLO-S and 
(c) χSOLO-N. Temperature 
profiles are referenced to 
the mean of the first pro-
file in the upper 20 m, 
and subsequent profiles 
are offset by 0.02°C. 
Color of profiles indi-
cates time of day with 
darkest shades denote 
the transition to positive 
net heat flux. Colored 
squares in (a) are spaced 
evenly every hour so 
that profile times in (b) 
and (c) may be appropri-
ately referenced. 
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and negative heat fluxes within the mixed 
layer (Figures 2g and 3g). The magnitude 
of the heat flux within the upper 10 m is 
roughly 10–20 W m–2, fluctuating around 
zero along with the net surface heat flux 
(although the precise phasing is com-
plicated, Figures 2a and 3a). Subsurface 
mixing, therefore, acts to damp the diur-
nal SST cycle—cooling during the day 
when surface fluxes warm and warm-
ing at night when surface fluxes cool. 
This response depends on stable, salinity- 
controlled mixed layers, which cap the 
depth of the DWL and support sub-
surface storage of heat. 

Below the DWL, mixing was weak, and 
Jq

h was indistinct from zero to below 40 m 
depth. This depth region marked the loca-
tion where temperature decreased below 
28°C and the lower limit in the summa-
tion for UOHC. If these mixing values 
are representative of longer time series 
(e.g.,  those presented in Warner et  al., 
2016, in this issue), heat exported beneath 
the mixed layer is efficiently stored in the 
upper ocean and available for tapping 
by strong surface forcing, for example, 
during the passage of a tropical cyclone. 
Low mixing is also consistent with the 
strong layering observed in the float 
records. When surface layers are capped 
by new fresh water, for example, through 
lateral spread of riverine input, the rem-
nant mixed layer is effectively decoupled 
from the surface. Weak mixing slowly 
erodes the pre-existing stratification at the 
base of the remnant mixed layer, creat-
ing the potential for multiple temperature 
inversions and layers of enhanced salinity 
stratification to develop over time.

THE IMPORTANCE OF 
NEAR-SURFACE SALINITY 
STRATIFICATION 
Even though a DWL developed on every 
day with net heating, its character var-
ied due to surface conditions (winds and 
heat flux) and the initial stratification. 
Sensitivity to these conditions is demon-
strated by comparison of DWL heating 
on two days with similar surface heat 
flux but differing winds and stratification. 

FIGURE  6. Comparison of diurnal warm layer development on days with simi-
lar net surface heat flux (a,d) but with low (a–c) and high (d–f) salinity stratification. 
(b,e)  Temperature (color shading) and salinity (contours) from χSOLO-S. (c,f) Diurnal 
warm layer evolution shown as the difference between upper-ocean temperature and 
SST at the start of the time series. Line color indicates depth of time series records with 
respective positions marked on the right-hand side of (b). Note different temperature 
limits in (c) and (f). Average wind stress over the shown time series is given in (a) and (d).

Time series shown in Figure  6 compare 
the DWL development in weakly strati-
fied, moderate wind conditions (salin-
ity varies by 0.5 psu over the upper 25 m 
with wind stress close to 0.2 N m–2) to 
strongly stratified, low-wind conditions 
(salinity varies by 2 psu over the upper 
25 m with wind stress close to 0.1 N m–2). 

On both days, the onset of net surface 
heating occurred near 0630 IST with peak 
surface heat flux exceeding 600 W m–2 
(Figure 6a,d). Both time series also show 
subsurface warm layers at daybreak near 
15 m depth. The DWL extended much 
deeper and was less stratified under mod-
erate wind forcing and weak salinity strat-
ification (Figure  6b). Over the upper 
7.5 m, temperature varied by only 0.025°C 
(Figure 6c) near the peak surface heat flux. 
By late afternoon (1430 IST), the upper 
ocean was well mixed for a short period 
of time prior to surface cooling, resulting 

in a weakly unstable temperature gradi-
ent. In contrast, temperature stratification 
was stable in the DWL under weak winds 
and high salinity stratification (Figure 6e). 
Immediately after the transition to net 
surface heating, temperature stratification 
developed in the upper 7.5 m (Figure 6f). 
At its peak, the difference in temperature 
over the upper 7.5 m exceeded 0.15°C. 
Temperature within the DWL became 
well mixed slightly later in the day (rela-
tive to the net heat flux cycle) compared 
to the moderate wind case, after which 
the temperature gradient reversed weakly 
(i.e.,  slightly cooler water resides above 
warmer water in the upper 7.5 m).

For similar surface forcing, the maxi-
mum temperature in the DWL will depend 
on the pre-existing salinity stratification. 
The float data show that the amplitude of 
the temperature cycle in the DWL (∆T, 
calculated as the maximum temperature 
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difference over 24 hours at 0.5 m depth) 
is correlated with the upper ocean stratifi-
cation (N 2 = gρ0

–1 ∂ρ/∂z, calculated as the 
daily maximum depth-mean stratification 
over the upper 25 m). Weaker stratifica-
tion is associated with a smaller ∆T, and 
stronger stratification is associated with a 
larger ∆T (Figure 7). Although the mag-
nitude of ∆T will depend on other factors, 
(e.g., values with low daily mean surface 
heating reside below the correlation line), 
these data show the importance of the 
initial ocean state to DWL development. 
Shallow near-surface fresh layers can trap 
heat over a small vertical expanse, creating 
larger oscillations in the daily SST cycle. 

This overall response competes with 
the damping of the daily SST cycle by tur-
bulent heat flux. Given the relative mag-
nitudes of the turbulent heat flux com-
pared to the net surface heat flux, we 
expect that the depth of the DWL, which 
depends on the magnitude of the salin-
ity stratification, will be the more signif-
icant contributor to the overall ampli-
tude of SST in the DWL. This argument 
is consistent with the significant cor-
relation shown in Figure 7. However, we 
note that the strength of the subsurface 
warm layers (and therefore the magni-
tude of the temperature gradient at the 
base of the mixed layer) does not scale 
directly with the upper-ocean salinity 

stratification. Although cooling by tur-
bulent fluxes during the day depends 
on temperature stratification within the 
DWL (and hence depends on the net sur-
face heat flux and salinity stratification), 
warming by subsurface mixing at night is 
relatively independent of the daily heat-
ing cycle. Consequently, damping by tur-
bulent fluxes does not solely depend on 
the vertical scale of the DWL (e.g., com-
pare warming at night during the first few 
days of the χSOLO-S record, Figure 2a, to 
the first few days of the χSOLO-N record, 
Figure  3a), and these competing effects 
can act independently of one another.

SUMMARY
Understanding the coupling between 
the atmosphere and the ocean is criti-
cal for improved monsoon prediction 
(Fu et al., 2003; Inness and Slingo, 2003; 
Bernie et al., 2005). A serious obstacle to 
addressing this challenge is that the com-
plexity of BoB upper-ocean stratifica-
tion has yet to be reasonably represented 
within regional models (Vinayachandran 
and Nanjundiah, 2009). Interplay 
between upper-ocean salinity stratifica-
tion and temperature stratification cre-
ates the potential for a rich and varied 
response in turbulent heat fluxes and 
SST, thus impacting air-sea exchange. 
These relatively short time series from 

the southwest monsoon demonstrate 
three fundamental effects of upper-ocean 
structure on heat exchange within the 
ocean-atmosphere system.

First, turbulent mixing of heat below 
the mixed layer is very low (<1 W m–2) 
because it is effectively isolated from sur-
face forcing by strong salinity stratifica-
tion at the base of the mixed layer. Over 
most of the upper 50 m, the ocean is 
warm, with temperature in excess of 28°C, 
a common threshold for atmospheric con-
vection. Once this heat is isolated from 
the mixed layer (e.g., through capping by 
fresh riverine water), it is effectively stored 
for later use, since vertical redistribution 
by subsurface mixing is weak. This heat 
represents a potentially important energy 
source during the cyclone season and the 
transition to the northeast monsoon. 

Second, the stabilizing influence 
of salinity stratification supports the 
existence of subsurface warm layers. 
Subsurface warm layers and stratifica-
tion within the DWL combine to pro-
duce alternating signs of the upper-ocean 
temperature gradient on a daily basis. 
During the day, relatively warm water in 
the DWL overlies relatively cool water; at 
night, relatively cool surface water over-
lies the subsurface warm layer. The tur-
bulent heat flux within the mixed layer 
fluctuates about zero along with the alter-
nating sign of the temperature gradient. 
Turbulence mixes relatively cool water 
toward the surface during the day, and 
relatively warm water toward the surface 
at night. The net result is that subsurface 
mixing acts to damp the daily SST cycle 
in the DWL—cooling during the day and 
warming at night.

Finally, these data show a direct cor-
relation between the intensity of near- 
surface salinity stratification and the 
magnitude of the daily SST cycle within 
the DWL. Although the magnitude of the 
daily SST cycle will depend on several 
factors (e.g., the net cumulative heat flux, 
albedo, optical transmission, and winds), 
overall shallow fresh layers can trap heat 
near the surface causing a larger ampli-
tude daily SST cycle. This dependence is 

FIGURE 7. Maximum 
daily sea surface 
temperature oscil-
lation versus peak 
stratification in the 
upper 25 m. Shading 
indicates the cumu-
lative positive net 
surface heat flux. 
Only days when the 
daily mean surface 
heating exceeds 
60 W m–2 are consid-
ered. This criterion is 
equivalent to con-
sidering days when 
the maximum net 
heat flux exceeded 
250 W m–2.
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in competition with damping of the SST 
cycle by turbulent entrainment. 

Even at the diurnal time scale, feed-
backs between the ocean and the atmo-
sphere influence longer-term variabil-
ity, including intraseasonal oscillations 
(Bernie et  al., 2005; Woolnough et  al., 
2007; Guemas et  al., 2011; Mujumdar 
et  al., 2011). More generally, appropri-
ately resolving the upper-ocean salinity 
and temperature structure is needed for 
improved representation of air-sea inter-
actions in forecast models. These data 
highlight the complexity of the upper-
ocean structure in the BoB even within 
the upper few meters of the ocean, and 
demonstrate the value in measurement 
platforms that can provide well-resolved, 
clean near-surface data. 
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