
Environmental Science:
Atmospheres

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
 2

02
2.

 D
ow

nl
oa

de
d 

on
 2

02
4/

10
/1

0 
 0

8:
06

:1
5.

 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Tropical cyclone
aCORAL, Indian Institute of Technology Kha

India. E-mail: jayan@coral.iitkgp.ac.in; Tel:
bNational Institute of Ocean Technology, Ch
cIndian National Centre for Ocean Informat
dIndia Meteorological Department, New Del
eEuropean Centre for Medium-Range Weath

† Electronic supplementary informa
10.1039/d1ea00066g

Cite this: Environ. Sci.: Atmos., 2022, 2,
404

Received 14th August 2021
Accepted 11th February 2022

DOI: 10.1039/d1ea00066g

rsc.li/esatmospheres

404 | Environ. Sci.: Atmos., 2022, 2,
-induced cold wakes in the
northeast Indian Ocean†

J. Kuttippurath, *a R. S. Akhila,a M. V. Martin,b M. S. Girishkumar,c M. Mohapatra,d

B. Balan Sarojini,e K. Mogensen,e N. Sunandaa and A. Chakrabortya

We present a detailed long-term (1982–2020) analysis of cyclone-induced surface cooling (i.e., cold wake)

in the northeast Indian Ocean, which hosts about 6% of the annual tropical cyclones in the world. Here, the

analysis is performed for 92 cyclones that triggered significant cooling at the sea surface in two different

seasons: the post and pre-monsoons. It is found that these cyclones generally cool the sea surface from

0.5 �C to 4.81 �C after their passage; depending on the cyclones. The pre-monsoon cyclones show

stronger cooling, but the post-monsoon cyclones exhibit a longer duration of cooling and recovery

time. Slow-moving cyclones (translational speed less than 3 m s�1) impose more stress on the ocean

surface and produce stronger cooling, due to upwelling and associated vertical mixing. Furthermore, the

cyclones that occurred during La Niña years show relatively more intensity than those in the El Niño

years. Since the sea surface temperature (SST) drop impedes cyclones from further intensification, our

study gives new insights into the cyclone intensity in the Bay of Bengal. Additionally, the range of surface

cooling derived from this analysis can help coupled numerical models to improve the forecast of

intensity and landfall of cyclones, which can save millions of lives and the coastal ecosystem.
Environmental signicance

We present the rst long-term assessment of cyclone-triggered cold water wakes in an oceanic region, where 6% of the total cyclones in the world occur every
year, the Bay of Bengal. The analyses show that the cooling can be up to 3.5�, which can signicantly impede the intensication of cyclones. The long-term study
with two different data sets provides new insights into the cyclone intensity in the climate change context. The results would also help the relevant physical and
microphysical parameterizations in numerical models and aid in forecasting the cyclones to save millions of lives and the ecosystem in and around the oceanic
region.
1. Introduction

Tropical cyclones (TCs) generally cause great damage to the life
and property of people and ecosystems. TCs are extreme
weather systems that form over oceans in the tropical regions
with well-dened convection and cyclonic circulation of surface
winds.1 There are certain conditions that should be met for the
genesis of TCs such as the sea surface temperature (SST) should
be greater than 26.5 �C, winds should converge near the ocean
surface, low vertical wind shear and the system should be away
from the equator to spin.2 Although TCs are mostly
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catastrophic, they occasionally bring rain and water to drought-
hit and water-scarce areas.

Recent studies indicate that the damage caused by TCs is
increasing.3 Factors governing the strength of TCs are yet to be
clearly understood4 as they are mostly inuenced by both
synoptic scale and small-scale features in the ocean and atmo-
sphere.5 In general, TCs can push the subsurface colder water to
the warm surface by the strong winds associated with them and
cause cooling there.6 The SST cooling has a negative feedback
on the intensity of TCs as it suppresses the exchange of heat ux
between the atmosphere and oceans.7,8 The TC-triggered cool-
ing at the surface (this process is also referred to as cold water-
wakes or cold wakes) is thus closely related to TC intensity.

Studies have shown different scales of SST drop associated
with TCs across the world oceans.9,10 For example, cold wakes
were evident during Hurricanes Fabian (2003) and Frances
(2004) in the Atlantic, and there was a signicant cooling at the
sea surface of up to 4 �C.11 Similarly, a range of the magnitude of
surface cooling is reported in earlier studies on individual
cyclones, e.g., Hurricane Gilbert cooled the surface up to 4 �C
(ref. 12) and Hurricane Hilda up to 6 �C.13 In the Pacic,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Typhoons Kalmargi and Sarika induced a cooling of 6 �C and
4.2 �C, respectively,14 but Kai-Tak cooled by 9 �C,15 and Lingling
cooled by 11 �C.16,17 It is also postulated that TC induced cold
wakes can reduce the number of weak to moderate TCs, but may
contribute to more severe TCs.18

The north Indian Ocean (NIO) houses two oceanic basins:
the Bay of Bengal (BoB or the bay) and Arabian Sea. The bay and
Arabian Sea have two peaks in the annual cycle of cyclones. The
bay is vulnerable to intense TCs during March–May (MAM, pre-
monsoon) and October through December (DJF, post-monsoon)
seasons, with noticeable inter-annual variability in both
frequency and intensity of TCs.19 In general, there will be an
increase in relative humidity over the oceanic region in the pre-
monsoon season, which is the preceding feature for the rst
cyclone season.20 The low vertical wind shear due to the absence
of upper-level jet streams accounts for the second cyclone
season in the post-monsoon.20–22 The weaker winds over the bay
force comparatively slower ocean circulation, and these winds
are also incapable of surpassing strong stratication near the
surface due to the low salinity there. This brings about a shallow
mixed layer, and the prevailing SST ($28 �C) in the bay favours
the development of large-scale deep convective systems such as
TCs,23 which is why the bay assists the formation of about 6% of
the total annual worldwide TCs there.24 Nevertheless, the
stratication is stronger in the post-monsoon season, leading to
smaller cyclone-induced cooling compared to that in the pre-
monsoon, which is characterised by a higher SST drop due to
weaker stratication. The TC-induced reduction in the SST over
the bay ranges from 0.3 �C to 3 �C, depending on the cyclone
track and strength.25,26

Currently, satellite measurements with microwave sensors
that are less sensitive to clouds are available and facilitate
extensive description of SST during the period of TCs.15,27 In the
case of Bay of Bengal, several studies have examined the impact
of TCs on SSTs using satellite measurements,21,25,28–31 but mostly
for individual cyclones. Therefore, we present a comprehensive
evaluation of the SST drop, surface cooling or cold wakes
associated with TCs that occurred in the bay in the satellite
measurement era, 1982–2020. The cooling at the surface has
important implications for the growth of cyclones as it prevents
their intensication. In addition, the analyses presented in this
study would help the numerical modelling community to
diagnose the best and worst cooling scenarios to parameterise
relevant processes in the TC models to make more accurate
track prediction and intensity forecasts. The analysis also gives
better insights into the air–sea exchange processes.

2. Methods

We have taken the cyclone track data from the Joint Typhoon
Warning Centre (JTWC).32 The data include the position and
strength of the cyclones at 6 h intervals for their complete life
cycle. The data also have location-wise cyclone tracks together
with the highest wind speed in that period. We have considered
the Saffir–Simpson scale to differentiate the category of
cyclones, and considered the maximum sustained wind speed
(MSW) as a scale of cyclone intensity. As our work focuses on the
© 2022 The Author(s). Published by the Royal Society of Chemistry
cyclones that occurred since 1982 in accordance with the
availability of satellite SST measurements, we have used the
high resolution AVHRR-only (advanced very high-resolution
radiometer) SST observations, which utilise infrared measure-
ments from the AVHRR sensor. These daily SST data have
a resolution of 0.25� latitude � 0.25� longitude and have the
longest record (from late 1981 to date) from a single instrument.
Infrared instruments, such as the AVHRR, can deliver high-
resolution observations, but it is difficult to get measurements
through clouds.33 Therefore, we have also used the microwave
OISST (optimum interpolation sea surface temperature)
measurements (from 1998 to 2020) produced by remote sensing
systems34 to compare with the AVHRR analyses. The microwave
radiometers provide a valuable data set, and the 25 km OISST
data include SST measurements from multiple sensors.

The study region, the northeast Indian Ocean or BoB (4�–
24� N, 78�–98� E), is separated to southwest (4�–14� N, 78�–88�

E), southeast (4�–14� N, 88–98� E), northwest (14�–24� N, 78�–
88� E) and northeast (14�–24� N, 88�–98� E) bay. The SST cooling
or cold wake is considered as the difference in the SST between
the pre- and post-cyclone periods. The pre-cyclone period is
considered as 3 days (72 h) prior to the formation of cyclones,
and the post-cyclone period is the day in which the maximum
cooling is observed, although the peak cooling occurred during
the cyclone period itself in some cases. To examine the time
evolution of the SST drop associated with cyclones, the daily
analysis is done on a 1� � 1� spatial grid, and is taken adjacent
to the track of cyclones in which the maximum cooling is
observed. The SST drop is considered signicant, when it is
>0.5 �C, as these SST data have an uncertainty of about 0.5 �C.35

The lifetime of a cyclone is dened as the number of days in
which the cyclone sustains in subsequent stages, from its
development to the weakening stage as demonstrated by its
(JTWC) track.

The physical mechanisms responsible for TC-induced SST
cooling are entrainment, air-sea exchange and heat advection.
The translational speed of a cyclone is calculated by dividing the
sum of the respective distance the cyclone moves 6 h before and
6 h aer reaching its current position by the total time interval
of 12 h.36 The distance between the track points is derived using
the Haversine formula. That is,

p ¼ sin2(DF/2) + cos(F1)$cos(F2)$sin
2(Dl/2)

q ¼ 2$ptan2(Op$O(1 � p)); d ¼ R$q

where l ¼ longitude, F ¼ latitude, Dl ¼ l1 � l2 (difference of
longitude), DF¼ F1 � F2 (difference of latitude), R is the radius
of the earth (6371 km) and d is the distance computed between
the track points. According to Chan and Gray,37 if the trans-
lational speed of a cyclone is lower than or equal to 3 m s�1,
then it is slow moving. The translational speed lies in the range
of 3–7 m s�1 for a “moderately fast” or normal cyclone, and if
the translational speed is greater than 7 m s�1, then it is
considered as “fast moving”. Nevertheless, the effect of trans-
lational speed on TC intensity has not been examined in detail
for TCs over different oceanic regions. The Ekman pumping
Environ. Sci.: Atmos., 2022, 2, 404–415 | 405
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velocity (EPV) is estimated over a 1� � 1� latitude–longitude
area where the cyclone shows its peak intensity. The EPV
parameter is used as a basis for indicating the upwelling
(positive values) and downwelling (negative values). Many
studies used EPV as a measure to indicate the upwelling caused
by strong winds during TCs.2,21,38 The 10 m daily winds with
a resolution of 0.25� � 0.25� from the ERA5 reanalysis (Euro-
pean Centre for Medium Range Weather Forecast (ECMWF))
atmospheric ReAnalysis version 5 (ref. 39) are considered to
compute EPV.40 That is,

EPV ¼ 1

rf
V� s

�
m s�1

�

where f is the Coriolis parameter, r is the seawater density and V

� s is the wind stress curl. In addition to translational speed
and EPV, we examine the roles of wind stress, latent heat ux,
sensible heat ux and surface net heat ux in modifying the
magnitude of SST cooling. The daily data of sensible, latent and
net heat uxes, and wind stress are considered from the Trop-
Flux analyses41,42 and are analysed on a 1� � 1� latitude–longi-
tude space adjacent to the track of each cyclone, where the peak
cooling is observed. The wind stress draws energy and
momentum away from cyclones and oen limits their inten-
sity.43 We have used the data of global physics analysis and
Copernicus Marine Service (CMEMS) for the mixed layer depth
(MLD) for the period 1993–2020. We performed correlation
analyses of different parameters with SST drop and examined
their statistical signicance with respect to the p-test, at the 95%
condence level. To understand the inuence of El Niño and La
Niña events on cyclone-induced SST drop, we used the Oceanic
Niño Index (ONI) to classify El Niño and La Niña events. If ONI
$ 0.5, we classify it as an El-Niño year and if ONI # �0.5, we
consider it as a La-Niña year. Values of the ONI between �0.5
and 0.5 are considered as normal years. We have taken the
difference in SST between three days before and aer a cyclone.
Fig. 1 The cyclone landfall in different seasons. The cyclone tracks from
shade represents average sea surface temperature (SST) from the AVHR

406 | Environ. Sci.: Atmos., 2022, 2, 404–415
The cooling days listed in Tables S1 and S2† are considered to
estimate the SST cooling induced by the cyclones during El
Niño, La Niña and normal years.

3. Results and discussion

A total of 112 cyclones occurred across all seasons in BoB during
the 1982–2020 period. Out of these, 102 cyclones happened in
the pre- and post-monsoon seasons, and we restrict our analysis
to these seasons. Among the 102 cyclones, 92 cyclones showed
a signicant drop in SST. The track of all cyclones in these
seasons with the respective seasonal climatology of SST is
shown in Fig. 1. It is evident that the pre-monsoon season has
a greater SST than that in post-monsoon. The frequency of
cyclone occurrence in both seasons follows a bimodal distri-
bution with peaks in November and May.44 The number of
cyclones is very small in pre-monsoon, as the stronger vertical
wind shear disrupts the vertical structure of convection, which
inhibits the cyclone formation. In October, the higher SST of
about 30 �C–31 �C indicates the secondary warming period in
BoB.45 The onset of northeast monsoon winds in late October
signicantly changes the SST during the October–December
period. In winter (January and February), the average SST over
the bay is the lowest, about 25 �C–28 �C. Nonetheless, it remains
in the range of 28.5 �C–29 �C in other seasons46 with the highest
values in May and November.47

3.1 Pre-monsoon cyclones

Twenty-nine cyclones showed a signicant SST drop during the
pre-monsoon seasons in 1982–2020 and most of them were
category 1 cyclones, as shown in Table S1.† Fig. 2 shows that
cyclones with high translational speed have smaller EPV and
smaller SST drop in most cases.6,36 Out of these 29 cyclones,
most had their landfall in the northeastern bay and very few in
the northwestern bay (Fig. 1). The cyclone BoB02 in 1982
the JTWC are considered for the pre- and post-monsoon seasons. The
R (�C) for each season in the respective regions.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Sea surface cooling induced by tropical cyclones. The observed SST drop (�C) occurred due to the cyclone passage. The translational
speed (T-speed) of TCs when the cyclone reached its maximum intensity (m s�1), EPV when cyclone reached its maximum intensity (10�4 m s�1),
and latent heat flux, sensible heat flux, net heat flux, wind stress (Tau) and mixed layer depth (MLD) over the 1� � 1� (latitude–longitude) region
where the cooling is observed are shown.
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showed the highest (4.81 �C) cooling and BoB01 in 2004 showed
the smallest (0.78 �C) cooling among the pre-monsoon TCs as
analysed from the AVHRR data. These cyclones are in category 2
and 1 with translational speeds of 2.54 m s�1 and 6.24 m s�1,
respectively. The tropical storm (TS) category cyclones show the
highest value of translation speed, yet some exhibit a cooling
greater than 1 �C. For example, Viyaru and Maarutha are in the
TS category with translational speeds of 7.34 m s�1 and
7.23 m s�1, respectively, and they show more cooling than that
by BoB01 in 2004. Therefore, other factors could also inuence
the cold wakes produced by TCs. When analysing the EPV
values of each cyclone, it is found that a higher EPV can produce
higher cooling even though the cyclones are in the lower cate-
gory. The average cooling estimate for the pre-monsoon
cyclones is about 2.05 �C (2.24 �C), as derived from the
AVHRR (OISST) measurements. The SST drop is largely inu-
enced by the translational speed and EPV, and the cyclones have
an average translational speed of 4.86 m s�1, a MLD (as ana-
lysed from 1994 to 2020) of 14.6 m and an EPV of 1.94 �
© 2022 The Author(s). Published by the Royal Society of Chemistry
10�4 m s�1 (i.e., they are mostly moderately fast moving).48 The
complete analysis for all cyclones is presented in Tables S1–S3.†

Table S3† lists the translational speed, EPV, wind stress and
different uxes during each cyclone period. The EPV is greater
than or equal to 1 � 10�4 m s�1 for 61 cyclones. The impact of
EPV on surface cooling occurs underneath the cyclones with
lower translational speed, as the cyclones with high trans-
lational speed can pass the region before the upwelling can
inuence the temperature in the surface layer. This is because
the translational speed denotes the forward speed of cyclones,
and if TCs are slow (fast) moving, then they tend to stay longer
(shorter) over the oceans and induce higher (smaller) SST
drop.36 This is also consistent with the analyses presented for
the cyclones here. According to geostrophic adjustment theory,
a minimum geostrophic adjustment time of 2p/f (Coriolis
parameter)49 is required for the EPV to reach its maximum
potential. Henceforth, if the above said time is not sufficiently
long, the upwelling velocity will be much smaller than the
maximum potential EPV. Note that a positive value of EPV along
the track indicates upwelling at the cyclone centre. That is,
Environ. Sci.: Atmos., 2022, 2, 404–415 | 407
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cooling can occur at the surface due to the movement of surface
water by strong winds aer the cyclone passes. The surface
winds exert stress on the sea surface that lead to vertical mix-
ing.50–52 During the cyclones, the currents generated in the TC
centre tend tomove the water away from that region due to wind
stress. The cooler subsurface water reaches the surface to
maintain the equilibrium. The higher category cyclones (Fig. 2)
show relatively strong wind stress as evidenced by the pre-
monsoon TCs. The heat transfer from the ocean to the atmo-
sphere through evaporation is enhanced by the cyclone-induced
surface winds. The net heat ux is negative for most cyclones,
which is mainly due to the strong winds and dense cloud cover
during the cyclone period. The surface cooling impact due to
the surface heat loss is followed by the negative heat ux.53 The
surface cooling is produced generally by the entrainment of
subsurface cold water and turbulent mixing, and therefore, the
role of surface heat ux is insignicant in the case of deep
oceans.54–56 Although heat ux inuences sea surface cooling, it
is subtle in contrast to that caused by the entrainment of cold-
water and turbulent mixing in the mixed layer.

We have performed an analysis with AVHRR-only SST aver-
aged for 5 days before the cyclone, the entire cyclone period, 5
days aer the cyclone and the next 5 days of three selected
cyclones. These cyclones are selected based on the region of
landfall, (a–d) Nargis in 2008, (e–h) Aila in 2009 and (i–l) Laila in
2010, and are shown in Fig. 3 (the analyses with OISST is shown
in the ESI document Fig. S2†). The daily evolution of SST is
Fig. 3 Evolution of SST during the cyclone passage. The SST (AVHRR) ave
five days just after the cyclone and the next five days respectively for (a–
tracks of the cyclone are also shown in the respective analysis.

408 | Environ. Sci.: Atmos., 2022, 2, 404–415
shown in the ESI document Fig. S3–S5† for AVHRR and Fig. S6–
S8† for OISST, respectively. Nargis was a category 4 cyclone that
formed during 27 April–3 May over the warm waters with an SST
of about 30 �C (AVHRR). It attained the maximum sustained
wind speed (MSW) of 59.16 m s�1, and the SST dropped to 28 �C
(AVHRR) during the cyclone passage (as also illustrated in the
Graphical Abstract). The cyclone Aila that occurred during 23–
26 May was a category 1 TC and was short-lived with a MSW of
33.4 m s�1. The cyclone Laila, a category 1 storm occurred
during 17–21 May with a MSW of 33.4 m s�1. The translational
speed of Nargis, Aila and Laila was about 1.77, 3.43 and
3.63 m s�1, respectively. Nargis was slow moving, and Aila and
Laila were moderately fast-moving cyclones. Nargis showed
more cooling than the other two cyclones. Aila and Laila were
category 1 cyclones, and they produced a cooling of 2.03 �C and
1.35 �C (with AVHRR data), respectively. The MLD for cyclones
Nargis, Aila and Laila is 10.57, 11.91 and 31.3 m, respectively. In
general, the BoB is characterised by a smaller MLD during the
pre-monsoon season.57 The cyclone Laila had higher trans-
lational speed and smaller net heat ux as compared to those of
Aila. As the wind stress was higher (0.53 N m�2 for Aila as
compared to 0.4 and 0.34 N m�2 for Laila and Nargis, respec-
tively) and the net ux was smaller (�256.4 Wm�2 for Laila, and
in turn �219.6 and �250 W m�2 for Aila and Nargis), Alia
showed relatively higher cooling. When the uxes are examined,
the values of sensible heat ux are 3.03, 3.06 and�24.53 Wm�2
raged for five days before the cyclone, during the entire cyclone period,
d) Nargis (2008), (e–h) Aila (2009) and (i–l) Laila (2010). The complete

© 2022 The Author(s). Published by the Royal Society of Chemistry
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and those of latent heat ux are �122.33, �88.63 and
�256.39 W m�2 in turn for Nargis, Aila and Laila.

During the pre-monsoon season, the monsoon trough passes
through the northernmost Bay of Bengal.58 Convective systems
mostly formwithin the trough, and if they stay for a longer period
over the ocean, they are likely to become a cyclone. In the north
and north-western bay, the potential for convection is the high-
est, with relatively larger surface-based convective available
potential energy (CAPE).58 During May, i.e., in pre-monsoon, the
solar heating increases SST, which affects the vertical gradient of
potential temperature, causing larger values of CAPE.59,60 Our
analysis shows that most TCs recurve toward the north or north-
eastern bay, and is clear from the TC tracks given in Fig. 1 and
Table S1; † consistent with analyses of Sengupta et al.25 As shown
for other cyclones, the analyses with OISST data exhibit slightly
higher values when compared to those of AVHRR for most cases.
Therefore, themaximum andminimumcooling cases are slightly
different for the AVHRR-based analyses.

Note that, except Laila, all other cyclones deected towards
the northern bay, but the former propagated along the Andhra
coast towards the west. In pre-monsoon, the average recovery
time of SST to its pre-cyclone condition is about 10 days, and the
average maximum lifetime cyclone intensity is about 31 m s�1.
The pre-monsoon cyclones show an average lifetime of 5 days.
The peak cooling is generally found one day aer passage of the
cyclone.61 We also nd a similar timing for the SST drop for
most cases, but some show the highest cooling during the
cyclone period itself. The role of latent heat in cyclones is that
its enhancement normally favours TC intensication,62 and
these uxes are lower than those in post-monsoon.
3.2 Post-monsoon cyclones

The monsoon trough crosses the centre of BoB during post-
monsoon, and the convective system within the trough will
favour the cyclone activity when they are over the ocean for
longer periods.58 The primary control for the formation of TCs
in the southern basin is the meeting point of the monsoon
trough and the region of low vertical wind shear. For instance, it
was shown that about 70–80% of TCs form within the monsoon
trough in the western North Pacic.63 Stronger near-surface
haline stratication is found during the post-monsoon due to
the huge inux of freshwater following the monsoon rains.64 In
addition, the northern bay has a barrier layer (BL), a deeper
isothermal or warm subsurface layer underneath a shallow
fresh water layer, which may further impede the cooling during
the period. Salinity stratication and the BL trap heat in the
subsurface waters. The BL also helps to maintain the lower SST
in some cases as the thin surface water column loses heat
through air–sea exchanges. In contrast, the southern bay has
a relatively very shallow BL throughout the year, and note that
stratication plays an important role in cold wakes.22,25,65,66

Furthermore, the difference in the stratication in different
seasons is also a factor that decides the magnitude of SST drop
instigated by TCs.

The MLD, BLT (BL thickness), ILD (isothermal layer depth)
and D23 (depth of the 23� isotherm) of selected cyclones during
© 2022 The Author(s). Published by the Royal Society of Chemistry
pre (le) and post (right) – monsoons are shown in Fig. S1.† In
accordance with the availability of buoy data (location of buoy
data in Table S4†), MLD and BLT are estimated and are listed in
Table S5.† The analysis shows a very shallow BL in the pre-
monsoon cyclone season (e.g., Aila and Bijli) as compared to
that in post-monsoon. It has already been shown that a pre-
existing BLT can reduce the TC driven SST drop,67 whereas
a strong BLT can energise TCs.7

Out of the 102 cyclones analysed, 73 occurred (71.56%) in the
post-monsoon season, as shown in Table S2.† Among these 73
cyclones, 63 showed (86.3%) signicant cooling as estimated
from the AVHRR SST (35 cyclones or 47.94%, as analysed from
the OISST) data. Most cyclones formed in the post-monsoon
seasons are TS and category 1. The cyclones Phailin and
BoB06 (Odisha super cyclone) are category 5 cyclones of this
season. Although they are higher category cyclones, the cold
wakes observed are 1.23 �C and 2.25 �C, respectively. The Odi-
sha super cyclone with a translational speed of 4.64 m s�1 was
slow moving compared to Phailin (5.39 m s�1). The highest
translational speed (9.12 m s�1) is estimated for BoB05 in 2000,
a category 1 cyclone that showed a cooling of 0.85 �C. Fig. 2
suggests a higher SST drop driven by the post-monsoon
cyclones, particularly for strong and slow-moving, resulting in
weakening of cyclones due to the oceanic negative feedback (see
ESI Fig. S2 and Table S3†). Earlier studies demonstrated that the
northern bay has a deeper BL.68 Fig. 1 and Table S2† show that
the cyclones that occurred in recent years have a tendency to
move northwards and reach up to the northern BoB. The EPV
during the cyclone period is positive in all cases, and the strong
cyclone Hudhud shows the highest EPV of 4.24 � 10�4 m s�1.
The average MLD for cyclones from 1994 to 2020 is 15 m. The
cyclones with higher EPV show stronger cold-wakes even
though they are fast moving. The lowest EPV of 0.27 �
10�4 m s�1 was associated with BOB03 in 1982 and Ward in
2009, with a cooling of about 1.67 �C and 0.89 �C, respectively.

During post-monsoon, BoB experiences cooling, and nega-
tive net heat ux is important in cyclone induced SST cold
wakes. The evaporative cooling due to the northeasterly winds
coupled with the reduction in solar radiation cause the net heat
ux to be negative.69 The advection of dry air originates over the
cold-wake and goes past the TC centre to the right side of the
track, which is due to the enhanced evaporation driven by the
near surface winds. In net uxes, latent heat ux plays a key role
in cyclone-induced cooling, and larger values of latent heat ux
are shown by the post-monsoon cyclones. The sensible heat
uxes show lower values as compared to the latent heat ux, as
shown in Table S3† and Fig. 2. The fundamental source of
energy for the intensication of TCs is provided by the latent
heat ux, because TCs withdraw energy from the underlying
ocean through latent heat ux and increase the available
potential energy by the release of latent energy through
convection of clouds during TCs.56,70,71 The sensible heat ux
values are usually several times smaller than those of latent heat
uxes and of minor importance compared to latent heat in
determining TC intensication.72,73 The higher category
cyclones show a larger value of latent heat ux. As shown in
Fig. 2, the wind stress during the post-monsoon cyclones is
Environ. Sci.: Atmos., 2022, 2, 404–415 | 409
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predominant for most higher category TCs. Sometimes high
evaporation may not be observed during the cyclone passage
due to intense cooling at the surface, although strong winds are
present. The surface heat ux facilitates the SST drop by means
of vertical mixing and evaporation. The oceanic feedback to the
surface heat ux is nearly one-dimensional, owing to rapid
mixing in the mixed layer.

The complete analyses of the cyclones occurred over the bay
during post-monsoon are given in Tables S2 and S3.† They show
the largest cooling during the cyclones BOB04 in 1983 (3.46 �C),
Titli (3.28 �C), Hudhud (2.99 �C), BOB04 in 1984 (2.94 �C), Madi
(2.57 �C), BOB04 in 1988 (2.28 �C) and Phailin (2.25 �C), and
most show a drop greater than 0.5 �C, except for the ten cyclones
as marked in Table S3.† The MLD for these cyclones was 10.53
m, 28.73 m, 11.65 m and 10.56 m, and the highest MLD was for
the cyclone Phethai, about 29.45 m. Since Chacko31 has taken
the value (2.9 �C) from a latitude–longitude region closer to the
track, our analysis given in Table S2† (2.99 �C) shows a good
agreement for Hudhud. Our results are consistent with those
found in previous studies too. For instance, Vidya et al.,21 Nav-
aneeth et al.,74 and Sarangi et al.75 documented a cooling of
about 2 �C by Phailin, as also shown in our analysis. Vidya
et al.21 reported 2.5 �C cooling by Thane, which shows a differ-
ence of almost 1 �C with our estimates. However, Reddy et al.76

reported a cooling of 2.5 �C by the cyclone BoB06 (1999),
although we nd a slightly lower cooling (1.23 �C) here. Rao
et al.65 observed a SST drop of 2.08 �C by BoB05 (2000), but we
found it to be 0.85 �C during the same period. Note that Phailin,
Helen, Lehar and Madi were the four consecutive cyclones that
occurred in 2013, and they showed SST drops of 2.25 �C, 0.50 �C,
0.67 �C and 2.57 �C, respectively, as analysed by Sarangi et al.,75

and are in agreement with our estimates. Conversely, Ye et al.77

reported a cooling of 4 �C by Vardah, four times higher cooling
than that found in our study. The difference in estimated
cooling among different analyses can be due to the differences
in data (e.g., Buoy data, AVHRR and OISST), period of the
analyses (e.g., different dates of surface and satellite measure-
ments) and spatial and temporal averaging of the data.

The average SST cooling for post-monsoon cyclones is about
1.31 �C/1.44 �C (AVHRR/OISST). During post-monsoon, the SST
cooling is smaller than that in pre-monsoon. Therefore, the
time period is not long enough to get back to the pre-cyclone
SST conditions (i.e., recovery period). The average cold wake
recovery time for post-monsoon cyclones is about 8.5 days
(Table S3†). The average translational speed of post-monsoon
cyclones is about 4.81 m s�1. It is evident (Fig. 2) that the
slow-moving cyclones induce more cooling. The lifetime of
post-monsoon cyclones is 5.25 days, and most are moderately
fast. These results are slightly different from those reported for
Sidr (2.5 �C) by Maneesha et al.78 and for Thane (2.5 �C) by Vidya
et al.,21 which can be due to the differences in the data used and
the period of analyses in both studies. However, the values are
comparable with those derived from the OISST data in the case
of Sidr.

Our analyses show that the cyclones that occurred in the
northern bay during post-monsoon have a near absence of
noticeable SST drop along the track.25 In addition, the slow
410 | Environ. Sci.: Atmos., 2022, 2, 404–415
progressing TCs produce greater cooling as they impart
stronger momentum on the surface of the ocean that nally
leads to vigorous vertical mixing of warm surface water with
colder deep water.27,79 This gives rise to a sustained negative SST
feedback, which can effectively limit further intensication of
TCs. Therefore, the information presented in this study is
useful for TC-forecasting models as we have analysed the TCs
that occurred over the bay in the past 39 years in two different
cyclone seasons.
3.3 El Niño, La Niña and cyclone activity

Since the SST and cyclogenesis in BoB also depend on the El
Niño and La Niña events, it is expected that there will be
modications in cyclone frequency and intensity due to these
events.80–86 Wang et al.87 showed that tropical cyclones tend to
be more powerful in El Niño years over the South China Sea.
According to Hsu et al.88 the lengths of the track, lifetime and
area coverage of typhoons are longer/larger in the El Niño years
than those in the La Niña years in the western Pacic. To
examine the impact of ENSO conditions on TC activity, we
analysed the cyclones (pre- and post-monsoon) in the normal, El
Niño and La Niña years using the Oceanic Niño Index.89 Out of
the 102 cyclones, 27 occurred during El Niño, 38 in La Niña and
37 in normal years. Fig. 4 shows the cold wake composite of SST
for the cyclones that occurred in the El Niño, La Niña and
normal years. The cyclone induced cooling is more regional,
and this could be also due to the inuence of cyclone tracks as
shown in the gure. For instance, the La Niña composite shows
more cooling towards the north and northwestern bay. There-
fore, it is very likely that the lower SST can be cyclone-induced.
Conversely, the SST composite for normal years shows more
cooling towards the central bay. The contrasting features in the
SST cooling composite during El Niño and La Niña are due to
the difference in the number of cyclones. Similarly, the SST is
higher in BoB than that in AS, and TC activity is enhanced/
suppressed in accordance with the changes in SST during El
Niño, La Niña and normal years. In general, the number of
cyclones is more (less) in La Niña (El Niño) years. The variability
in the MLD is also affected by these events, and the average
MLD during the El Niño, La Niña and normal years is 14.78,
15.92 and 14.28 m, respectively, although these differences in
MLD are not statistically signicant.

According to Bhardwaj et al.,85 about 83% of the total land-
falling TCs have a westward motion and make landfall in the
eastern coast of India during the El Niño years. In the La Niña
years, 73% of the total land-falling TCs curved towards north-
west and northward, and made landfall north of 17� N in the
east coast of India, Bangladesh and Myanmar, as also shown in
our analyses. The frequency of intense cyclones (category 2, 3, 4
and 5) is higher in the La Niña years (Table S3†), as compared to
that in the El Niño years.84,90 The cause of more frequent
cyclones in the La Niña years might be the resultant of
remnants of TCs formed in the northwest Pacic.85 TCs that
occur during La Niña travel longer distances and usually mature
before their landfall, but an opposite scenario is observed for
those in the El Niño years. The average lifetime of TCs in the La
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The sea surface-cooling composite of cyclones during El Niño, La Niña and neutral years including both pre-monsoon and post-
monsoon seasons. The SST (AVHRR) composite of the study period for El Niño, La Niña and normal years (the respective cyclone tracks are also
shown).

Table 1 Correlation of parameters influencing SST cooling. The correlation of SST with different parameters such as translational speed (TS),
Ekman pumping velocity (EPV), mixed layer depth (MLD), wind stress (Tau), net heat flux (NHF), latent heat flux (LHF), sensible heat flux (SHF) and
intensity (INT). The statistically significant values are given in bold

Correlation El-Niño La-Niña Normal Pre-monsoon Post-monsoon

SST vs. TS �0.21 �0.21 �0.04 �0.21 �0.21
SST vs. EPV 0.50 0.02 0.55 0.42 0.42
SST vs. MLD �0.31 �0.07 0.20 �0.09 �0.09
SST vs. NHF �0.19 0.008 �0.20 �0.04 �0.04
SST vs. LHF �0.04 �0.01 0.63 0.07 0.07
SST vs. SHF 0.15 �0.11 �0.16 0.17 0.17
SST vs. INT 0.51 0.32 0.05 0.48 0.48
SST vs. Tau 0.24 0.31 0.52 0.27 0.27
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Niña year is about 8 days, which is longer than that of TCs in El
Niño (5 days) and normal (4 days) years. The lifetime of all
cyclones is given in Table S3.† The average translational speed
in the La Niña years is about 4.965 m s�1, whereas it is
4.435 m s�1 and 5.087 m s�1 for El Niño and normal years,
respectively.

The SST anomalies are slightly higher in the El Niño (>0.25
�C) years,82 and the average SST is higher (>28 �C) than the
cyclogenesis threshold of 26.5 �C in both the El Niño and La
Niña conditions over BoB. In the La Niña years, the compara-
tively strong winds of cyclones can cause high evaporation and
enhanced convection that lead to an increased latent ux and
higher SST drop.81 Nevertheless, the La Niña years favour more
cyclonic activity over BoB, because of the low-level cyclonic
vorticity and higher moisture content. On the other hand, the
comparatively weaker winds in the El Niño years do not cool the
southern BoB.81 The convective activity over the eastern BoB is
reduced (enhanced) in response to the eastward (westward)
motion of the rising limb of the Walker Cell due to the higher
(lower) SST in the central Pacic during El Niño (La Niña) years.
This acts as a precondition for TC development through
increased moisture and its upli there.81

Table 1 shows that in the El Niño years, SST and EPV and SST
and TC intensity show a high positive correlation of 0.5 and 0.5,
respectively, whereas the net heat ux and MLD show a high
negative correlation. In the La Niña years, all parameters show
© 2022 The Author(s). Published by the Royal Society of Chemistry
a weaker correlation with SST. However, the wind stress and
EPV show higher positive correlations of 0.53 and 0.55,
respectively, in the normal years, but other parameters except
latent heat ux (0.63) show a weaker correlation with SST. In
both seasons, SST and translational speed exhibit a high
negative correlation; reiterating the stronger relationship
between the SST drop and translational speed. In addition,
there is also a high negative correlation between the net ux and
SST, as larger uxes would reduce the SST drop associated with
cold wakes.55 The analysis shows that there is a strong inter-
annual variability in translational speed, and the pre-
monsoon season exhibits an increasing trend in the trans-
lational speed. The other parameters show a weak correlation
with SST in post-monsoon.
4. Conclusions and implications

We have analysed the magnitude of cyclone-induced surface
cooling in the bay for the past four decades (1982–2020). Our
analysis shows that the degree of SST drop strongly depends on
the TC intensity, translational speed and ocean mixed layer. (i)
The SST cooling along the track of pre-monsoon cyclones is
larger than that of the post-monsoon season. (ii) The frequency
of occurrence of TCs is higher during post-monsoon. In the
post-monsoon, the peak cooling is observed over the southern
bay, because the barrier layer is shallow or absent in almost all
Environ. Sci.: Atmos., 2022, 2, 404–415 | 411
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months unlike in the northern bay where the absence of the
barrier layer is found only during pre-monsoon; indicating
a possible reason for more frequent landfall of cyclones in the
northern bay in pre-monsoon. (iii) Translational speed has
a crucial role in the evolution of tropical cyclones, as the
cyclone-induced cooling is small for the cyclones with higher
translational speed. (iv) During the cyclone period, the EPV is
positive, and tropical storms and category 1 cyclones imply
higher upwelling than that of higher category cyclones. (v) The
La Niña years exhibit more intense cyclones than those in the El
Niño years, as assessed from the available measurements pre-
sented in this study. Our results have the potential to improve
cyclone forecasting using coupled weather prediction models
and climate change impact studies, as TCs are expected to
change in frequency and intensity in the context of climate
change. This is crucial for a region in which about 6% of the
total annual cyclones in the world occur and eventually affect
millions of people in the coastal regions of India and its
neighbourhood.
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