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Interactions are diagnosed between a marine heatwave (MHW) event and tropical super
cyclone Amphan in the Bay of Bengal. In May 2020, an MHW developed in the Bay
of Bengal driven by coupled ocean-atmosphere processes which included shoaling of
the mixed layer depth due to reduced wind speed, increased net surface shortwave
radiation flux into the ocean, increased upper ocean stratification, and increased sub-
surface warming. Ocean temperature, rather than salinity, dominated the stratification
that contributed to the MHW development and the subsurface ocean warming that also
increased tropical cyclone heat potential. The presence of this strong MHW with sea
surface temperature anomalies >2.5°C in the western Bay of Bengal coincided with the
cyclone track and facilitated the rapid intensification of tropical cyclone Amphan to a
super cyclone in just 24 h. This rapid intensification of a short-lived tropical cyclone, with
a lifespan of 5 days over the ocean, is unprecedented in the Bay of Bengal during the
pre-monsoon period (March-May). As the cyclone approached landfall in northern India,
the wind-induced mixing deepened the mixed layer, cooled the ocean’s surface, and
reduced sub-surface warming in the bay, resulting in the demise of the MHW. This study
provides new perspectives on the interactions between MHWSs and tropical cyclones that
could aid in improving the current understanding of compound extreme events that have
severe socio-economic consequences in affected countries.

Keywords: compound extreme events, marine heatwave, tropical cyclone, Amphan, Fani, super cyclone, rapid
intensification, extremely severe cyclone

INTRODUCTION

Anomalously high sea surface temperature (SST) values sustained for a period of time in regional
ocean basins are known as marine heatwaves (MHWs), which are observed across the global ocean
(Sen Gupta et al., 2020). MHWs can have catastrophic impacts on marine habitats and species of
socio-economic importance, re-organizing ecosystem structure by supporting a certain species and
suppressing others (Wernberg et al., 2013, 2016; Frélicher et al., 2018; Smale et al., 2019). A MHW
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event is defined when the SST exceeds a seasonally varying
threshold (usually the 90th percentile) for at least five consecutive
days (Hobday et al., 2016). MHWSs occur throughout the year.
Local processes, large-scale climate modes, and teleconnections
are all important drivers for MHWs: they include ocean currents,
air-sea fluxes (warming through the ocean surface from the
atmosphere), and winds that can enhance and suppress MHWs
(Holbrook et al., 2019). Further, underlying anthropogenic
warming of the ocean as well as climate phenomena such as the El
Nifo Southern Oscillation (ENSO) can also change the likelihood
of MHW events occurring in certain regions (Sen Gupta et al.,
2020).

Dzwonkowski et al. (2020) recently showed that a MHW
event in the northern Gulf of Mexico was generated due to
ocean stratification from the compounding effects of tropical
cyclone (Gordon) followed by an atmospheric heatwave. These
compounding conditions led to the intensification of the
subsequent hurricane Michael due to the extremely warm
state of the underlying coastal ocean. Furthermore, it has
been suggested that extreme climate/weather events are likely
exacerbated in a warming world: For example, the Tasman Sea
MHW in 2015-16 affected much of the southeast Australian
coastal region, particularly off Tasmania, with the extreme
MHW event resulting from natural variability (e.g., ENSO)
and anthropogenic climate change (Collins et al., 2019). Also,
recent severe Atlantic hurricanes Harvey, Irma, and Maria
during 2017 were attributed to surface ocean warming due to
anthropogenic climate change (Collins et al., 2019). Hence our
study contributes to understanding compound events and their
complex interactions in a warming world.

This study focuses on the Bay of Bengal (BoB; Figure 1)
whose dynamics are very complex due to the strong stratification
from freshwater input, high SST values, and its vulnerability
toward tropical cyclones that form during the pre-monsoon
(March-May) and post-monsoon (October-November) seasons.
The North Indian Ocean accounts for the highest number
of fatalities globally from tropical cyclones (Mohanty et al,
2015), and the BoB experiences ~5 to 7% of the total number
of tropical cyclones that occur globally each year (Neetu
et al, 2012; Jangir et al, 2020, 2021). Out of 23 recorded
deadly storms with fatalities > 10,000 in the last 300 years,
20 tropical cyclones formed over the BoB (Mohanty et al,
2015).

The BoB in the northeastern part of the Indian Ocean
maintains basin-wide SST of 28°C and above with a shallow
mixed layer depth (MLD) throughout the year (Shenoi, 2002).
The BoB also receives freshwater through excess rain and river
runoff from major river systems. Consequently, the BoB is
characterized by low salinity; and the bay’s warm and fresh
surface water (owing to its tropical location) overlays cold
and salty water at depth. This configuration of surface and
subsurface water forms a barrier layer due to enhanced near-
surface stratification (Neetu et al., 2012). The presence of a barrier
layer is one of the main reasons for the high SST values in the BoB
that are maintained throughout the year (Rahaman et al., 2020)
and that serves as a breeding ground for tropical cyclones (Jangir
etal., 2021).

Tropical cyclone Amphan during May 2020 was the
first super cyclone in the BoB in the last 21 years; it
intensified from category 1 (cyclonic storm) to category 5
(super cyclone) in <36h (Balasubramanian and Chalamalla,
2020). According to the World Meteorological Organization
(WMO), Amphan was the costliest tropical cyclone on record
in the North Indian Ocean, with reported economic losses
in India of approximately $14 billion [World Meteorological
Organization (WMO), 2021] and 129 casualties across India
and Bangladesh. Here, we investigate what allowed the rapid
intensification of tropical cyclone Amphan from a cyclonic
storm to a super cyclone over an unusually short period
of time.

MATERIALS AND METHODS

The study region encompasses the BoB (70-100°E and 0-25°N)
as shown in Figure 1A. We focus on two subregions according
to Indian summer monsoon inflow i.e., for box 1 (80-90°E
and 5-15°N) and high freshwater discharge from major river
system for box 2 (80-90°E and 15-23°N) (Jana et al., 2015;
Jangir et al., 2021). These boxes cover the cyclone track of
Amphan where the cyclogenesis occurred in box 1 and landfall
in box 2.

Methods

The detection of MHW events is carried out following the
definition of Hobday et al. (2016) and implemented with a
software package developed by Oliver et al. (2017). A MHW is
defined from the daily SST time series as a discrete prolonged
anomalously warm water event when the daily SST at a grid
point exceeds the seasonally varying 90th percentile for at least
five consecutive days (Oliver et al., 2018). Two events with a gap
of <3 days are considered as a single MHW event. The daily
anomalies are computed by removing the daily climatology for
the respective variable. The base period of 1981 to 2020 was
used to compute the daily anomalies and 90th percentile for the
detection of MHW events.

For the categorization of the MHW, we followed the
definition from Hobday et al. (2018). They defined the MHW
category (6) as (SST — SST_climatology) /(SST_90th_Percentile —
SST_climatology) where the numerator denotes the intensity
of the MHW and is scaled by the difference between the
climatological 90th percentile and the climatological mean SST.
Hence, the MHW can be categorized as moderate (1 <
0 < 2, Category I), strong (2 < 6 < 3, Category II),
severe (3 < 6 < 4, Category III), and extreme (4 < 0,
Category IV).

For a mechanistic understanding underlying the MHW event
and its interaction with tropical cyclone Amphan, we performed
a mixed layer heat budget analysis (Sen et al., 2021). In the mixed
layer heat budget, the vertically integrated temperature of the
mixed layer is equal to the sum of horizontal advection, air-sea
heat flux exchange, and residual processes “R” which represent
vertical advection, vertical diffusion, and entrainment at the base
of the mixed layer. The following equation 1 is used to estimate
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FIGURE 1 | (A) Study region of the Bay of Bengal (70-100°E and 0-25°N) delineated by the boxes for the subregions of the bay i.e., box 1 (80-90°E and 5-15°N),
box 2 (80-90°E and 15-23°N) with annual mean sea surface temperature (°C, shaded), overlaid by the contours of annual mean mixed layer depth (m) and vectors of
annual mean surface winds (ms~"), and the track of Tropical cyclone Amphan with the dates of cyclogenesis (CS, 16-May-2020), intensification into a super cyclonic
storm (SuCS, 18-May-2020), and landfall as extremely severe cyclonic storm (ESCS, 20-May-2020), (B) daily climatology for the area-averaged sea surface
temperature and mixed layer depth for box 1 with gray shading indicating the time of year that is the focus of the current study (26-Apr to 30-May), (C) same as (B)
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Where Qner = Qs + Quys + Qunp + Quns> Qner is the net
surface heat flux, Qg is the net surface shortwave radiation flux,
Quyf is the net surface longwave radiation flux, Qgy is the surface
sensible heat flux, and Qyy is the surface latent heat flux. The sign
convention of ERA five products are positive downward i.e., into
the ocean and all the fluxes are with the sense of direction i.e.,
Qqf is positive (into the ocean) and the rest of the fluxes are
negative (out of the ocean) in sign.

Where T denotes the mixed layer (h) temperature; u,v
are the horizontal ocean currents, the first term in the
RHS represents horizontal advection, the second term in
the RHS represents the air-sea heat flux exchange where
po is potential density, C, is specific heat capacity. In our study,
we used the MLD provided by Copernicus in the analysis and
reanalysis data. The MLD is defined by the sigma_theta (op)
criterion. It is the depth where the density increase compared to
the density at 10 m depth corresponds to a temperature decrease
of 0.2°C relative to local surface conditions [Temperature (610/),
Salinity (Sjom), Surface Pressure (Py = 0 dbar)].

We have also estimated the freshwater content following
Sengupta et al. (2016) to understand the role of freshwater in
the stratification and generation of the MHW. The freshwater
content is computed using the following Equation (2), where h

is mixed layer depth, S(z) is the salinity in the mixed layer and
Sref is reference salinity, which is taken here as 35 psu.

h
FW:[ (1— S(Z))dz
0

Sref

To estimate the stratification in the ocean we computed the
Brunt-Viisild frequency (N?) from the GSW toolbox (https://
teos-10.github.io/GSW-Python/) defined as N2 —’%(%)
where g is the gravitational acceleration (9.81 ms~2). To isolate
the role of temperature and salinity for the total N2, we divide N*
into two components namely N2-temperature and N?-salinity.
N2-temperature is computed by using 0-200 m depth-averaged
salinity in the N? computation thereby removing the effects from
changes in salinity. N2-salinity is then estimated as N? minus
N2-temperature (Fan et al., 2020).

We also computed the tropical cyclone heat potential (TCHP)
to understand the effect of subsurface heat accumulation for the
compound extreme event of MHW and tropical cyclone. The
TCHP is defined following Equation (3)

2)

D
TCHP = / ,OCP(T —26)dz (3)
0

where D26 is the depth of the 26°C isotherm in the ocean (Jangir
et al., 2021).

The vertical wind shear magnitude (m s™!) is computed using
the daily horizontal (zonal and meridional) winds vectors (u,
v) from ERA5 as a difference between the 200 hPa and 850
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hPa levels.

Vertical Wind Shear = \/(uz()o — u850)2 + (V200 — V850)2

Data

For the MHW detection, we used high-resolution daily SST data
from NOAA OI SST V2 (Reynolds et al., 2007) spanning from
1981 to 2020 at 0.25° horizontal resolution.

We used ocean temperature and salinity data from
two products provided by the Copernicus Marine Service
GLOBAL_REANALYSIS_PHY_001_031 (Reanalysis hereafter)
and GLOBAL_ANALYSISFORECAST_PHY_CPL_001_015
(Analysis hereafter). The Reanalysis product is the ensemble
mean of four products which include GLORYS2V4, ORASS5,
GloSea5, and C-GLORS05. The Analysis product is the output
of the weakly coupled ocean-atmosphere data assimilation and
forecast system and is used to provide 10 days of 3D global
ocean forecasts, at 0.25°spatial resolution, updated daily (Lea
et al., 2015). The Reanalysis product is available from Jan-1993
to June-2019 whereas, the Analysis product is available from
Dec-2015 to the present (Dec-2020 for our study). Both products
have daily temporal resolution with a 0.25°horizontal resolution
but they have different vertical levels, 75 levels in the Reanalysis
and 43 levels in the Analysis. So, we linearly interpolated the
Reanalysis data in the vertical onto the grid of the Analysis data.
Due to the longer time span of the Reanalysis product, we used
it to create the daily climatology to deduce the daily anomalies
from the Analysis product for the year 2020.

For the atmospheric fields (10 m winds and Mean Sea Level
Pressure) and surface fluxes (Qsyf, Quf> Qupf> and Q) we used
ECMWF ERAS5 data (Hersbach et al., 2020). All the variables used
from ERAS5 are at a spatial resolution of 0.25° with the temporal
resolution of 1 h but converted to daily means.

The best track data for tropical cyclone Amphan is taken
from the Indian Meteorological Department (IMD, http://www.
rsmcnewdelhi.imd.gov.in/report.php?internal_menu=MzM=).
The daily data of near real-time sea-level anomaly (SLA) and
geostrophic current vectors are from Copernicus Marine Service
(SEALEVEL_GLO_PHY_L4 NRT_OBSERVATIONS_008_046,
https://doi.org/10.48670/moi-00149) with a spatial resolution of
0.25°. The geostrophic current vectors are used here to represent
mesoscale oceanic eddies. The anomalies of all the data products
used in this study are extracted for the period of interest to
investigate the interaction between the MHW and tropical
cyclone Amphan.

RESULTS

Interactions Between the MHW and

Tropical Cyclone Amphan
We detected a MHW event in box 1 from 1-May-2020 to 17-
May-2020 and one in box 2 from 6-May-2020 to 19-May-2020
as shown in Figure 2 in red shading. This study is focused on
investigating the interaction between the MHW and tropical
cyclone that coincided forming a compound extreme event.
MHW conditions in both boxes occurred prior to
cyclogenesis. During the MHW, the maximum SST anomaly

averaged over box 1 on 11-May-2020 and in box 2 on 13-May-
2020 reached close to 1.5 and 2°C (Figures 2A,B) above the
climatological SST of 30.2 and 29.7°C, respectively, for the
same period of the year (Figures 1B,C). The high SST was
associated with an anomalously shallow MLD (Figures 2A,B).
This shoaling of the MLD during MHW signified a reduction in
mixing and therefore enhanced stratification with a concurrent
positive mean sea level pressure (MSLP) anomaly over both
boxes and anomalously low wind speeds (Figures 2C,D). The
MSLP anomaly was high during the MHW started to drop
prior to cyclogenesis, and reached a minimum value close
to —65 hPa during the peak of the tropical cyclone. These
pre-existing oceanic and atmospheric conditions of anomalously
high SST with shallow MLD, and low wind speeds not only
favored sustaining the MHW but may have played a role in the
cyclogenesis as well.

Tropical cyclone Amphan started to develop from 16-May-
2020, marked as the day of cyclogenesis in box 1, and made
landfall in box 2 on 20-May-2020. The pre-existing MHW
in box 1 coincided with the cyclogenesis whereas, the MHW
in box 2 exists till the later stages of cyclone intensification
(Figure 2). As the cyclone intensified, the SST anomaly decreased
and the MHW eventually disappeared with negative SST and
positive MLD anomalies in both boxes (Figures2A,B). The
demise of the MHW i.e., the negative SST anomaly after the
passage of the cyclone, was due to the strong wind-induced
churning that deepened the mixed layer and upwelled cold
water from deeper depths resulting in the cooling of the
surface ocean.

Further analysis (Figure 3) shows the ocean area covered by
various categories of MHW in the BoB before (averaged over 11-
15 May), during (averaged over 16-20 May), and after (averaged
over 21-25 May) tropical cyclone Amphan. Prior to cyclogenesis,
on 13-May-2020, around 300,000 km? of the ocean surface area
in the bay exhibited strong MHW conditions. However, with the
intense forcing of the cyclone which resulted in surface ocean
cooling, a rapid contraction was observed in the surface area
covered by the strong MHW which reduced to ~160,000 km? on
18-May-2020, and finally demised on 20-May-2020 (Figure 3A).
Before tropical cyclone Amphan, all the regions of the bay were
affected by moderate to strong MHW conditions, particularly box
1 and box 2 had patches of strong MHW conditions. The track of
tropical cyclone Amphan coincided with a large region exhibiting
strong MHW conditions which were present before and during
the cyclone (Figure 3B) and resulted in the rapid intensification
of the cyclone (Figure 3C).

Table 1 shows the progression of the intensity of the MHW
and tropical cyclone in the BoB in box 1 and box 2. As the
MHW in box 1 coincided with cyclogenesis, the intensity of the
MHW decreased, and as the cyclone intensified into a super
cyclone, eventually the MHW in box 1 disappeared (negative
MHW intensity) due to wind-induced SST cooling from the
cyclone intensification. After the cyclogenesis in box 1, as the
cyclone moved into box 2, it coincided with the presence of
strong MHW conditions which provided additional energy for
its rapid intensification to a super cyclone. When the cyclone
reached its peak intensity (62.05m s™!) on 18-May-2020, the
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FIGURE 2 | Time series of the sea surface temperature anomaly (black, °C) and mixed layer depth anomaly (blue, m) for (A) box 1, (B) box 2. Time series of 10m
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the red shading representing marine heatwave conditions and the vertical magenta lines representing cyclogenesis (left, 16-May-2020), cyclone intensification (middle,
18-May-2020) and landfall (right, 20-May-2020) for the tropical cyclone Amphan.

intensity of the MHW was 1.54°C which was sufficiently high
to sustain the intensification of the cyclone. This shows a
widespread exposure of the ocean surface to extreme temperature
conditions which can potentially alter the dynamics and
thermodynamics of a tropical cyclone.

These analyses show a dynamic link between the MHW
and tropical cyclone and provide an understanding of their
interactions. The pre-conditioning from the warm ocean surface
due to the MHW helped intensification of the cyclone to a super
cyclonic storm in just 24 h. The ensuing analysis of the mixed
layer heat budget will show the thermodynamic linkages between
the MHW and tropical cyclone.

Physical Mechanism

To investigate the physical mechanism of the interaction between
the tropical cyclone and MHW, we conducted a mixed layer
heat budget analysis. It shows that the mixed layer temperature
tendency during the MHW was weakly influenced by the
advection in both boxes (Figures 4A,B). Most of the temperature
tendency can be explained by changes in the net surface heat flux
(QNet)- During the MHW, the positive Qner anomaly warmed the
surface layer that resulted in stratification as the Qe was directed
toward the ocean (positive downwards).

Despite the dominance of the net surface heat flux in
the growth of SST anomalies, Alexander and Penland (1996)
previously showed that vertical entrainment of water from the
base of the mixed layer strongly influences SST anomalies and the
upper ocean heat budget by controlling the MLD. However, the
changes in the surface heat fluxes from MLD variability during
the MHW require a detailed mixed layer heat budget analysis
with the resolution of vertical advection, vertical mixing, and
entrainment from the base of the mixed layer (Vijith et al., 2020;
Sen et al., 2021). We also note the magnitude of the residuals,
likely due to biases in surface fluxes in the reanalysis products
(Wijesekera et al., 2022) and, in parts, related to changes in
horizontal and vertical mixing and entrainment (Sen Gupta et al.,
20205 Vijith et al., 2020).

The positive contribution from the Qpgs toward the mixed
layer temperature tendency during the MHW turned negative
during the passage of the tropical cyclone. The temperature
tendency dropped to —0.4°C day ! during the cyclone, primarily
due to a net heat flux loss. This strong drop (~0.4°C day~!) in the
temperature tendency during the intensification of the cyclone
shows the cooling of the surface ocean with intense heat loss from
the ocean to the atmosphere (negative Qper).

Further analysis of the component of the Qe ie., Qswf>
Quf> Qsnf> and Qpy is shown in Figures 4C,D. Fluxes were
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longwave flux (Qlwf); and surface sensible heat flux (Qgy)
is least.

During the MHW event (since 1-May-2020, in both boxes),
the major contribution in the Qe was from stfwhich showed
a positive change of ~0.1°C day~! prior to cyclogenesis. This
condition of Qg suggests a clear-sky condition with increased
net solar radiation, which warmed the ocean surface to generate
a MHW event in the region. This increased positive Qy,s during
the MHW event is also related to anomalously high MSLP
(Figures 2C,D) which results in reduced cloud cover (Holbrook
et al., 2019; Sen Gupta et al., 2020). The large positive value of
Qswf and the large negative values of Qs followed by the Qy,f
effectively resulted in a positive Qe into the ocean. The negative
value of Qyy in the BoB shows that the ocean loses heat to the
atmosphere in response to the increased SST in the region and

this phenomenon will maintain the SST (Zhang and McPhaden,
1995). Zhang and McPhaden (1995) also showed that for low SST
conditions Qs increases with SST but decreases for the high SST
conditions. The later condition is reflected in our analysis that
shows a drop in Qinf during the MHW (from 1-May-2020) i.e., a
high SST condition prior to the cyclone.

However, during the cyclogenesis and the intensification
phase of the cyclone, the Qswr and Qpy showed a large drop in
magnitude amounting to 0.2°C day~! from 0.3 to 0.1°C day~!
and 0.1°C day™! from —0.1 to —0.2°C day !, respectively in
both boxes. This anomalous dip in Qy,s suggests the overcast
conditions during the cyclone which obstructed incoming solar
radiation due to increased cloud cover because of the cyclone,
whereas the drop in Qy shows a significant heat loss from the
ocean to the atmosphere during the cyclone.

Role of Ocean Stratification
Given the surface warming with the shoaling of the MLD, it is
worth investigating the role of upper-ocean stratification in the
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TABLE 1 | Daily mean Intensity of the marine heatwave (°C) and cyclone (m s~)
averaged over box 1 and box 2 from 10 to 25 May 2020.

Time MHW intensity MHW intensity Cyclone intensity
(°C) (Box 1) (°C) (Box 2) (ms™)

2020-05-10 1.309 1.264

2020-05-11 1.369 1.415

2020-05-12 1.304 1.628

2020-05-13 1.259 1.889

2020-05-14 1.206 1.832

2020-05-15 1.119 1.625

2020-05-16 1.043 1.622 17.04

2020-05-17 0.925 1.670 33.76

2020-05-18 0.747 1.542 62.05

2020-05-19 —0.021 1.365 56.27

2020-05-20 -0.512 0.521 46.94

2020-05-21 —0.468 —0.343

2020-05-22 —0.349 —0.296

2020-05-23 -0.211 —-0.174

2020-05-24 0.065 -0.315

2020-05-25 0.257 —-0.412

The negative MHW intensity signifies cooling.

interaction of the MHW and tropical cyclone. To understand the
role of stratification cross-track analysis around the cyclone track
was conducted for MLD, SST anomaly, sea surface salinity (SSS)
anomaly, and freshwater content (FW).

In order to perform this analysis, the location (latitude
and longitude) corresponding to the track of the cyclone were
selected. Conditions along the track were averaged for 3 degree
(~300km) on either side of the cyclone track (Figure5). On
the Y-axis, zero hence represents the location/center of the
cyclone. The analysis was conducted for various parameters for
the time starting 10-days prior to the cyclone until 15-days after
the cyclone, ie., for a total of 25 days for the same location
(latitude, longitude). This time period is shown in the X-axis
where zero represents the day of the cyclone and it shows
the variations of the parameters over the 25-days. Similarly,
we repeat this procedure for all the latitude points along the
cyclone track and then average all these latitudes to generate
the composite maps of the parameters in longitudinal distance
from the center of the cyclone and their time evolution as shown
in Figure 5.

The SST anomaly (Figure 5A) corroborates the findings from
the previous sections and shows the presence of strong MHW
conditions before the cyclone and strong cooling after the passage
of the cyclone. Figure 5B shows that the MLD was shallow
just before the cyclone and deepened after the passage of the
cyclone. The SSS anomaly (Figure5C) was negative before
the cyclone but shifted to an anomalously positive value after
the cyclone.

This phenomenon is consistent with Reul et al. (2021) where
weak storms caused freshening on average, but a strong storm
increased the SSS on the right side of the track which is opposite
to the SST anomaly that is always negative with muted surface
cooling. The formation of a vertical salinity gradient in the upper

ocean from a fresher surface and saltier subsurface along with the
presence of barrier layers lead to saltier and warmer storm wakes
compared to wakes produced over barrier layer free areas (Reul
etal,, 2021). Interestingly the freshwater content (Figure 5D) was
not the primary driver for the MHW event prior to the cyclone.
The freshwater content was relatively low during the MHW and
prior to the cyclone but increased during the cyclone due to
heavy precipitation.

Further analysis of stratification was carried out by computing
the Brunt-Viisild frequency (N?) for the upper 100 m of the
ocean for box 1 and box 2 from 26-Apr-2020 to 30-May-2020
(Figure 6). This analysis showed that during the MHW, an
anomalously strong stratification was present in the upper 30 m
of the ocean in box 1, whereas in box 2 the complete water
column (i.e., up to a depth of 100 m) was highly stratified. Box
1 exhibited high stratification with shallow MLD in the presence
of the MHW, whereas the stratification with shallow MLD in box
2 with the presence of MHW continued until the intensification
of the cyclone (Figures 6A,B). As the cyclone intensified and
approached landfall, it disrupted the MHW and broke down the
stratification with the deepening of the MLD due to churning
from the strong winds.

An important aspect of the MHW in the BoB during
2020 was that it was generated by temperature stratification
rather than salinity stratification, as freshwater content was
anomalously low during the MHW prior to the cyclone
(Figures 6C-F). The stratification of the water column was
primarily governed by temperature (Figures 6C,D) as compared
to salinity (Figures 6E,F). This suggests that the lower freshwater
content due to low river discharge and less precipitation in the
BoB during the pre-monsoon period (March-April-May), had
little effect on the generation of the MHW, whereas the ocean
temperature was found to play an important role.

Role of Subsurface Warming
Apart from the surface ocean, the subsurface ocean also
contributed to the interaction between the MHW and tropical
cyclone. The role of subsurface warming in terms of TCHP is
shown in Figure 7. The build-up of TCHP since March 2020
can be seen for both boxes and this increased TCHP (also
considered as ocean heat content) acts as preconditioning to
sustain the MHW and tropical cyclone. Previous studies showed
that subsurface ocean warming can play a key role in the
generation of MHWs (Elzahaby and Schaeffer, 2019; Scannell
etal., 2020) as well as tropical cyclones (Jangir et al., 2020, 2021).

During the cyclogenesis and intensification of the cyclone, the
ocean supplies the energy, i.e., the TCHP of the ocean decreases
with the evolution of the tropical cyclone. The warm subsurface
of high TCHP limits the cyclone’ self-induced negative feedback
from ocean cooling to favor intensification (Lin et al, 2013;
Jangir et al., 2021). This decrease in TCHP is clearly shown in
Figures 7C,D with a large drop in Box 1 which encompasses the
cyclogenesis and intensification of the cyclone as compared to
Box 2 which includes landfall.

TCHP of Box 1 started to drop from the point of cyclogenesis,
with a maximum drop of ~20 k] cm ™2 during the intensification
till the landfall of the cyclone, and thereafter the TCHP was
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maintained at a fixed level (Figure 7C). In contrast, the TCHP
of Box 2 shows a weak initial drop, recovered quickly afterward,
and gained ~25 k] cm~2, but dropped again by the same amount
and was maintained thereafter at a fixed level.

The subsequent period of subsurface warming coincided with
the re-emergence of the MHW. This suggests that the energy
accumulated by the subsurface ocean not only facilitates and
sustains the MHW but also played an important role in the
cyclogenesis and intensification of the cyclone. However, the
exact mechanism for the re-emergence of the MHW after the
tropical cyclone warrants a detailed investigation, and is beyond
the scope of this study.

Our analyses show that reduced mixing, increased net
heat flux into the ocean, temperature-driven stratification and
subsurface warming were all important factors in the generation
of this compound extreme event of a MHW and tropical cyclone
in the BoB during 2020. Further, as the cyclone intensified, the
cyclone-induced cooling in the BoB resulted in the dissipation of
the MHW.

DISCUSSION

MHWs are of growing concern for the global community because
of their serious implications for marine ecosystems (Holbrook
et al., 2020), and their interactions with other extreme events
(Dzwonkowski et al., 2020). In this study, we documented MHW

conditions in the BoB during the year 2020 that coincided with
the tropical super cyclone “Amphan”. We further explored the
interaction between the tropical cyclone and the MHW event.

Interaction

MHW generation before the onset of the tropical cyclone was
due to anomalously high SST with an anomalous shoaling of
the MLD and increased solar insolation onto the ocean surface
(Figures 2, 4, 5A,B). The shoaling of the MLD was associated
with reduced wind-driven mixing due to reduced wind speed,
resulting in an anomalously high thermal stratification in the bay
(Figures 2C,D, 5B, 6).

The mixed layer heat budget analysis (Figures 4A,B) showed
that the temperature tendency during the MHW event was
primarily governed by net surface heat flux (Qy,). Further, the
increased net surface shortwave flux (Qy,s) was the primary
driver of the positive Q. The rise in TCHP (Figures 7C,D)
suggests that the warming of the subsurface ocean also played
an important role in sustaining the MHW and provided the heat
potential for cyclogenesis as well as intensification.

As the cyclone intensified, the MHW started to fade due to
intense surface cooling and the break-down of the stratification
resulted in a deepened MLD (Figures 2A,B, 5B, 6). During the
passage of the cyclone, the intense mixing with reduced solar
insolation due to increased cloud cover and increased heat loss
from the ocean to the atmosphere (stf and thf) cooled the SST
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and resulted in the demise of the MHW (Figure 2). Our study
also showed that the compound event of the MHW and tropical
cyclone is primarily governed by temperature stratification rather
than salinity stratification (Figures 5D, 6).

The daily mean intensity of the MHW and tropical cyclone
Amphan (Table 1) shows that the intensity of the MHW was
initially very high, but started to decrease when approaching
cyclogenesis. However, in the northern bay (box 2), strong MHW
conditions were present during the first 3 days of the cyclone
that provided the additional energy to the cyclone and helped it
intensify quickly and attain its maximum intensity (62.05 ms~!)
of a super cyclone. This suggests that the presence of the MHW
had a profound impact on the intensification of the cyclone.

The pre-existing strong MHW conditions prior to the genesis
of tropical cyclone Amphan and its coincidence with the cyclone
track are strong evidence for the interaction between two extreme
events (Figure 3). Figure3 shows a large part of the BoB
(~300,000 km?) was covered by the MHW and some parts of the
BoB especially the ocean area close to the track of the cyclone,
exhibited strong MHW conditions. Also, the intensification stage
of the cyclone coincided closely with the region of strong MHW
in box 2. Further discussion is focused on the rapid intensification
of the tropical cyclone Amphan.

Rapid Intensification of Amphan Compared

to Fani

Tropical cyclone Amphan was the first cyclone that intensified
to a super cyclone in the pre-monsoon season (MAM) in the
twenty-first century (Sil et al., 2021) in the BoB. This study
investigates why tropical cyclone Amphan rapidly intensified to
a super cyclone (category 5) from a cyclonic storm (category 1)
over such a short period of time. Such rapid intensification is
unusual for short-lived cyclone Amphan as compared to a long-
lived cyclone e.g., tropical cyclone Fani which formed during the
same season in 2019 and traveled along the same region in the
BoB. Tropical cyclone Fani intensified to an extremely severe
cyclonic storm (category 4) with the wind speed increasing from
55 to 90 knots in 24h, whereas Amphan rapidly intensified to a
super cyclone (category 5) with the wind speed increasing from
55 to 120 knots in 24 h (Sil et al., 2021).

In comparison to Amphan (life span of 5 days over the ocean,
16-20 May 2020), the extremely severe tropical cyclone Fani
which formed during the same season in 2019 (April 26 to May
5) remained for 7 days after its formation. This longer time span
of tropical cyclone Fani over the ocean provided potentially more
moisture input along its longer trajectory (Kumar et al., 2020).
Despite remaining over the ocean for longer time, Fani did not

Frontiers in Climate | www.frontiersin.org

June 2022 | Volume 4 | Article 861477


https://www.frontiersin.org/journals/climate
https://www.frontiersin.org
https://www.frontiersin.org/journals/climate#articles

Rathore et al. Interaction Between MHW and Tropical Cyclone

B B(I)X-Z (80°E-90°E, 15°N-23°N) (N2-Total)
]

- -

e D _ (N2-Temperature) -
| - 1 = 17
i ' =
1
201 - W .I
£40 1 7 . | 1 1ol
S | H | 1 R T
Seol _ g1 m Y . - i
' R u ' o
o 1 SE A Aglt
1 L | 1 1ol
1 [ 20 VT 1 [N
E (N2-Salinity) F (N2-Salinity)
0 T Ei T T—
1 : 1 : : | 1 : 1 :
1 1 1]
i 111 | b b
£40 1 S T | 1 L e
5 : LA ! oty
S 60 [ o I P
| HE ' Ll
80 : 1 : i : — : 1
ELE 1 IgH
] 1 ] 1 1 1 1 1 I ]
L sy 1 e jegiy
04-26 05-01 05-06 05-11 05-16 05-21 05-26 04-26 05-01 05-06 05-11 05-16  05-21 05-26
Date Date

<-0.25 -0.25 -0.20 -0.15 -0.10 -0.05 0.05 0.10 0.15 0.20 0.25 >0.25
Brunt-Vaisala frequency (1073s72)
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turn into a super cyclone as Amphan did in a very short span  to a super cyclone in a very short time span. This suggests that

of time. factors other than vertical wind shear played a substantial role in
We compared the background vertical wind shear during the intensification of the super cyclone Amphan.
both cyclones. We note that the background vertical wind shear To understand the reasons behind the rapid intensification

is not the only important factor impacting cyclogenesis and  of cyclone Amphan, we detected the presence of strong MHW
intensification, but it exhibits favorable atmospheric conditions  before and during the development of the phase of the cyclone
for the cyclogenesis as well as intensification. Prior to the  asshown in Figure 3, which was not present during cyclone Fani
cyclogenesis of Amphan (Figure 8A), vertical wind shear was  (Figure 9). We found the presence of only a moderate MHW all
relatively lower than for Fani (Figure 8D) at the genesis location.  over the bay before (13-17 April 2019) the genesis of Fani but no
However, with the intensification of Amphan (Figure 8B) the  strong MHW was found before and during tropical cyclone Fani
wind shear also increased as compared to Fani (Figure 8E).  (Figure9).In contrast, a strong MHW persisted in the bay during
During cyclone Fani, the background vertical wind shear was  tropical cyclone Amphan (Figure 3). This strong MHW (11020
relatively low as compared to Amphan (Figure 8B), which  May 2020) coincided with tropical cyclone Amphan and helped
may have helped in providing conditions conducive for the  in its rapid intensification into a super cyclone. After the landfall
intensification of cyclone Fani (Figure 8E). In contrast, despite,  of the cyclone Amphan and Fani the vertical wind shear shows
relatively high vertical wind shear, cyclone Amphan intensified  near similar pattern (Figures 8C,F).
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FIGURE 7 | (A,B) Time series of sea surface temperature anomaly (black, °C), (C,D) tropical cyclone heat potential (red, kJ cm~2) for box 1 (left column) and box 2
(right column), for the duration of 26-April-2020 to 31-July-2020 with the red shading representing marine heatwave conditions, daily climatology for (C) sea surface
temperature and (D) tropical cyclone heat potential (black), and vertical gray shading representing the duration of tropical cyclone Amphan.

Basin-Wide Features

The basin-wide effects of the compound event of MHW and
tropical cyclone are seen in Figure 10 with the presence of strong
MHW conditions in the BoB prior to cyclogenesis with SST
anomalies of > 2.5°C and at some locations in the BoB acted
as a guiding path for the movement of the cyclone later. After
the cyclogenesis, the cyclone moved in the direction of the strong
MHW and intensified along the way. During the passage of the
cyclone, the SST in the BoB started to cool due to wind-induced
intense mixing (Figure 10B), which resulted in the disappearance
of the MHW (Figure 10C).

During this whole process, the presence of a shallow MLD
prior to the cyclogenesis (Figure 10D) helped in sustaining the
MHW through reduced mixing and enhanced stratification.
However, as the cyclone intensified the MLD deepened on the
right-hand side of the cyclone (Figure 10E) and continued to
deepen further as the cyclone approached landfall (Figure 10F).
This deepening of the MLD facilitated the dissipation of heat
from the surface by increased mixing and upwelling of the
relatively cold subsurface water to the ocean surface.

Apart from the surface ocean, the subsurface ocean also
played an important role in the generation of the MHW
and tropical cyclone. The warm subsurface is shown by high
TCHP (135-150 kJ cm™2) prior to the cyclone (Figure 10G).

The warm subsurface conditions can also intensify the tropical
cyclone by inhibiting the cyclone-induced SST cooling (negative
tropical cyclone intensity feedback). Due to the warm subsurface,
there is more air-sea enthalpy flux available for the rapid
intensification of the tropical cyclone, as suggested by the
case study of cyclone Nargis (Lin et al, 2009, 2013; Yu and
McPhaden, 2011). However, with the intensification of the
cyclone, the subsurface warming reduced along the track of the
cyclone (45-105 kJ cm~2) which suggests the breakdown of the
stratification with the cyclone-induced churning of the ocean
(Figures 10H,I).

We have shown that the intensification of the cyclone was
primarily due to the MHW, but anomalously high SLA and
anticyclonic eddies (Figures 10J-L) along the track may also have
partly contributed to the intensification of the cyclone via the
convergence of warm SST anomalies. Jangir et al. (2021) showed
that the anticyclonic (warm core) eddies are mostly present in the
bay during the pre-monsoon season (March-May) and can play
an important role in the cyclone intensification in cases where
they coincide with the cyclone track.

Apart from this, Elzahaby and Schaeffer (2019) show that the
high SLA and anticyclonic eddies also generate high subsurface
temperature anomalies by carrying warm waters and resulting in
a deeper MHW. The detailed investigation of the role of SLA and
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mesoscale eddies on the characteristics of the MHW and tropical
cyclone is, however, beyond the scope of the present study.

Re-emergence of the MHW

We also noticed the re-emergence of MHW conditions after
15 days post-landfall of the cyclone (from 5-June-2020) in box
1 and after 35 days (from 25-June-2020) in box 2 (Figure 7).
After the first interaction of the MHW with the tropical cyclone,
both SST and TCHP dropped (refer to Figures2, 3, 5A, 7).
However, several days after the tropical cyclone, SST started
to rise rapidly in both boxes and crossed the threshold to
resume MHW conditions (Figures 7A,B), whereas the rise in
TCHP is more pronounced in Box 2 (Figure 7D) than in Box
1 (Figure 7C). After a drop of ~20 k] cm~2 in TCHP of Box 1
during the intensification till the landfall of the cyclone, TCHP
was maintained at a fixed level till the re-emergence of the
MHW conditions (Figure 7C). In contrast, after a moderate
drop in the TCHP of Box 2, it recovered quickly by ~25 kJ

cm~2, dropped again by the same amount, and thereafter was
maintained at a fixed level. This sustained TCHP between the
landfall of the cyclone and the re-emergence of the MHW shows
the redistribution of heat within the water column.

This re-emergence of the MHW conditions might be also
due to the intense mixing from the cyclone that broke the
stratification and homogenized the temperature in the water
column (Dzwonkowski et al., 2020). This well-mixed condition
quickly re-stratified the ocean and resulted in MHW conditions
with a rapid rise in surface temperature. However, this re-
emergence of the MHW warrants a detailed investigation of the
ocean and atmospheric conditions, e.g., the post-cyclone changes
in the air-sea heat flux.

In our study, we did not consider factors of large-scale
variability, but previous studies have shown the role of the
Madden Julian Oscillation, coupled with a downwelling Kelvin
wave in the genesis of tropical cyclone Amphan (Roman-
Stork and Subrahmanyam, 2020; Vissa et al., 2021). However,
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the Bay of Bengal before the tropical cyclone Fani (averaged over 22-25 Apr 2019), during the cyclone (averaged over 26 Apr-3 May 2019) and after the cyclone
(averaged over 4-8 May 2019) overlaid by the track of the cyclone which is shaded by its mean daily intensity (m s=') with the date of genesis (26-Apr-2019), date of
extremely severe cyclonic storm (30-Apr-2019) and landfall (3-May-2019) as extremely severe.

they did not focus on the importance of these large-scale  and eventually landfall (Figures 2A,B, 7C,D, 10E-I).
features for the MHW observed during Amphan. Such a  Our study shows that the extreme events in the ocean
study may be a topic for future research to understand the and atmosphere can mutually interact (e.g., the MHW
role of large-scale variability in the generation of compound intensifies the tropical cyclone and the tropical cyclone

extreme events. dissipates the MHW) and together can generate a compound
extreme event.
CONCLUSION Hence, this study provides an opportunity to understand

the interactions between compound extreme events, such as
In conclusion, various parameters that link tropical cyclone a tropical cyclone and MHW. Several studies have shown
Amphan with the MHW are shown in Figure10. The that in future warming scenarios, both MHWSs and tropical
anomalously high SST with a magnitude >2°C before the cyclones are projected to increase in frequency and intensity
tropical cyclone represents strong MHW conditions in the  (Knutson etal, 2015; Frolicher et al., 2018; Holbrook et al., 2020;
bay (Figures 10A-C). This strong MHW also coincided  Zhang et al, 2020) which might have implications for the co-
with the cyclone track but dissipated afterward due to  occurrence of such compound events. Our study acknowledges
cyclone-induced intense mixing and the resulting SST  that a detailed analysis of the mixed layer heat budget is
cooling in the bay. The presence of a shallow MLD with  required by resolving the vertical advection, vertical mixing,
Qnet into the ocean and high TCHP before cyclogenesis and entrainment, and the role of SLA and mesoscale eddies in
favored a strong MHW event in a highly stratified surface =~ the MHW and tropical cyclone (Elzahaby and Schaeffer, 2019;
ocean (Figures 2A,B, 4, 6, 10D,G-I). However, the MHW  Sen Gupta et al, 2020; Jangir et al, 2021). In summary, this
eventually dissipated as the MLD deepened continuously on  study brings a new perspective of understanding the connections
the right-hand side of the cyclone track as expected during  between co-occurring events that could potentially improve their
cyclone events (Mao et al., 2000; Reul et al., 2021) with the  forecast and can aid disaster mitigation and planning for socio-
reduction of TCHP as the cyclone approached intensification  economic benefits.
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FIGURE 10 | Five days averaged basin-wide features of (A-C) Sea surface temperature anomaly (°C), (D-F) mixed layer depth (M), (G-) tropical cyclone heat
potential (kJ cm—2), (J-L) sea-level anomaly (m) overlaid by the geostrophic current vectors (m s~) before cyclone (first column), during cyclone (second column), and
after cyclone (third column). The black line represents the track of the tropical cyclone Amphan. Dates representing cyclogenesis (16-May-2020), intensification
(18-May-2020) and landfall (20-May-2020).
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