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[1] The impacts of two consecutive, strong tropical cyclones (TCs) fromOctober–November
in 1999 on the Bay of Bengal (BoB) heat budget are examined using the Hybrid
Coordinate Ocean Model. The model uses atmospheric conditions from reanalysis,
reconstructed TCwinds, and satellite-observed winds and precipitation. We conduct a series
of diagnostic experiments to isolate the model’s response to the individual TC-associated
forcings. During the TCs, the BoB ocean heat content (OHC) is reduced, primarily due
to TC-wind induced southward ocean heat transport (OHT) and a reduction in surface
downward radiation due to increased cloudiness. BoB OHC is largely restored in the
following months via enhanced surface heat fluxes, associated with cold wake
restoration, and positive northward OHT. The TCs’ downward heat pumping effect is
estimated to be �1.74 � 1018 J near the end of February 2000, which is less than
estimates using previously published methods based on surface observations. The
relatively weak heat pumping results from freshwater input by intense monsoon rainfall
and river discharge in the BoB, which stabilizes stratification, forms a barrier layer, and
generates temperature inversions during seasonal surface cooling. As a result, early
stage TC winds entrain the warm barrier layer water and enhance enthalpy loss in the
southeastern Bay, while mature stage TC winds erode the barrier layer, decrease SST
through upwelling and entrainment of deeper cold water and reduce enthalpy loss in the
northwestern Bay. Our findings suggest TC winds may significantly alter the
interseasonal BoB heat budget through OHT and surface heat fluxes.
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1. Introduction

[2] Previous studies suggest that downward ocean heat
pumping (DOHP) by tropical cyclones (TCs), which mea-
sures the amount of heat that is pumped down from the
mixed layer (ML) into the thermocline due to TC winds-
induced turbulent mixing process, may be responsible for
substantial amount of oceanic meridional heat transport [e.g.,
Emanuel, 2001; Wang et al., 2012, hereinafter referred to as
part 1]. Several observational [Sriver and Huber, 2007;
Sriver et al., 2008; Jansen et al., 2010] and modeling [e.g.,
Jansen and Ferrari, 2009; Sriver and Huber, 2010; Sriver
et al., 2010; Fedorov et al., 2010; Manucharyan et al.,
2011] studies have been conducted to investigate the

DOHP effect and the impacts of TCs on global ocean heat
budget and transport, and yielded mixed results. It appears
there are several factors that modulate the oceanic response to
TCs, such as regional differences in the background state,
timing of the TC occurrence, and size, intensity and transla-
tion speed of the TC event [e.g., Sriver and Huber, 2010;
Sriver et al., 2010].
[3] Most of the previous studies that investigated the

impacts of TCs on the upper ocean heat budget focused on
the effects of winds [e.g., Jacob et al., 2000; Emanuel, 2001];
however, other processes may also be important. For exam-
ple, a recent modeling study by Hu and Meehl [2009] sug-
gested that the effect of hurricane rainfall could counteract
the effect of hurricane winds. While the hurricane winds
enhance northward heat transport of the Atlantic meridional
overturning circulation, the precipitation reduces it through
meridional redistribution of freshwater originating in the
tropics. Thus, the overall effect on ocean heat transport
(OHT) depends on the relative magnitude of these two
competing processes. Jansen et al. [2010], on the other hand,
suggested that the TC effects on DOHP may be greatly
reduced due to the seasonal ML deepening and ocean heat
release back to the atmosphere. While these recent studies
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have broken important new ground related to the relationship
between TCs and climate lined to upper ocean processes and
air-sea interactions, the use of high-resolution ocean models
could provide a useful tool for developing a better under-
standing and quantification of the processes associated with
TC-climate impacts via strong winds, precipitation, surface
turbulent heat fluxes, and shortwave and longwave radiation.
[4] The goal of this study is to understand how the upper

ocean in the Bay of Bengal (BoB) responded to two consec-
utive, strong TCs – 04B (10/15–10/19) and 05B (10/25–11/3)
that landed at Orissa in 1999 (hereafter, TC1 and TC2,
respectively), with special emphasis on the upper ocean heat
budget, including DOHP and OHT. We conduct a series of
experiments using an Ocean General Circulation Model
(OGCM) – the HYbrid Coordinate Ocean Model (HYCOM),
to assess the processes by which the two TCs caused the upper
ocean heat change. In this paper, we quantify the DOHP effect
from the perspective of air-sea heat exchange, by estimating
the difference of ocean surface heat gain between the model
simulations with and without TCs, which avoids the assump-
tion of negligible surface heat flux during the TCs and sea
surface temperature (SST) cooling induced entirely by vertical
mixing [e.g., Emanuel, 2001; Sriver and Huber, 2007; Sriver
et al., 2008]. The rest of the paper is organized as follows.
Section 2 describes the experiment design and the method of
removing TC signals from the forcing fields. Section 3 reports
our results, and section 4 provides summary and conclusions.

2. TC Signal Removal and Experiment Design

[5] In Part 1 [Wang et al., 2012], we described the
HYCOM configuration and its surface forcing fields, which
are Cross-Calibrated MultiPlatform (CCMP) satellite winds,
European Center for Medium-Range Weather Forecasts
(ECMWF) Re-analysis Interim (ERAI) data, Tropical Rain-
fall Measuring Mission (TRMM) precipitation, and recon-
structed TC winds. In this section, we demonstrate how to
remove the TC signals from the forcing fields so that we can
isolate their impacts by comparing HYCOM simulations
with and without these signals.

2.1. TC Signal Removal

[6] In many existing studies (see part 1, section 1.1), the
TC effect on ocean heat content (OHC) and SST is estimated
by comparing the sea state before and after a TC event. The
“before-vs.-after” method, however, is not able to isolate the
processes through which TCs affect the ocean. For example,
does the effect of TC rainfall counteract the effect of TC
wind on OHT, as suggested by Hu and Meehl [2009]? Our
OGCM experiments improve previous works by using a
high-resolution ocean model capable of resolving the pro-
cesses important for TC-induced changes in OHC and OHT
on intraseasonal and seasonal timescales. This methodology
is not restricted by previous assumptions, such as those
related to post-storm SST recovery and assumed mixing
depths.
[7] As discussed in part 1, HYCOM is initially spun up for

20 years using the ERAI 1989–2008 monthly climatological
forcing fields, and then integrated forward in time for the
period of 1989–2000 using the 6-hourly forcing fields for
the Main Run (MR). An experimental run, named RcWIND,
has also been performed using the reconstructed TC winds,

in order to understand the effect of TC-associated strong
winds, which are significantly underestimated by both
CCMP and ERAI products. To quantify the 1999 TCs’
effects, an additional suite of diagnostic experiments is per-
formed by excluding the TC-associated forcing fields. We
first filter out TC signals from the forcing fields (i.e., wind,
precipitation, shortwave radiation, longwave radiation, air
temperature, and air humidity) using a low-pass Lanczos
digital filter [Duchon, 1979]. Based on the radii of 18-m/s
(�35-kt) winds and translation speeds of the two TCs, we
find that the changes in wind direction and strength associ-
ated with the storms have a period within 7.5 days over the
ocean. We thus choose 8 days as the half power point cutoff
period for the low-pass filtering to remove the TCs. The
filtered forcing fields from 9/22 18Z to 11/25 12Z in 1999
are used to force HYCOM in the experimental runs. Linear
ramping is used in time and space to ensure the smooth
transition from the unfiltered to filtered fields. For space
ramping, we define the ramping weight as

rampspace ¼
0

x� xinð Þ= xout � xinð Þ
1

; if inside the BoB
; if in the ramping area
; otherwise

8<
: ð1Þ

xout is the outer boundary of the ramping area, and xin
the inner boundary. In our study, the ramping area is set
to 5 degrees. A similar concept is applied to time ramping,
with the ramping time zone set to 4 days. The total ramping
weight is

weigth ¼ 1� rampspace
� �� 1� ramptimeð Þ ð2Þ

[8] The surface wind speed (U) in the ramping area and
period, for instance, is then defined as

U∗ ¼ weight � U ′þ 1� weightð Þ � U ð3Þ

[9] The filtering method is successful in removing the
vortex wind structure (compare Figures 1a and 1b), although
there is still minor vortex-like circulation near the TC center
after the filtering, which can be largely attributed to the
steering flow. The outer most 5-degree ramping area along
the lateral boundaries has very little vortex-like circulation
(not shown). Surface net solar radiation (SRnet) is treated
differently from the other forcing fields to retain the diurnal
cycle in solar radiation in the filtered time series. The regular
8-day low-pass filtering normally removes the diurnal cycle
in solar radiation, which is not a property of a TC; therefore,
the targeted time series for filtering should be the percentage
of solar radiation that is deducted by the TC. We define
DSRnet as the difference between SRnet and the maximum
possible SRnet (MaxSRnet) at the time of the day during the
filtering period. That is, MaxSRnet has four values, which
correspond to the maximum possible SRnet at 00Z, 06Z,
12Z, and 18Z during the period of 9/22 18Z–11/25 12Z in
1999. The ratio of DSRnet to MaxSRnet is then filtered,
similar to the other forcings. The filtered time series multi-
plied by MaxSRnet according to the time of the day forms
the new SRnet time series that represents the surface net
solar radiation without a TC. By doing this, the TC signal at
diurnal frequency is still filtered, because the TC signal is
reflected in the ratio of DSRnet to MaxSRnet; meanwhile,
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the solar diurnal cycle is retained so as not to interfere with
our analysis when isolating the effect of TC-associated
radiation reduction.

2.2. Experiment Design

[10] A set of experiments (EXPs) is performed branching
from the MR solution on 10/11 in 1999 by forcing HYCOM
with the TC-removed forcing fields during the two TCs’
periods (Table 1). The experimental run that uses the
reconstructed TC winds from part 1 – RcWIND – is also
included in our analysis. While the seven EXPs and MR
have the same values before 10/11 in 1999, the differences
between the MR and EXPs solutions afterwards provide
quantitative estimates of the effects of TC-associated forcing
fields.
[11] The model runs are divided into three groups,

according to their purposes. Group A (MR and RcWIND)
contains control runs and is used to compare with the
observations (part 1) and other experiment results. Group B
(NoWIND, RcWIND, NoRAIN, NoRAD and NoTC) is
designed to examine the effects of wind, rain, radiation, and
other forcings on surface heat flux and OHT. Group C
(NoWSTR and RcWSTR) is specifically designed to

investigate the effects of wind stress. Each of the EXPs has
certain filtered or reconstructed forcing fields (see Table 1).
In EXP NoWIND, NoRAIN, NoRAD, NoWSTR and
NoTC, HYCOM is forced by 8-day low-pass filtered wind
(wind stress and wind speed), filtered rain, filtered radiation,
filtered wind stress, and the whole set of filtered surface
forcings, respectively, during the 10/11 00Z-11/7 06Z period
in 1999. All the surface forcings in the EXPS are the same as
in the MR otherwise. Note that NoWIND and RcWIND
represent the experiments in which HYCOM is forced by
filtered wind fields and reconstructed wind fields, respec-
tively, for TC1 and TC2.

3. Results

[12] In section 3.1, we examine the impacts of the two TCs
on the BoB DOHP, OHT and the associated physical pro-
cesses. In section 3.2, we compare the DOHP estimated
from the existing methods and from HYCOM simulations
for TC1 and TC2. Finally, in sections 3.3 and 3.4, we dis-
cuss the depth penetration of the two-TC effects and the
effects on the BoB heat potential.

Table 1. The Suite of HYCOM Experiments Performed for Assessing the TCs’ Impactsa

Group Model Runs Forcings Space Ramping Time Ramping Study Purpose

A MR air temperature, radiative flux, and humidity
from ERAI; wind from CCMP; rain rate

from ERAI before 1998, from TRMM since 1998

None None Model/data comparison

A and B RcWIND wind speed and stress re-constructed for high
wind period of TC1 and TC2

2 times of 35-kt radius None Model/data comparison
and effect of wind

B NoWIND wind speed and stress filtered for TC1 and TC2 70�E–75�E,
105�E–110�E, 0�–5�N.

Before TC1
and after TC2

Wind processes (mixing,
transport, fluxes, etc.)

B NoRAIN precipitation filtered for TC1 and TC2 70�E–75�E,
105�E–110�E, 0�–5�N

before and after TC2 Effect of rain

B NoRAD radiative fluxes filtered for TC1 and TC2 70�E–75�E,
105�E–110�E, 0�–5�N

before and after TC2 Effect of radiation

B NoTC all the forcings filtered for TC1 and TC2 70�E–75�E,
105�E–110�E, 0�–5�N

before and after TC2 Total TC effects

C NoWSTR wind stress filtered for TC1 and TC2 70�E–75�E,
105�E–110�E, 0�–5�N.

Before TC1
and after TC2

Wind processes
(mixing, transport, etc.)

C RcWSTR wind stress re-constructed for high
wind period of TC1 and TC2

2 times of 35-kt radius None Model comparison and
effect of wind stress

aThe abbreviation “WIND” stands for wind speed and wind stress, “RAIN” for rain rate, “RAD” for radiation, “WSTR” for wind stress, “WSPD” for
wind speed, “No” for filtered, and “Rc” for reconstructed. See text for detailed description of each experiment.

Figure 1. Wind speed (contours; 5 m/s interval) and wind velocity (arrows) for the products from
(a) CCMP and (b) filtered CCMP.
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3.1. Impacts of TCs on the BoB Heat Balance

3.1.1. Processes That Affect the BoB OHC
[13] The OHC in our study is defined as OHC = mCp (q �

26), where m is seawater mass, Cp = 3990 J/K·kg specific
heat, and (q � 26) potential temperature relative to 26�C.
The reference temperature, 26�C, is chosen so that the OHC
quantity in the upper ocean can reflect TC heat potential
[Gray, 1979]. The processes that can change the total (from
surface to bottom) OHC in the BoB include surface turbulent
heat flux (THF), which is sensible heat flux plus latent heat
flux, surface radiative fluxes (shortwave + longwave fluxes),
and horizontal heat transport and mixing. The surface net
heat flux (NetHF) is the sum of THF and radiative fluxes
(NetHF = THF + radiative flux).
[14] The sensible heat flux is parameterized in HYCOM

with the equation:

H ¼ Cpair 0:9554Exð Þ Ts � Tað Þ; ð4Þ

where CPair is specific heat of the air, Ts is SST, Ta is tem-
perature in the atmospheric boundary layer, and Ex is an
exchange coefficient. A similar equation is used for surface
latent heat flux:

ɛ ¼ ExL Hu � Evð Þ; ð5Þ

where L is latent heat of vaporization, Hu is specific
humidity, and Ev is 0.97 � saturated humidity with respect
to SST. Exchange coefficient Ex = raCTW, where ra is air
density, CT is heat transfer coefficient, and W is wind speed.
CT follows the Coupled Ocean-Atmosphere Response
Experiment (COARE 3.0) algorithm [Fairall et al., 2003],
which is a complex function of wind speed and atmospheric
stability and increases with wind speed up to 40 m/s. Thus,
Ex and THF both increase with wind speed, unless the tem-
perature and humidity gradients between the sea and air are
zero.
[15] Strong winds associated with the TCs can affect THF

and thus OHC. Figure 2 shows the THF under both unstable

(SST is 0.75�C warmer than the 2 m air temperature) and
stable (SST is 0.75�C colder than the 2 m air temperature)
conditions [Fairall et al., 2003] for a wide range of wind
speed. While wind speed appears to be the strongest factor
for changing THF magnitude, lower SST can also signifi-
cantly reduce the THF to the atmosphere.
[16] TC-associated winds can also induce upper-ocean

mixing and DOHP, potentially altering ocean circulation and
affecting OHT. Mixing in the ocean interior in HYCOM is
represented by the K-Profile Parameterization (KPP)
scheme. Mixing is triggered when gradient Richardson
number Rig < 0.7, which is defined as

Rig ¼ N 2

∂�u
∂z

� �2

þ ∂�v
∂z

� �2 ;

where N is Brunt-Väisälä frequency. Mixing in the surface
boundary layer is active from the surface to the depth where
bulk Richardson number Rib < 0.15, which is defined as

Rib ¼ Br � Bð Þd
�Vr � �Vð Þ2 þ V 2

t

;

where B is buoyancy, d is the depth of the boundary layer,
the subscript r denotes reference values, and the two terms in
the denominator represent the influence of resolved vertical
shear and unresolved turbulent velocity shear, respectively.
For the upper Indian Ocean, the velocities that appear in the
denominators of both the Richardson numbers are mostly
driven by winds. In HYCOM, there is an option of choosing
wind speed or wind stress to determine frictional velocity
(u*), which in turn determines unresolved turbulent velocity
shear. We choose the latter, and hence our mixing in KPP
scheme mainly depends on wind stress. Strong wind stress
transfers momentum to the ocean surface, changes current
velocities, and thus may induce vertical shear instability and
mixing in the upper ocean.
3.1.2. BoB OHC Budget: Relative Importance of Wind,
Precipitation and Radiation Forcing
3.1.2.1. Seasonal Cycle of BoB OHC
[17] Before we analyze the TC effects on the BoB OHC

budget, it is essential to examine the seasonal cycle of the
BoB OHC as the background variability. The total OHC of
the BoB from the MR experiences relatively small pertur-
bation (<150� 1018 J) from mid-October to early November
in 1999 that covers the durations of TC1 and TC2, and a
major increase (>1,100 � 1018 J) from early November to
late December after the TCs (Figure 3a). The total OHC
stays high during January and February of year 2000. The
NetHF accumulation (i.e., integration over time) north of
10�N acts to reduce the OHC rather than increase it, as
shown by the quick decrease of NetHF from mid-November
to mid-January. This is because the warm SST and cool air
temperature associated with the winter monsoon cause tur-
bulent heat loss, which exceeds the declining net radiative
flux (not shown), resulting in negative NetHF. The OHC
increase, therefore, results primarily from the seasonal,
northward meridional OHT accumulation across 10�N
integrated from the surface to bottom, a result that is con-
sistent with previous studies [Wacongne and Pacanowski,
1996; Lee and Marotzke, 1998; Webster et al., 2002]. The

Figure 2. Transfer coefficients (solid) and THF (dashed)
curves for SST being 4�C, 3�C, 2�C, 1�C, 0�C, and �1�C
(from dark to light) warmer than the air temperature with
wind speed from 5 m/s to 40 m/s and above, assuming 2 m
air temperature as 26�C, relative humidity as 80% and pres-
sure as 1013 mb. The curves are produced based on COARE
3.0 algorithm [Fairall et al., 2003].
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Figure 3. (a) Temporal variations of the BoB OHC, which is the OHC integrated over the region north of
10�N for the entire water column, together with the temporarily accumulated NetHF and meridional OHT
from the MR. (b) The differences of OHC between the MR and EXPs for the BoB. (c) Same as Figure 3b
but for the differences of meridional OHT accumulations. (d) Same as Figure 3b but for the differences of
NetHF accumulations. OHT is defined as the meridional heat transport across 10�N into the BoB, and is
calculated as the residual of OHC change subtracting NetHF accumulation.
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meridional OHT accumulation across 10�N rapidly increa-
ses from 0 to �1,600 � 1018 J from early November to late
December in 1999.
3.1.2.2. TC-Induced OHC Change
[18] The total OHC differences between the MR and the

series of EXP runs isolate the impacts of wind, precipitation,
radiation and other forcings associated with TC1 and TC2
on OHC variations (Figure 3b). The TCs dramatically reduce
the BoB OHC from 10/15–11/5 when they pass the BoB,
and the BoB OHC slowly recovers afterwards (MR–NoTC
and RcWIND–NoTC; purple and black curves). The reduc-
tion of the OHC results primarily from TC-associated wind
(MR-NoWIND and RcWIND-NoWIND; green and red
curves) and radiation (MR-NoRAD; gray curve). The effect
of precipitation (MR-NoRAIN; yellow curve) is small,
compared to wind and radiation. The total effects of
TC1 + TC2 are comparable to OHC seasonal variations
before mid-November, 1999, when the seasonal variations
are weak (compare Figures 3a and 3b). Although gradually
recovering, the BoB OHC loss due to the TCs remains about
�37 � 1018 J from MR-NoTC and about �30 � 1018 J from
RcWIND-NoTC by the end of February, 2000. By examin-
ing the purple line (MR-NoTC) in Figure 3b, we obtain that
TC1 (10/15–10/19) reduces the OHC by �70 � 1018 J
before TC2’s (10/25–11/3) emergence, while TC1 + TC2
reduces the OHC by �145 � 1018 J three days after TC2’s
dissipation. Both TCs are responsible for the negative OHC
anomalies in early November.
3.1.2.3. Contribution of TC-Induced OHT to OHC
[19] The BoB OHC loss results from both the NetHF loss

and southward OHT anomalies induced by TCs (Figures 3c
and 3d). Our results show that the TC-associated winds are
the dominant factor that affects the OHT (Figure 3c; compare
the green and red with purple and black curves). Of particular
interest is that instead of producing a northward OHT
anomaly that compensates the NetHF loss, the TCs induce a
southward OHT anomaly, which significantly contributes to
the OHC loss. This is because the TC-associated winds in the
MR alters the currents, which transport the warm ML water
southward out of the BoB along the western boundary (not
shown). Previous model results have shown that TC-induced
vertical mixing leads to DOHP into the thermocline, which
can influence transports and energetics of circulation pat-
terns, such as the subtropical cells and gyres [Jansen et al.,
2010; Sriver et al., 2010; Sriver and Huber, 2010; Fedorov
et al., 2010; Manucharyan et al., 2011]. Our results suggest
that in the BoB, TC winds can directly influence the wind-
driven circulation, leading to increased southward OHT out
of the BoB on relatively short (e.g., weeks to months) time
scales via changes in the near-surface currents. The impli-
cations for longer time-scale background circulation patterns
in the BoB remain unclear and require further investigation.
[20] After the TCs pass the BoB, the accumulated (i.e.,

time-integrated) southward OHT anomaly induced by the
TCs start to weaken after mid-November (Figure 3c), con-
sistent with previous studies. However, the TC-induced
anomalous OHT does not completely disappear even during
February 2000, indicating that the two TCs induce BoB net
heat loss. Surprisingly, the reconstructed strong winds
(RcWIND) do not have an apparent additional impact on the
accumulated OHT, compared to the CCMP winds in the MR
throughout the period of interest. The 18-m/s (35-kt) radii of

TC1 and TC2 are usually smaller than 220 km (�120 nau-
tical miles), and the effective range of the reconstructed
wind only reaches 2 times of the radii (see Table 1 and
section 2.1 for space ramping). Given that the TC winds are
reconstructed only when the TC centers are located to the
north of 14�N, the reconstruction does not alter the wind
pattern near 10�N (see part 1, Figures 2 and 3). Thus the
meridional OHT across 10�N of RcWIND has similar
strength and variability as that of the MR.
[21] The effects of TC-associated precipitation and radia-

tion on the accumulated meridional OHT across 10�N are
small (MR-NoRAIN and MR-NoRAD; yellow and gray
curves in Figure 3c). The weak precipitation effect differs
from the Hu and Meehl [2009], likely due to the persistently
strong stratification in the BoB where strong monsoon pre-
cipitation and fresh water input from surrounding rivers
make the BoB one of the freshest places in the world’s
oceans. Consequently, TC-associated precipitation may not
alter the stratification much, which may be a unique feature
of the BoB, in contrast to Hu and Meehl [2009] who
examined the Atlantic Ocean.
3.1.2.4. Contribution of TC-Induced NetHF to OHC
[22] The TC-induced accumulated NetHF differences

(Figure 3d) represent the impacts of the TC-associated forc-
ing fields on air-sea heat exchange. Post-storm surface fluxes
are important, because they contribute to restoring cold
wakes caused by TC mixing. Here we use modeled NetHF to
estimate the amount of DOHP associated with TC1 and TC2,
by examining surface heat flux differences during, and in the
months following the TC events. As discussed in part 1,
DOHP is defined as the amount of heat mixed irreversibly
into the thermocline, thus representing a net oceanic heat
convergence. Previous efforts have attempted to quantify
DOHP by examining cold wakes using surface observations
and assuming they represent homogenized cold anomalies
compared to pre-storm conditions, which enables estimation
of the amount of heat lost from the upper ocean through
vertical mixing [Sriver and Huber, 2007; Sriver et al., 2008].
This technique neglects the heat flux to the atmosphere dur-
ing the TCs, which is suggested to contribute 15 � 20% of
TC-induced SST reduction [e.g., Price, 1981; Black, 1983].
Here we estimate DOHP by analyzing post-storm NetHF that
act to restore the storm-induced upper-ocean cold anomaly.
We directly calculate the accumulated NetHF differences
among the model simulations (Table 1) to diagnose the effect
of TC-associated forcing fields on ocean surface heat budget.
By analyzing the post-storm flux differences between the
simulations, rather than comparing post-storm versus pre-
storm conditions, we avoid the previous inherent assump-
tions about the dominance of mixing over surface heat fluxes
in cooling the SST. Moreover, it allows us to estimate the
significance of post-storm surface fluxes for cold wake res-
toration for the TCs and conditions under consideration,
which has been hypothesized to be important for under-
standing how TCs impact oceanic heat budgets. The accu-
mulated NetHF difference between RcWIND and NoTC will
then represent the best estimate of DOHP effect in this
research.
[23] The accumulated NetHF in the BoB from the differ-

ence solutions, MR-NoTC and RcWIND-NoTC, have com-
parable magnitudes to those of OHT (compare Figures 3c and
3d). The TCs induce oceanic heat loss when they pass the
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BoB from mid-October to early November, and then cause
gradual heat gain in the following few months. By the end of
February 2000, the NetHF from RcWIND-NoTC (best esti-
mate of total DOHP effect of TC1 and TC2) is approximately
1.74 � 1018 J into the ocean (Figure 3d, black curve). While
the net surface heat gain after the TCs is consistent with the
DOHP effect proposed by previous studies, the strong heat
loss during the TCs is not negligible in the BoB, which is in
contrast to assumptions made in previous studies analyzing
surface observations. In solution MR–NoTC (Figure 3d,
purple curve) the NetHF is still negative and does not com-
pletely recover by February 2000. This evident difference
demonstrates that the underestimation of TC-associated
winds by the CCMP product in the MR underestimates the
DOHP effects, as is clearly shown by solutions RcWIND–
NoWIND and MR–NoWIND (Figure 3d, red and green

curves). Interestingly, the NetHF loss during the TCs are
dominated by the radiative flux forcing, whereas the strong
TC winds play an important role in generating the eventual
net heat gain near the end of February (compare the black,
gray and purple curves in Figure 3d). Convective clouds
associated with the TCs reduce the shortwave flux (not
shown) and induce the negative NetHF anomaly, cooling the
ocean when they pass the BoB. This cooling gradually
recovers after the TCs’ passage, because the colder SST
(Figure 4c) reduces the THF loss. By the end of February, the
accumulated NetHF due to radiative flux forcing is approxi-
mately �17 � 1018 J.
[24] Compared to the radiative flux, effects of TC-winds

on the BoB-averaged NetHF are weak (Figure 3d, green and
red curves). In our simulations, wind stress is the major
cause for the accumulated THF reduction during the

Figure 4. (a) SST difference between the MR and NoWIND for 11/3 mean. (b–f) Similar to Figure 4a,
but for the differences between RcWIND and NoWIND, between the MR and NoRAD, between
RcWSTR and NoWSTR, between the MR and NoTC, and between RcWIND and NoTC, respectively.
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recovery after the TCs, with wind speed induced THF being
negligible (Figure 3d, compare the green, blue dashed and
blue dotted curves). The CCMP wind stress is used in the
MR for the entire BoB and in the RcWIND run to the east of
95�E and south of 14�N. The TC-wind stress entrains the
warm water below the temperature inversion layer and
warms up the SST in the southeastern BoB (see later in
this subsection for temperature inversion) in Region A
(Figure 4). As a result, THF loss increases in the MR and
RcWIND (equations (4) and (5) and Figure 2). When the
TCs approach Orissa, strong TC-winds (�20 m/s in the
MR and �60 m/s in RcWIND in region B) cool the SST
significantly via wind stress, as is seen by the similar SST
anomaly patterns and magnitudes in solutions RcWIND–

NoWIND and RcWSTR–NoWSTR. The strong wind
stress enhances vertical mixing and the cyclonic wind
circulation induces upwelling cooling in Region B,
resulting in cold SST anomalies. The dominant effects of
wind stress and weaker effects of THF due to wind speed
on cooling the SST during the TCs’ active stages are
consistent with previous studies. After the TCs pass the
BoB, accumulated NetHF of RcWIND-NoWIND begins to
increase because the strong cooling of RcWIND in the
northwestern BoB induces a downward THF anomaly,
resulting in a net heat gain of >12 � 1018 J at the end of
February (Figure 3d, red curve). This effect is counteracted
by the warm SST anomaly in the southeastern Bay
(Figure 4). These results, combined with the discussion on

Figure 5. The potential temperature (solid lines) and salinity (dashed lines) profiles during and after TC1
and TC2 (a) for top 100 m of Region A, (b) for the top 100 m of Region B, and (c) for the top 80 m of the
BoB to the north of 10�N. The thin black curves are the potential temperature and salinity profiles at 10/11
00Z, four days before TC1, and thus all the model runs share identical potential temperature and salinity
profiles according to our experiment design. The dotted lines show the mixed layer depth for the MR
(black), NoWIND (green) and RcWIND (red).
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OHT, demonstrate that TCs indeed have the DOHP effect
in the BoB due to both radiative fluxes and strong winds,
when the strong TC winds are realistically represented.
The pumped heat is transported southward out of the BoB
by the oceanic circulation, which itself is enhanced by the
TC winds and thus affects the OHT and OHC.
[25] To understand further why the MR-NoTC does not

produce the net surface heat gain in February whereas the
RcWIND-NoTC run does, we analyze the hierarchy of
HYCOM solutions. While the fresh ocean surface favors
barrier layer formation [Lukas and Lindstrom, 1991;
Sprintall and Tomczak, 1992] and seasonal surface cooling
favors the formation of shallow temperature inversion [e.g.,
Shetye et al., 1996; Han et al. 2001; Howden and
Murtugudde, 2001; Masson et al., 2002; Vinayachandran
et al., 2002; Sengupta et al., 2008] in Region A, which
is <25 m (green lines in Figures 5a1–5a4), vertical mixing
caused by the CCMP winds in both the MR and RcWIND
deepens the ML (Figures 5a1–5a4, red and black lines, and
Figure 7) and erodes the temperature inversion. Note that the
winds are the same for the MR and RcWIND run in Region
A. The deeper ML and mixing with the warm water from
below in the MR and RcWIND keep the SST in Region A
from decreasing, producing the positive SST anomalies,
compared to the NoWIND and NoTC experiments
(Figure 4). The warm SST anomalies increase the THF loss,
which balances or even exceeds the reduced THF loss
associated with TC-induced cold SST in other regions
(Figure 4), producing a negative accumulated NetHF in
solution for MR-NoWIND and impedes DOHP. The strong
stratification and temperature inversions make the BoB a
place that has weaker DOHP effects associated with TCs.
Nevertheless, our model results suggest TCs can still sub-
stantially alter OHT in the BoB region through wind-
induced changes in the near-surface circulations.
[26] In contrast, in the northwestern BoB the SST is con-

siderably lower in the RcWIND experiment than the MR.
This is because the CCMP winds exceed 20 m/s in Region B
for both TC1 and TC2, while the reconstructed winds exceed
45 m/s for TC1 and 65 m/s for TC2. The much stronger
winds in RcWIND enhance vertical mixing (see the crossing
of the red lines and black lines in Figures 5b1 and 5b2) as
well as upwelling (Figures 5b1–5b4), and thus cause much
colder SST in a large area in the northwestern Bay. The
decreased SST reduces THF loss in the following months,
which exceeds the increased THF in region A, producing a
positive NetHF anomaly in the BoB and DOHP in the
RcWIND run.

[27] As pointed out in section 3.1.2.1, seasonal surface
cooling begins in November, when the BoB experiences
transition from the summer to winter monsoon. The THF
loss is enhanced by the cold and dry air associated with
winter monsoon. Meanwhile, the downward solar radiation
declines. Therefore, the temperature in the upper 35 m of the
BoB dramatically decreases for all the model runs by the end
of 1999 (Figures 5a5, 5b5, 5c5, and 3a). After TC2 decrea-
ses the BoB SST, the SST actually keeps decreasing in
November and December, 1999 and never recovers to its
pre-storm value. As a result, one may need to take into
account the effect of seasonal cycle, if we quantify the TC
effects on DOHP using SST values before and after TCs.
[28] To summarize, sections 3.1.2.3 and 3.1.2.4 show that

the strengthened winds and reduced solar radiation due to
TC1 and TC2 are the two dominant forcings that change the
BoB OHC. While the reduced solar radiation directly
decreases the heat input into the ocean, the strengthened
winds enhance southward Ekman transport that carries
additional OHC out of the domain. Due to the transition
from the summer to winter monsoon starting from Novem-
ber, seasonal surface cooling places a cap on the SST
recovery from the TCs’ impacts through THF.

3.2. Estimated DOHP Based on SST Before/After
the TCs

[29] Section 3.1.2.4 shows our estimates of DOHP effect
(�1.74 � 1018 J for RcWIND-NoTC in four months) by
contrasting the accumulated NetHF from different model
runs. In order to better demonstrate the discrepancy between
our method and the previous researches, we compute the
oceanic heat convergences by TC1 and TC2 based on the
methods described in Sriver and Huber [2007] and Sriver
et al. [2008] using the mixing depth and SST from
RcWIND and compare with observation-based estimates
using the same methodology (Table 2). Specifically, the
oceanic heat convergence is defined using the difference
between conditions before and after TCs along the wakes,
and we also assume a uniform mixing depth of 50 m
[Sriver and Huber, 2007] and climatological mixing depth
[Sriver et al., 2008] for the observation-based estimates.
[30] The SST from RcWIND and NCEP [Kalnay et al.,

1996] estimates roughly equivalent oceanic heat conver-
gence, when mixing depth is presumed to be 50 m and
footprint is set to 6� � 6� surrounding the TC centers. The
oceanic heat convergence estimated by the simulated SST
from the RcWIND run is 1.03 � 1020 J for TC1, which is
close to the 1.18 � 1020 J estimated from the observed SST
as in Sriver and Huber [2007]. For TC2, the heat conver-
gence estimated by the simulated SST is 1.24 � 1020 J,
which is 60% larger than the estimate of 7.76 � 1019 J based
on the observed SST. In Sriver et al. [2008], the mixing
depth is set to the depth to where the SST change corre-
sponds to the climatological vertical temperature difference.
In other words, the mixing depth is the level from which
upwelling must occur to achieve a SST response based on
the local climatological vertical temperature profiles. In
addition, the NCEP SST is replaced by the TMI SST. Using
the same concept, we estimate the mixing depth using the
RcWIND run and obtain the oceanic heat convergence to be
6.86 � 1019 J for TC1, which decreases by �33%, and

Table 2. The TC Effects on Oceanic Heat Convergence (See Text)
Using the Method of Sriver and Huber [2007] and Sriver et al.
[2008] and the Data From NCEP, TMI, and HYCOM

Estimate Heat Convergence TC1 TC2

NCEP SST/50 m mixing depth
[Sriver and Huber, 2007]

1.18 � 1020 J 7.76 � 1019 J

RcWIND SST/50 m mixing depth 1.03 � 1020 J 1.24 � 1020 J
TMI SST/climatological mixing

depth [Sriver et al., 2008]
8.53 � 1019 J 1.18 � 1020 J

RcWIND SST/RcWIND
mixing depth

6.86 � 1019 J 1.16 � 1020 J
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1.16 � 1020 J for TC2, which reduces by 6.8%. The new
mixing depth on average appears to be shallower than 50 m
for TC1 in the RcWIND experiment and produces less
oceanic heat convergence. These values are comparable to
the Sriver et al. [2008] estimates of 8.53 � 1019 J and
1.18 � 1020 J for TC1 and TC2, respectively.
[31] Although using the SST and mixing depth from

RcWIND would produce the oceanic heat convergence
similar to Sriver and Huber [2007] and Sriver et al. [2008],
the estimates of oceanic heat convergence for both TC1 and
TC2 are much larger than the accumulated NetHF differ-
ences at the end of February, 1999 shown in Figure 3d. This
is because a) Sriver et al. assume that the SST reduction after
TCs is caused solely by turbulent vertical mixing, and b) in
HYCOM the additional NetHF due to lower SST is not
sufficient for full SST restoration back to the pre-storm
values. As discussed in the previous section, the reduced
downward radiative flux during TC1 and TC2 results in
significant decrease of NetHF accumulation and thus
decrease of SST, and also cancels out most of the increases
of NetHF accumulations that result from the TC-induced
low SST after the TCs. Furthermore, the SST cooling
induced by TC1 and TC2 never fully recovers to the pre-
storm values under our scenarios because of the seasonal
transition into winter capping the SST restoration. Also note
that the role of OHT in SST variations is not clear and needs
more investigation.
[32] Our results demonstrate that the assumption of “neg-

ligible NetHF influence during the TCs” appears to be
invalid for the BoB. Consequently, the estimated DOHP
using observed SST before/after the TCs may significantly
overestimate the DOHP effects. While the NetHF influence
during the TCs may be minor in other ocean basins [e.g.,
Price, 1981; Black, 1983], we suggest considering the global
DOHP effect estimate based on the methods of Sriver and
Huber [2007] and Sriver et al. [2008] as the upper bound
of the actual DOHP effect.

3.3. Penetration of TCs’ Impacts in the Upper Ocean

[33] To demonstrate the “penetration” of the TC effects
into the ocean, we compare the OHC differences between
the MR and EXPs for the upper 10 m, 50 m, 100 m, 200 m
and 400 m of the BoB (Figure 6). Note that the 50 m depth is
used by Sriver and Huber [2007] for estimating the DOHP
effects of TCs. In the top 10 m (Figure 6a) within the ML
(Figure 5), the ocean immediately feels the radiative flux and
THF. The OHC differences between the MR and EXPs are
small, and are essentially zero at the end of February 2000,
indicating that the TCs’ cooling during the TCs can be
recovered by the reduced THF loss after TC2.
[34] In the upper 50 m of the BoB, the TC-associated wind

and radiative fluxes have comparable influences on the OHC
(Figure 6b). The wind has direct impact on the top 50 m
OHC via cooling the upper ocean (Figure 5c1–5c5) due to
wind-induced mixing and upwelling, which is estimated by
the effect of TC-associated wind stress (blue dotted line in
Figure 6b). The BoB-averaged ML depth of the MR and
EXPs are less than 35 m during the TCs (dotted lines in
Figures 5c1–5c5), while the penetration of TC-wind effect in
the upper 80 m is clearly shown in the temperature and
salinity profiles (solid and dashed lines in Figures 5c1–5c5).
The ML and the thermocline layer exchange mass and heat

through mixing and entrainment at the ML bottom, which
deepens the ML and thins the deeper layer. The OHC
exchanges between the ML and the deeper ocean (below
ML) can be identified by the opposite signs and comparable
magnitudes of the ML OHC anomalies and their deeper
OHC anomalies counterparts (not shown). In the top 80 m,
vertical mixing induced by wind stress redistributes the
OHC vertically.
[35] The CCMP winds in the MR during TC1 (10/15–10/

19) and TC2 (10/25–11/3) are stronger than the winds that
exclude the TCs in the NoWIND experiment, and hence
induce more effective mixing in the upper layer and
exchange relatively warmer water in the top 50 m with
colder water from below (green line in Figure 6b; see also
dashed blue line in Figure 6b for wind stress effect), as well
as deepen the ML (Figure 7; green solid line for MR-
NoWIND) and induce the heat exchange at the bottom of the
ML. According to Emanuel [2001], the wind-induced mix-
ing at the bottom of the ML entrains colder water into the
ML and at the same time increases the column mass of the
ML and warms up the upper thermocline layer. The total
column-integrated (surface to bottom) OHC is not changed
by TCs if neglecting TC-induced surface heat fluxes,
because OHC is only redistributed vertically. However, the
strong mixing tends to cool and deepen the ML. We examine
this process by observing the negative correlation between
the ML depth and ML temperature (Figure 7). The MR,
however, has higher ML temperature than NoWIND during
TC1 and TC2 due to the formation of temperature inversion
in the surface boundary layer in NoWIND. The deeper ML
in the MR is caused by the TC-wind induced entrainment,
and its warmer ML temperature results from entraining the
warmer barrier-layer water from below. In the NoWIND run,
winds are weaker, SST is lower and temperature inversion
forms. The stronger winds in the RcWIND experiment
decrease the top 50 m OHC even more than the CCMP winds
in the MR during TC1 and TC2 (Figure 6b, red line for
RcWIND-NoWIND) primarily by reducing the upper-ocean
temperature further through entrainment and upwelling
(compare the red lines with black lines in Figures 5c1–5c3),
reaching a peak value of ��52 � 1018 J. During TC2, the
strong winds in RcWIND also deepen the ML and cool the
SSTmore than theMR (compare red and black dotted lines in
Figures 5c1–5c5). The mixing and upwelling signals are
induced by wind stress and can be identified by the sudden
drops of OHC at the strongest stage of TC1 (10/17 00Z) and
TC2 (10/29 00Z) for MR-NoWIND (green), MR-NoWSTR
(dashed blue) and RcWIND-NoWIND (red) in Figure 6b for
the top 50 m. The reduced OHC gradually recovers. By the
end of February 2000, the OHC differences between
RcWIND and NoWIND is approximately �3.8 � 1018 J.
[36] The wind effect is also evident in the upper 100 m,

200 m, and 400 m (Figures 6c–6e) during TC1 and TC2.
The recovery after the TCs at these depths, however,
becomes increasingly slower as depth increases, and the TC-
induced OHC change near the end of February becomes
increasingly negative. The impacts of TCs on temperature
and salinity profiles, however, do not have apparent changes
below 80 m (Figure 5), suggesting the importance of TC-
induced circulation change on OHT and thus OHC in deeper
layers. These results, combined with Figure 3, further dem-
onstrate that the total BoB OHC induced by TCs results from
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Figure 6. The OHC differences between the MR and a series of EXPs for the to (a) 10 m, (b) 50 m,
(c), 100 m, (d) 200 m and (e) 400 m in the BoB (north of 10�N).
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both the DOHP in the near-surface layer and storm-induced
circulation changes, enhancing the southward OHT below
the ML. The similarity of the OHC anomalies in the top
200 m and 400 m (Figures 6d and 6e) suggests that impacts
of the TCs on OHC via vertical mixing, upwelling and
NetHF are mainly confined to the upper 200 m. The TC-
induced OHT changes however, can penetrate down to
seafloor (not shown) with minor change below 400 m.
[37] Comparing Figure 6e with Figures 3b and 3d, we can

see that when considering only wind effect (MR-NoWIND
and RcWIND-NoWIND), the TC-induced OHC changes are
primarily caused by the anomalous OHT, with wind-induced
NetHF playing a minor role. The TC-induced radiative
fluxes have comparable effects to winds on the upper-ocean
heat content (Figure 6). Although the contribution of the TC-
associated radiation to the OHC variations remains identical
in the upper 50 m–400 m, the effect of radiative fluxes on
the upper OHC varies somewhat with depth. This is because
radiative fluxes can affect SST, stratification and therefore
mixing and horizontal advection, inducing changes in tem-
perature profile (Figures 6 and 5c1–5c5). The combined
effects of the TC-associated wind, radiation and precipita-
tion on the OHC can reach �114 � 1018 J (MR-NoTC) and
�121 � 1018 J (RcWIND-NoTC) in the upper 400 m within
three days after TC2, and it can reach �145 � 1018 J (MR-
NoTC) and �166 � 1018 J (RcWIND-NoTC) for the total
column at the same time. Consistent with our above analysis,
the TC-associated precipitation has little effect on the OHC
in the upper ocean. Note that the temperature of the rain is
set to be the same as the SST in HYCOM, and hence the

TC-associated precipitation does not directly alter NetHF.
This may somewhat underestimate the precipitation effect
on SST.

3.4. Impacts of TCs on Ocean Heat Potential

[38] The heat potential is defined as the total OHC above
the 26�C isotherm. We are showing heat potential here
because it is one of the most important factors for TC
development and intensity. The heat potential anomalies can
be strongly caused by surface radiative flux differences. The
radiation effect (MR-NoRAD) can reach �20 � 1018 J
immediately after TC1 and reach �53 � 1018 J immediately
after TC2. This amount of heat is similar to the TC-induced
accumulated NetHF between the MR and NoRAD at the
same time (Figure 3d). They also share similar decaying
pattern. This indicates that the BoB heat potential is largely
determined by the NetHF in our simulations.
[39] With regard to the wind effect, the BoB heat potential

anomalies (Figure 8) are roughly two times of the accumu-
lated NetHF anomalies (Figure 3d) for MR-NoWIND and
three times of the accumulated NetHF anomalies for
RcWIND–NoWIND immediately after TC2. The behavior
of the BoB heat potential change between the three experi-
ments is not similar to the accumulated NetHF in the fol-
lowing four months after TC2. The MR and RcWIND have
more surface heat extraction through THF process due to
their higher wind speed, compared to the NoWIND run.
However, the enhanced THF and thus NetHF process can
only partially explain the heat potential response. Vertical
mixing is also found not to be the main cause for larger heat

Figure 8. Areal-averaged heat potential of the BoB between the MR and EXPs.

Figure 7. Areal-averaged ML depth (solid) and temperature (dotted) differences between the MR and
EXPs.
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potential response, because the mixing averaged for the BoB
generally happened above the 26�C isotherm (Figures 5c1–
5c4). The ML depth in the MR averaged for the BoB
approximately ranges from 20 m to 35 m before December,
1999, increases to �56 m by the end of December, 1999,
and decreases to less than 40 m by the end of February,
2000. Figure 5 shows that the 26�C isotherm is generally
between 75 m and 90 m and only slightly varies among the
EXPs. Hence, the vertical redistribution of OHC caused by
mixing does not penetrate to the depth of 26�C isotherm, and
the BoB heat potential is only slightly altered by vertical
mixing. These suggest that the OHT anomalies induced by
the TC-associated wind play a major role in changing the
BoB heat potential.

4. Summary and Discussion

[40] The two consecutive TCs (TC1 and TC2) signifi-
cantly reduce the total BoB (north of 10�N) OHC when they
pass the BoB, reaching a peak value of �160 � 1018 J in
early November after TC2, and the reduced OHC slowly
recovers in the following months. The value of OHC change
induced by the two TCs is comparable to its seasonal vari-
ation from October to mid-November during the monsoon
transition period when the seasonal variation is weak, but is
only �10% or less than the OHC seasonal increase during
winter monsoon (Figures 3a and 3b).
[41] The reduced BoB OHC during the TCs results from

both the southward OHT and reduced downward NetHF
anomalies, and both gradually recover in the following
months (Figures 3c and 3d). TC winds are the deterministic
factor for the OHT change, primarily by causing anomalous
ocean circulation that transports heat out of the Bay. The
TC-associated surface radiative flux and winds are the two
most influential factors that determine the BoB surface
NetHF during TC1 and TC2 and in the following months.
The reduced radiative fluxes dominate the wind-induced
THF during the TCs, due to the TC-associated clouds
blocking downward solar radiation. The accumulated radia-
tion effect quickly decays in November right after the TCs,
but remains almost constant with a negative anomaly and
never returns to zero from December to February 2000. It is
the TC-wind effect that causes the recovery of NetHF to a
positive value four months after the TCs. The NetHF input
into the BoB facilitates the TCs’ DOHP effect. Note that
only the enhanced reconstructed TC winds are strong
enough to produce the DOHP, by causing stronger surface
cooling during the TCs through mixing and upwelling pro-
cesses (Figure 3), and thus stronger recovery after the TCs
via increased downward THF. Although the CCMP winds
contain TC1 and TC2, the winds are too weak to produce
realistic surface cooling. Hence the CCMP wind-induced
SST reduction is not enough for enhanced downward THF
to compensate for the surface heat loss during the TC events.
[42] The weak upward THF induced by TC winds during

the TCs, and the strong wind effect during the recovery after
the TCs are consistent with previous studies for the Atlantic
Ocean. Different from the Atlantic, our results show large
solar radiation effect during the TCs, which compensates for
the NetHF recovery after the TCs, producing a weak
downward NetHF for a few months after the TCs and

making the DOHP effects weak in the BoB. In addition, the
effect of TC precipitation has negligible effect of the BoB
OHC. These new features are associated with the unique
characteristics of the BoB, which is strongly stratified due to
monsoon rainfall and large amounts of freshwater input from
the BoB rivers. The strong stratification due to fresh waters
favors the formation of barrier layer and temperature inver-
sion (Figure 5). As a result, the TC winds entrain warmer
water from the barrier layer in the southeastern Bay and thus
warm the SST (Figure 4). The warmer SST counteracts the
colder SST in the northwestern Bay, causing a weak BoB-
averaged downward THF during the recovery period after
the TCs.
[43] The weak DOHP effect in the BoB is further inves-

tigated by comparing our model results with the estimates of
oceanic heat convergence using observed SST based on the
existing methods of Sriver and Huber [2007] and Sriver et al.
[2008]. Using these methods (section 3.2), the estimated
oceanic heat convergence from both HYCOM SST and
observed SST obtain similar magnitudes (Table 2). However,
if including the NetHF loss during the TCs, which is
neglected by the previous studies, the HYCOM simulated
time-integrated NetHF during the recovery period suggests a
much weaker DOHP effect in the BoB than the observational
estimates. In addition, when considering two consecutive
TCs that are less than 6 days apart and the seasonal varia-
tions, the BoB temperature structure never recovers to its pre-
storm condition between the TCs or after. Because the time
between the two TCs is too short for the SST to recover via
THF process, the impacts of TC2 on DOHP are not as strong
as if TC1 did not exist. The seasonal transition from summer
monsoon to winter monsoon immediately after TC2 very
likely affects the DOHP estimates based on SST before/after
the TCs. By observing climatological seasonal variations of
SST in the western Pacific and northwestern Atlantic, which
can be as strong as in the northern Indian Ocean, we suspect
that the SST recovery in the wakes of TCs in late fall is less
than storms occurring earlier in the season due to the seasonal
cycle. While this point is important for understanding storm-
induced changes in surface budgets, a more robust indicator
of DOHP is likely to be the amount of heat mixed irreversible
into the seasonal thermocline rather than in cold wake
recovery. However, estimating the vertical redistribution of
heat through vertical mixing is difficult due to the immediate
response in the BoB heat transport and near-surface circula-
tion caused by TC winds.
[44] The effects of TCs can affect both the ML and the

deeper ocean below. The entrainment at the bottom of the
ML and upwelling induced by the wind stress curl are
the primary process for OHC exchange between the ML and
deeper ocean and cause mirrored changes in OHC. In the
deeper ocean below 200 m, mixing has little influence on
OHC, and the TC wind-induced OHT variations dominates
the OHC changes, primarily through causing anomalous
ocean circulation. The contribution of the OHT to the OHC
change is weak below 400 m but keeps accumulating to the
bottom of the BoB. The TC-associated rain causes a shal-
lower ML by adding freshwater on top, and therefore the ML
temperature changes faster. In contrast, TC-associated radi-
ation deepens the ML because the reduced solar radiation
cools the surface and increases mixing. Regarding the BoB
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heat potential, TC-associated radiative flux and winds, which
drive OHT variations and affect NetHF, are the major causes
for the BoB heat potential change (Figure 8).
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