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Abstract Tropical cyclone Amphan is the first super cyclone that happened in the north Indian 
Ocean in the last 20 years. In this work, multi-platform datasets were used to investigate the 
responses of the upper ocean to cyclone Amphan. The most striking response was the cold 
wake left by the cyclone spanning the entire Bay of Bengal with an amplitude up to ∼4 °C. 
Satellite salinity observations revealed that the maximum increase in surface salinity was ∼1.5 
PSU on the right side of the track of Amphan. Surface circulation was also observed to be 
modulated with the passage of a cyclone with a rightward bias in the change in its speed and 
direction. The currents observed from a moored buoy showed strong inertial oscillations. Argo 
observations showed that changes induced by the cyclone occurred up to 150 m depth of the 
cyclone and ocean heat content in the upper 150 m depth decreased due to the passage of 
the cyclone. There was an enhancement of surface chlorophyll concentration ( ∼1.5 mg/m 

3 ) 
after the passage of the cyclone, which was centred along the track of the cyclone where 
the winds were the highest. Mixed layer heat and salinity budget analysis showed that the 
sea surface cooling and increase in salinity was primarily driven by vertical mixing processes, 
though horizontal advection contributed meagrely. This study also brings forward the fact that 
regional differences exist in the responses of the ocean to the forcing of cyclones. 
© 2021 Institute of Oceanology of the Polish Academy of Sciences. Production and host- 
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
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. Introduction 

ropical cyclones are among the most devastating natural 
isasters that pose a significant threat to the property and 
ives of coastal regions around the world. The Bay of Ben- 
al (BoB) experiences a greater number of cyclones an- 
ually compared to the Arabian Sea ( Singh et al., 2000 ; 
ingh and Koll, 2020 ). BoB is prone to cyclones during pre- 
onsoon (March, April and May) and post-monsoon (October 
nd November) seasons. A recent addition was the tropical 
yclone Amphan, which happened in May 2020. Amphan was 
he first super-cyclone in the north Indian Ocean that hap- 
ened after the super cyclone which occurred in the year 
999. 
During the passage of a cyclone, the strong wind 

tress imposed by the cyclone produces various responses 
n the upper ocean. Cyclones induce intense mixing of 
cean waters that results in entrainment and upwelling 
 Price, 1981 ). The upper ocean responds to strong cyclone 
orcing in many ways depending upon the strength, transla- 
ion speed and the oceanic preconditions. The implications 
f these responses could be manifested in various physi- 
al and biological parameters such as sea surface temper- 
ture, salinity, chlorophyll concentration, and ocean cur- 
ents. The most striking aspect of the oceanic response 
o cyclones is the modulation of the sea surface tem- 
erature ( Cione and Uhlhorn, 2003 ; D’Asaro et al., 2007 ; 
are and McBride, 2011 ; Price et al., 1994 ; Schade and 
manuel, 1999 ) and upper ocean temperature structure 
 Maneesha et al., 2012 ). Stronger winds of the cyclones pro- 
uce intense oceanic entrainment and upwelling, thereby 
eepening the mixed layer. 
Sea surface salinity also undergoes variations under cy- 

lones, which are also dependant on the underlying oceanic 
onditions ( Lin et al., 2003 ; Sun et al., 2010 ; Sing and
oll, 2020 ). In addition to the cyclone induced vertical 
ixing of the near surface waters, precipitation due to 
yclones also will have a profound impact on the ocean 
alinity. Cyclones also influence upper ocean biological 
rocesses, which result in phytoplankton blooms in the 
ake of the cyclone ( Babin et al., 2004 ; Chacko, 2017 ; 
hacko 2019 ; Chen et al., 2003 ; Jayaram et al., 2019 ; 
alker et al., 2005 ). The strong cyclonic winds induce Ek- 
an transport and subsequently initiate strong upwelling 
hich brings cold nutrient-rich water towards the surface 

 Subrahmanyam et al., 2002 ). The interaction between the 
yclone and the ocean is very complex and the response 
f the ocean is manifested in each parameter differently. 
or example, sea surface temperature cooling after a cy- 
lone could vary from 1—9 degrees ( Black and Dickey, 2008 ; 
in et al., 2003 ; Shang et al., 2001 ; Sun et al., 2010 ;
ong et al., 2020 ). The changes induced by each cyclone 
re different and it is worthwhile to study the interactions 
nd responses of the ocean to cyclones. It is also important 
o understand the variations of oceanic parameters and the 
nvironment itself with the cyclone locally. 
Each tropical cyclone is unique in its genesis and the sub- 

equent impact it leaves on the ocean that is also equally 
ingular in nature. Ocean observations enable a detailed 
xamination of the air-sea interaction processes associated 
ith a cyclone. A synergistic utilization of satellite as well 
s in-situ data sets is thus imperative in understanding the 
132 
hanges induced by cyclones. In this study, satellite and in- 
itu observations were used to characterize the upper ocean 
esponse to super cyclone Amphan. The present study inves- 
igates the impact of super cyclone Amphan on the compre- 
ensive response of the BoB in terms of sea surface winds, 
urface and subsurface variability of the temperature, salin- 
ty, currents, mixed layer depth, the heat and salt bud- 
ets, and chlorophyll concentration. We focus on the de- 
ailed processes and underlying dynamics for the rapid up- 
er ocean response due to Amphan. 

. Material and methods 

he six hourly cyclone track data and wind speeds used in 
his study were obtained from Regional Specialized Meteo- 
ological Centre (RSMC), India Meteorological Department 
 http://www.rsmcnewdelhi.imd.gov.in ). To provide a basin- 
cale view of the upper ocean response to Amphan, we have 
nalyzed gridded satellite data products. Daily Advanced 
icrowave Scanning Radiometer (AMSR-2) sea surface tem- 
erature and rainfall data used in this study were obtained 
rom http://apdrc.soest.hawaii.edu/index.php . The prod- 
ct has a spatial resolution of 25 km x 25 km. Sea surface
eight anomalies (SSHA) are used to observe the signatures 
f mesoscale eddies. Daily SSHA data from Archiving, 
alidation, and Interpretation of Satellite Oceanographic 
AVISO) data with a spatial resolution of 25 km x 25 km 

ere used. The altimeter products were produced and dis- 
ributed by AVISO ( http://www.aviso.altimetry.fr/en/data/ 
roducts/sea- surface- heightproducts/global/msla- h.html ), 
s part of the Ssalto ground processing segment. Observa- 
ions from a few in-situ platforms were analyzed to provide 
nsights into the upper-ocean response to Amphan. The 
emperature and salinity observations from an Argo float 
WMO ID: 2902230) located at the central Bay of Bengal 
ere assessed. The Argo float was sampled at an interval of 
 days. The daily surface meteorological and oceanographic 
bservations from a RAMA buoy ( McPhaden et al., 2009 ) 
ocated at 90 °E, 15 °N were also used in this study. Obser-
ations from a moored buoy BD8 located at 89 °E longitude 
nd 18 °N latitude was used in this study to characterize the 
ariability of surface and subsurface temperature, salinity 
nd currents. The moored buoy measures various param- 
ters at 3 hourly intervals at various depths. The daily 
oil Moisture Active Passive (SMAP) level 3, sea surface 
alinity data with a resolution of 0.33 ° x 0.33 ° were used 
o explore Amphan induced surface salinity variations. The 
aily wind data from Scatsat-1 with a spatial resolution of 
.25 degrees ( Mandal et al., 2018 ) was used to assess the
ind speeds during Amphan. The Visible Infrared Imaging 
adiometer Suite (VIIRS) chlorophyll- a concentration at 4 
m x 4 km at 8-day temporal scale was used in this study.
IIRS is one of the key instruments onboard the Suomi 
ational Polar-Orbiting Partnership (Suomi NPP) spacecraft. 
he daily NCEP Climate Forecast System Version 2 (CFSV2) 
ux data products from Asia-Pacific Data Research Centre 
APDRC) with a spatial resolution of 0.25 degrees were used 
n this study for the evaluation of mixed layer heat budget. 

Mixed layer depth is defined as the depth at which the 
ensity increases by the amount which is equivalent to 
he decrease in temperature by 0.8 °C from the surface 

http://www.rsmcnewdelhi.imd.gov.in
http://apdrc.soest.hawaii.edu/index.php
http://www.aviso.altimetry.fr/en/data/products/sea-surface-heightproducts/global/msla-h.html
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Figure 1 The study area and the track of cyclone Amphan overlaid over the wind distribution (m/s) on 18 May 2020 on which 
cyclone Amphan experienced the peak intensity. The location of the cyclone on each day at 21:00 UTC is indicated by the corre- 
sponding dates. The colours on the cyclone track indicate the maximum surface wind speed of the cyclone (knots). The black and 
red stars denote the locations of the moored buoy BD8 and Rama mooring respectively. The black cross signs denote the position of 
the Argo float (2902230) during May 2020. 
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 Kara et al., 2000 ). The Ekman pumping velocity (WE) is cal- 
ulated as 

 E = 

1 
ρ f 

Curl ( τ ) (1) 

here ρ is the density of the sea water set to 1025 kg /m 

3 , τ
s the wind stress, ƒ is the Coriolis parameter. The vertically 
ntegrated ocean heat content (OHC) is computed with the 
quation, 

HC = ρC p ∫ T dz (2) 

here ρ and C p are the density and heat capacity of sea wa- 
er for which the values used in this study are 1025 kg/m 

3 

nd 4000 J/kg/K respectively and z is the water depth. In 
rder to examine the response to Amphan, 7 days before 
he Amphan (9—15 May) was considered as the pre-cyclone 
eriod and 7 days after Amphan (21—27 May) was consid- 
red as the post-cyclone period. The difference between 
hese two periods was chosen to evaluate the response of 
he parameters considered. 
To examine the relative roles of the various processes 

hat contributed to the changes in mixed layer temper- 
ture and salinity, mixed layer heat and salinity budgets 
ere evaluated following Rao and Sivakumar (2000) and 
133 
hacko et al. (2012) using the following set of equations: 

∂T 
∂t 

= 

Q net − Q pen 

hρC p 
−

[
u 

∂T 
∂x 

+ v 
∂T 
∂x 

]
− H 

[
w h + 

dh 

dt 

]

× ( T − T h ) 
h 

(3) 

The terms in the equations represent from left to right, 
he mixed layer temperature tendency, surface net heat 
ux term, horizontal advection term and vertical processes 
erm. 

∂S 
∂t 

= 

( E − P ) S 
h 

−
[
u 

∂S 
∂x 

+ v 
∂S 
∂x 

]
− H 

[
w h + 

dh 

dt 

]
× ( S − S h ) 

h 

(4) 

The terms in the mixed layer salinity budget equation 
epresent from left to right, the mixed layer salinity ten- 
ency, Evaporation minus Precipitation (E-P) term, the hori- 
ontal advection term, and the vertical processes term. The 
ertical processes are due to a combination of entrainment 
t the base of the mixed layer and upwelling. In Eqs. (3) and
4) , ρ is the density of seawater, C p is the specific capacity 
f sea water (4000 J/K/kg); T and T h are mixed layer tem-
erature and temperature at a depth 5 m below the mixed 
ayer (h); S and S h are mixed layer salinity and salinity at 
 depth 5 m below the mixed layer ( h ); u and v are the
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Figure 2 Daily sea surface wind speeds from Scatsat-1 a) be- 
fore (10—15, May 2020), b) during (16—20, May 2020) and c) the 
difference for (b) minus (a) of cyclone Amphan. The colour con- 
tours show the wind speeds, and the arrows show the direction 
of the winds at that location. 
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onal and meridional currents; w h is the vertical velocity 
t the thermocline below the mixed layer; dh 

dt is the vari- 
bility of the mixed layer depth. Here H is a scale factor 
hich is taken as 1 if [ w h + 

dh 
dt ] is positive and 0 if [ w h + 

dh 
dt ]

s negative. The net heat flux at the surface ( Q net ) is given
y Q swf −Q lwf −Q sen −Q lat , where, Q swf is shortwave flux, Q lwf 

s longwave radiation, Q sen is sensible heat flux, and Q lat is 
atent heat flux. Penetrative solar radiation Q pen is the solar 
adiation at the base of the mixed layer and it is estimated 
s Q pen = Q swf (1 −R) e( −h / ζ ), where R = 0.58, the radiation
ost by getting absorbed in the upper layers ( Paulson and 
impson, 1977 ), h the mixed layer depth, and ζ the attenua- 
ion depth. For computing horizontal advection, sea surface 
emperature and sea surface salinity gradients are calcu- 
ated using AMSR-2 sea surface temperature and SMAP sea 
urface salinity as centered differences over a distance of 
.25 ° from the moored buoy BD8 location. 

. Results 

.1. Tropical cyclone Amphan 

ropical cyclone Amphan originated from a low-pressure re- 
ion over east of Sri Lanka in the southeast BoB on 16 May 
134 
020. It moved north-eastward and intensified into a cy- 
lonic storm on 16 May. Afterwards, it moved northwards 
nd further intensified into a severe cyclonic storm on 17 
ay. It underwent rapid intensification within a few hours 
nd became a super cyclone on 18 May. It maintained the 
ntensity of the super cyclone over west central BoB be- 
ore weakening into an extremely severe cyclonic storm 

n 19 May. Amphan made landfall across the Sunderbans 
nd crossed West-Bengal and Bangladesh coasts on 20 May 
ith maximum sustained wind speeds of 155—165 kmph. 
igure 1 shows the study area as well as track of the super
yclone along with wind speeds over the BoB. The locations 
f the Argo float, moored buoy (BD8) and the RAMA buoy 
uring cyclone Amphan are also shown in the figure. 
The surface wind fields that were prevalent before and 

uring Amphan are shown in Figure 2 . The background 
ind speeds before the cyclone ( Figure 2 a) were predom- 
nantly easterly in the central BoB. In the northern BoB 
north of 15 °N latitudes), the wind speeds were slightly 
eaker (1—4 m/s) than in the southern BoB. Figure 2 b shows 
he wind speeds during cyclone Amphan wherein, the wind 
peeds were significantly higher, reaching > 12 m/s all along 
he west-central BoB. The magnitude of wind speed was 
tronger on the right side of the track of the cyclone. The 
nticlockwise circulation of the cyclonic wind fields was 
learly visible in the figure. Post-cyclone, the wind fields 
ere observed to be reduced to < 8 m/s in the entire BoB
nd the direction of the wind vectors were aligned south 
esterly in accordance with the prevailing monsoonal wind 
ystems during that period. 

.2. Upper ocean response to Amphan 

he temporal evolution of major atmospheric and oceanic 
urface variables obtained from the RAMA buoy are shown 
n Figure 3 . The sea level pressure before the cyclone was 
round 1009 hPa accompanied by moderate winds of 2 to 4 
/s ( Figure 3 a,b). Before the cyclone, there was no rain- 
all event ( Figure 3 e) and the air temperature was in the
ange 30 to 30.5 °C ( Figure 3 c). The sea surface tempera-
ure was greater than 31 °C and the sea surface salinity was 
33 PSU ( Figure 3 d,f). The effect of the super cyclone could
e clearly inferred from the observations of the buoy dur- 
ng 16—20 May. During the passage of Amphan, the sea level 
ressure rapidly dropped to 994 hPa on 18 May. The sur- 
ace winds before Amphan were ∼4 m/s which is consistent 
ith the satellite observations in ( Figure 2 ) that increased 
ignificantly to 15 m/s ( Figure 3 b) . In response to the cy-
lone, the air temperature dropped from 30 °C to a minimum 

f 27 °C, sea surface temperature decreased from the pre- 
yclone value of 31.5 °C to 29 °C, and the sea surface salinity
ncreased from 33.17 PSU (15 May) to 33.34 PSU (21 May). 
he sea surface cooling was essentially very high ∼2 °C com- 
ared to the pre-Amphan values. 

.3. Sea Surface Temperature 

o explore the spatial and temporal features of the surface 
cean response to Amphan, multiple satellite observations 
ere employed. First, we assessed the response of sea sur- 
ace temperature using satellite observations. Figure 4 il- 
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Figure 3 Meteorological and oceanographic parameters observed from a RAMA buoy located at 90 °E longitude, 12 °N latitude from 

01—31 May 2020. a) Sea level pressure (hPa), b) surface wind speed (m), c) air temperature ( °C), d) Sea surface temperature ( °C), 
e) rainfall (mm/hr) and f) sea surface salinity (PSU). The period of activity of Amphan was 16—20 May 2020 which is indicated by 
vertical lines on each plot. 
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ustrates the sea surface temperature response due to Am- 
han in the BoB that was evident from AMSR-2 data. Be- 
ore the arrival of Amphan, the entire BoB was capped 
y warm surface waters, with sea surface temperatures 
reater than 31 °C ( Figure 4 a). It was observed that Amphan 
riginated in the southern BoB, over warmer waters. The 
assage of Amphan cooled the ocean surface substantially 
 Figure 4 b) compared to the pre-Amphan sea surface tem- 
erature with distinct magnitudes across the basin. The dif- 
erence between the post-cyclone and pre-cyclone sea sur- 
ace temperature clearly depicted the extent of the cold 
ake left by Amphan ( Figure 4 c). There were many studies 
hich reported on the strong sea surface cooling by cyclones 

 Navaneeth et al., 2019; Qiu et al., 2019 ), but a cold wake
xtending over the entire BoB is a rarity. A strong sea sur- 
ace temperature cooling spread over a large area with a 
light rightward bias to the track of Amphan could be seen 
n Figure 4 c. The rightward bias shown in the sea surface 
emperature cooling was consistent with the previous stud- 
es ( Black and Dickey, 2008 ; Chu et al., 2000 ; Yue et al.,
018 ). It was mainly due to the fact that the cyclone in- 
uced wind stress vector turns clockwise on the right side 
f the cyclone track and resonate with the mixed layer cur- 
135 
ent ( Cheung, et al., 2013 ; Price, 1981 ). Though cooling was
pread over the entire BoB, strong decrease in the sea sur- 
ace temperature ( ∼4 °C) was observed along the central 
oB, where the cyclone exhibited its strongest wind speeds 
uring its lifetime (see Figure 1 ). 

.4. Sea Surface Salinity 

he sea surface salinity maps before and after Amphan are 
hown in Figure 5 a and b. Before cyclone ( Figure 5 a), there
as an east-west salinity gradient in the BoB with higher 
alinity ( > 33.5 PSU) in the western Bay and lower salinity 
Value) in the eastern BoB. The northern BoB showed very 
ow salinity values ( < 30 psu) owing to the high freshwa- 
er influx into the region from the rivers. After Amphan, 
he sea surface salinity was observed to have increased (1 
SU) ( Figure 5 b). Figure 5 c illustrates the Amphan induced 
alinity changes and it could be observed that sea surface 
alinity in the regions right of the track of the cyclone had 
ncreased compared to the left side of the track. The max- 
mum salinity increase was ∼1.5 PSU to the right side of 
he Amphan track along the central Bay. This is consistent 
ith the observation of Chacko (2018) which reported that 
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Figure 4 AMSR-2 sea surface temperature ( °C) averaged for 
the periods: a) Pre-Amphan (10—15 May), b) post-Amphan (21—
28 May), c) the difference for (b) minus (a). The track of Am- 
phan is overlaid on each plot. The dashed lines overlaying on 
(c) indicate 2 °C isothermal contours. 

c
f
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w
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c
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Figure 5 SMAP level-3 8-day running mean sea surface salin- 
ity (PSU) showing the a) pre-cyclone b) postcyclone and c) post- 
cyclone minus pre-cyclone salinity. The location of the Argo 
float is overlaid on (c) as green dots ( Qiu et al., 2019 ). 

Figure 6 AMSR-2 measured rainfall rate during the period of 
Amphan (16—20 May 2020). 
yclone Vardah (2016) induced a significant increase of sur- 
ace salinity on the right side of the storm using SMAP salin- 
ty data. In contrast, only a weak drop in salinity ( ∼0.7 PSU) 
as found over most regions to the left of the track of Am- 
han. The rainfall rate measured by AMSR-2 ( Figure 6 ) indi- 
ates high rainfall along the left of the track of Amphan (3—
 mm/hr) than the right side of the track. Previous studies 
ad reported on this asymmetric rainfall distribution during 
yclones is due to the vertical wind shear, topography and 
ater vapor flux ( Burpee and Black, 1989 ; Chacko, 2018 ; 
hen et al., 2010 ; Corbosiero and Molinari, 2003 ; Yue et al., 
018 ). The influx of fresh water from the intense precipita- 
ion was responsible for freshening on the left side of the 

rack. 

136 
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Figure 7 OSCAR surface currents (cm/s) overlaid on mean sea 
level anomalies (coloured fields, cm) during a) pre-Amphan, b) 
post-Amphan, and c) pre-Amphan minus post-Amphan. 
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.5. Sea Surface Currents 

pper ocean current response to Amphan is characterized 
sing OSCAR currents. Figure 7 shows the surface current 
peeds overlaid on the mean sea level anomaly during the 
eriods before and after the cyclone. It could be seen that 
he pre-Amphan periods were characterised by strong pos- 
tive sea level anomalies that depicted warm core regions. 
his also implied the presence of warmer subsurface wa- 
ers before the cyclone. The sea surface currents were dis- 
ributed along the warm core regions with speeds greater 
han 50 cm/s. The strong surface winds of the cyclone could 
odulate the near surface ocean currents. Figure 7 b shows 
he surface currents during the post-Amphan period. Note 
137 
hat the increase (decrease) of the surface winds always 
epends on the direction of the wind vector. If the cur- 
ent and wind vectors are in the same direction, the cur- 
ent increases and vice versa. This is illustrated in Figures 7 a 
nd b, wherein the southward strong surface currents that 
revailed during the pre-Amphan period in the central BoB 
ere observed to be reduced in their magnitude. This was 
ecause the surface currents were in the opposite direction 
southwards) to that of the cyclonic winds (northwards). 
he surface currents in the southern BoB however, have in- 
reased in magnitude compared to the pre-Amphan condi- 
ions. The maximum enhancement of the surface currents 
ue to Amphan happened on the right side of its track. 
his was because, in the right-hand side of the cyclone 
rack, the inertial forces turn the ocean currents in the 
ame (opposite) direction as the wind stress in the right 
left) side of the track ( Zhang et al., 2020 ). This illus-
rates that the surface currents also exhibited rightward 
ias under the cyclonic forcing, similar to the other analysed 
arameters. 
The variability of subsurface currents due to Amphan was 

lso studied using the moored buoy (BD8) data (location of 
he buoy is provided in Figure 1 ). During the passage of Am-
han, the current speed at all depths was observed to rise 
n response to the increase in wind speed ( Figure 8 a,b). Am-
han increased the subsurface current speed to ∼130 cm/s 
rom the pre-cyclone values of ∼25 cm/s. The surface and 
ubsurface currents are observed to be restored to the pre- 
yclone values by 26 May, 6 days after the cyclone passed 
ver the buoy. The pattern of variability of the surface and 
ubsurface currents induced by Amphan is similar. The max- 
mum current speed of 130 cm/s was recorded at the buoy 
ocation on 20 May. A lag of 2 days can be noted between the
aximum increase in wind and current speeds as evident 
rom the observations. Figure 8 c shows the direction of sur- 
ace current measured by the buoy. South-southwestward 
urrent with an average speed of 20 cm/s is observed at the 
uoy location before Amphan ( Figure 8 b and c). The current
irection plotted in Figure 8 c shows the clockwise rotation 
f the currents during the period 19—26 May. The existence 
f near inertial oscillations is reported after the passage of 
yclones ( Joseph et al., 2007 ). The near inertial period at 
he buoy location is 15.9 hours given by 2 π/ f where f is
he Coriolis parameter. The periodicity of the surface cur- 
ents computed using Fast Fourier Transform method given 
n Figure 8 d shows 13 hours closely matching with the the-
retical values. In the northern hemisphere, the inertial os- 
illations are clockwise. The inertial oscillations that are 
orced by Amphan disappeared on 26 May, lasting for ∼9 
nertial periods after its passage. 

.6. Chlorophyll concentration 

atellite derived ocean colour chlorophyll will have lim- 
ted coverage due to cloud cover. During cyclone time, the 
overage will be much hampered. To assess the biologi- 
al changes induced by Amphan, surface chlorophyll con- 
entration from VIIRS was used ( Figure 9 ). From the 8-day 
hlorophyll- a data, it could be seen that during the pre- 
yclone period, the chlorophyll values were in the range of 
—0.2 mg m 

−3 ( Figure 9 a), very less values which was typ-
cal of the oligotrophic BoB. Post-cyclone, while the data 
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Figure 8 Observed time series of a) wind speed (m/s); b) cur- 
rent speed at different depths (cm/s) at the surface (black), 15 
m (red), 25 m (green), 35 m (cyan); c) current direction (de- 
grees) at the surface measured by moored buoy BD8; d) Fast 
Fourier Transform of the surface current during Amphan ob- 
served from the moored buoy BD8. 
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Figure 9 VIIRS chlorophyll concentration (mg/m 

3 ) averaged 
over a) pre-Amphan (7—15 May), b) post-Amphan (24—31 May) 
and c) the difference post-Amphan minus pre-Amphan. 
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overage over most of the regions over the BoB were ham- 
ered by cloud cover, in the central Bay, the signatures 
f a strong bloom could be observed. Chlorophyll concen- 
ration increased markedly after the passage of the cy- 
lone from an average value of ∼0.1 mg/m 

3 to ∼1.5 mg/m 

3 

 Figure 9 b,c). A visual comparison of Figure 4 c and Figure 8 c
hows that regions of higher chlorophyll were collocated 
ith that of regions where cooling was maximum. The re- 
ion of chlorophyll enhancement was also collocated with 
he region where the cyclone exhibited its highest maximum 

ustainable wind speed of 245 km/h (18 May). Thus, tight 
oupling exists between changes in sea surface tempera- 
ure, chlorophyll and the wind forcing. This substantiates 
he impact of wind induced vertical mixing and upwelling 
n elevating higher chlorophyll concentration and reducing 
ea surface temperature. This also shows that the positive 
urface chlorophyll concentration observed after passage of 
138 
mphan was dominated by vertical processes such as en- 
rainment and upwelling. 

.7. Subsurface response 

n order to examine the subsurface temperature and salin- 
ty response to Amphan, observations from an Argo float and 
 moored buoy were employed. The Argo float was located 
ery near to the track, within 50 km from the eye of the
yclone and the moored buoy was located ∼3 degrees away 
rom the track. So, this provided a unique opportunity to 
ssess the difference in oceanic response induced by Am- 
han at different locations away from the track. The tempo- 
al evolution of temperature and salinity profiles from Argo 
oat are shown in Figures 10 a and b. The mixed layer depth
efore Amphan was relatively shallow, in the range of ∼15 m 

epth. Below the mixed layer, relatively colder and saltier 
aters prevailed before the passage of Amphan ( Figures 10 a 
nd b). A decrease in the temperature in the upper 100 me- 
re depth is shown in Figure 10 a after 16 May which was
ttributed to the cyclone forcing. The depth of the mixed 
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Figure 10 Subsurface a) temperature ( °C) and b) salinity (PSU) from Argo float (WMO id 2902230). The thick and thin black lines 
in a) are mixed layer depth (m) and depth of 26 °C (m) isotherm respectively. c) Temperature (red) and salinity profiles (black) 
observed by Argo float. Open and closed circles represent pre-cyclone and post-cyclone periods respectively. 
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ayer was observed to have increased from 20 m to 55 m by 
0 May. Deepening of the mixed layer is the manifestation of 
he entrainment and mixing that is induced by the current 
hear due to the cyclone forcing. Depth of the 23 °C isotherm 

s considered as a proxy for the thermocline depth, and had 
hoaled from 80 m (pre-Amphan) to 60 m (post-Amphan) 
 Figure 10 a). This deepening of the mixed layer and the 
ising of thermocline was due to strong vertical mixing in- 
uced by the super cyclone. The upper ocean temperature 
ecreases with the cyclone forcing as the mixed layer deep- 
ned. While it could be seen that after the cyclone passage, 
he surface temperatures started to warm more rapidly than 
ubsurface waters, eventually the sub-surface water column 
lso appeared to restore to their pre-cyclone values within 
 weeks after the passage of Amphan. The impact of Am- 
han was clearly visible throughout the upper 150 m depth 
f the ocean in the Argo observations. 
Unlike the reduction in the ocean temperature, ocean 

alinity was observed to increase after the passage of Am- 
han ( Figure 10 b). The Argo float was located on the right 
ide of the track of Amphan and the observed response of 
alinity was consistent with the increase in surface salinity 
bserved from the satellite data. The vertical mixing causes 
he saline sub-surface water to advocate to the surface, 
ausing the upper ocean salinity to increase from the pre- 
yclone values of 33 PSU to 34 PSU that are consistent with 
he satellite observations of surface salinity change. After 
he cyclone, the near surface salinity was observed to have 
educed to 33.5 PSU. This could be due to the advection of 
resh surface water resulted from the cyclone induced pre- 
ipitation. The increase in surface salinity lasted for a week 
nd was restored to pre-cyclone values by 27 May. However, 
he subsurface salinity was not restored until the first week 
139 
f June. Recovery time of salinity is reported to take weeks 
fter the passage of cyclone ( Du and Park, 2019 ; Sun et al.,
021 ). The variations of temperature and salinity profiles 
efore and after the cyclone observed from the Argo float 
re shown in Figure 10 c. The pre-cyclone salinity profile 
howed the salt-stratified barrier layer in the near surface 
elow the thin mixed layer. The vertical mixing induced by 
mphan brought the higher saline waters from the barrier 
ayer to the surface that resulted in intense post-cyclone 
urface salinity enhancement. The mixed layer increased to 
0 m depth after the cyclone ( Figure 10 c). Figure 5 c depicts
altier waters along the location of the Argo float. This sig- 
ificant salinity increase at this region could be attributed 
o the intrusion of saltier water present just below the sur- 
ace layer. Increase in the magnitude of salt wake in the re- 
ions with higher vertical salinity gradient below the mixed 
ayer was reported by Reul et al., (2021) and Sun et al., 
2021) . 
The temperature and salinity observed by the moored 

uoy BD8 is shown in Figure 11 a. The buoy was farther to the
yclone track, yet the influence of the cyclone was evident 
n the temperature and salinity fields. The warmer near sur- 
ace water layer was cooled under the influence of Amphan. 
he initial mixed layer depth before Amphan was shallower 
ver this region (15 m), which deepened to a depth of 60 
 under the cyclone forcing. The deepened mixed layer 
epth suggested strong vertical mixing induced by Amphan. 
rior to Amphan, salinity in the near surface layer was low 

32.9 PSU). The salinity rapidly increased to 33.6 PSU by 
8 May which suggested that subsurface salty waters were 
ixed or uplifted to the surface ( Figure 11 b). Increase in 
alinity and decrease in temperature was observed at the 
uoy location, concurrent to the observations from Argo. 
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Figure 11 Observations of a) temperature ( °C) and b) salin- 
ity (PSU) from moored buoy BD8. The thick and thin overlaying 
lines on a) represent mixed layer depth and the depth of 26 °C 
isotherm respectively. 
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Figure 12 Ekman pumping velocity (m/s) during Amphan 
(16—20, May 2020) computed from SCATSAT winds. 
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owever, the thermocline depth variability depicted by the 
epth of the 26 °C isotherm showed slight deepening dur- 
ng the cyclone period, contrasting the observations from 

rgo wherein, the thermocline shoaled during the cyclone 
 Figure 10 a). The thermocline displacement is a manifesta- 
ion of the upwelling process which brings subsurface wa- 
ers to the surface under strong wind forcing. The ther- 
ocline displacements due to Amphan at the location of 
rgo was computed from the wind stress using the relation 
= τ/( ρƒT s ) ( Price, 1981 ), where η is the thermocline dis- 
lacement, τ is the wind stress, ρ is the sea water density, 
 is the Coriolis parameter, and T s is the translation speed 
f the cyclone. The thermocline displacement estimated at 
he Argo location was 14 m. This was consistent with the 
bserved thermocline displacement of ∼16 m ( Figure 10 a). 
The rising (deepening) contours of the thermocline de- 

icts upwelling (downwelling) induced by the cyclone. The 
trength of the upwelling can be understood from the Ek- 
an pumping velocity, the positive (negative) Ekman pump- 

ng velocity indicates upwelling (downwelling). Figure 12 
hows the Ekman pumping velocity during the Amphan cy- 
lone which was computed from Scatsat-1 wind data. Pos- 
tive Ekman pumping velocity along the track of Amphan 
nferred the upwelling induced by the cyclone. Consider- 
ble difference in the Ekman pumping velocity was seen 
t the locations of Argo and BD8. At the location of Argo 
oat, strong Ekman pumping velocity and at the location 
f moored buoy negative Ekman pumping velocity prevailed 
uring Amphan. This corroborated the fact that at the lo- 
ation of BD8, Amphan did not induce upwelling. Thus, it 
ppears that at the location of Argo both entrainment and 
pwelling processes contributed to the observed near sur- 
ace cooling and increase in salinity. Also, it is evident from 

igure 1 and Figure 2 that the wind speeds at the locations 
f Argo float and BD8 were different. Argo float was located 
here the cyclone had its maximum wind speeds and BD8 
as located at the region where the cyclone had relatively 
140 
ower wind speeds. It is also worth to note that the transla- 
ion speed of Amphan was significantly different in its later 
ourse than during its initial course. Figure 1 clearly de- 
icts the same. Above (below) 16 °N latitudes, Amphan trav- 
led faster (slowly). The translation speed of Amphan was 
igher at the location of the moored buoy, and slower at 
he Argo. It is reported that upwelling has negligible role 
n reducing the sea surface temperature for fast moving cy- 
lones, whereas for slow moving cyclones it plays important 
ole ( Behera et al., 1998 ; Bender et al., 1993 ; Black, 1983 ;
in, 2012 ; Price, 1981 ). The strong winds and slower trans- 
ation speeds could be presumed as the reason for inducing 
trong vertical entrainment and upwelling at the Argo lo- 
ation and similarly, weaker winds and faster translation 
peeds the reason for failing to induce upwelling at the 
oored buoy location. 
Strong winds induced by the super cyclone pumped cold 

nd salty, deeper waters to the near surface layers, which 
esulted in the cooling of sea surface temperature and in- 
reased surface salinity at the Argo location. The subsurface 
ooling was also evident in the OHC computed from the Argo 
easured subsurface temperature. The depth of the ver- 
ical mixing induced by Amphan was approximated as 150 
 based on Figure 9 and the OHC was computed over 150 
 depth of the water column. The Argo measured OHC de- 
reased from 1.6 × 10 10 J/m 

2 to 1.4 × 10 10 J/m 

2 ( Figure 13 ).
his shows that the subsurface lost heat during the cyclone. 
s heat from the ocean provides energy to cyclones, it is ex- 
ected to have loss of ocean heat content after the cyclone. 

. Discussion 

o explore the causes for the variations in the mixed layer 
emperature and salinity during the cyclone forcing, heat 
nd salinity budget estimations are conducted using the ob- 
ervations at BD8 owing to its high temporal resolution com- 
ared to Argo. The impact and relative roles of the ma- 
or processes on the mixed layer temperature and salinity 
hanges can be deciphered from the budget estimations. 
ost-cyclone sea surface temperature cooling is a very com- 
lex process, involving hydrodynamic (entrainment and up- 
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Figure 13 Ocean heat content (J/m 

2 ) up to 150 m depth of the vertical water column estimated from Argo temperature fields. 

Figure 14 a) Mixed layer heat budget and b) mixed salinity 
budget terms computed from observations from moored buoy 
BD8. 
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elling) and thermodynamic processes (surface heat flux). 
he time series of each term from the heat budget esti- 
ation is presented in Figure 14 a. The various terms of 
he heat budget equations: temperature tendency, net heat 
ux term, vertical processes and horizontal advection are 
lotted in the figure. Before the passage of Amphan, slight 
arming ( ∼0.18 °C/day) was observed in the mixed layer 
emperature consistent with the pre-cyclone warmer sur- 
ace waters as presented in Figure 14 a. With the advent 
f Amphan, the mixed layer temperature tendency showed 
trong cooling (—1.1 °C/day) from 16—20 May. The cooling 
ontinued varying in magnitude in the following days and by 
6 May the mixed layer temperature tendency appears to 
everse the sign, implying recovering to the pre-storm con- 
itions. The surface net heat flux term is observed as hav- 
ng strong influence in warming the mixed layer tempera- 
ure before the period of Amphan. However, a considerable 
eduction in the surface net heat flux occurred during the 
yclone and it remained low until 26 May. The contribution 
f horizontal advection term on the heat budget was ob- 
erved to be having far smaller contributions (—0.1 °C/day) 
ut indicative of cooling the mixed layer temperature. In 
ontrast, a far stronger cooling was seen from the ver- 
141 
ical processes ( −0.6 °C/day) during Amphan. Entrainment 
nd upwelling contributed to the vertical processes term 

n the heat budget equation. The combined effect of these 
wo processes induced mixed layer temperature tendency 
n general. As shown in the Section 3.7 , at the location of
D8, the depth of the 26 °C did not shoal and the Ekman
umping velocity was weakly negative. This indicates that 
mphan did not induce upwelling at this location and hence 
he contribution of entrainment cooling was much stronger 
t this location. The observed strong mixed layer cooling 
eases by 26 May. Therefore, the mixed layer heat budget 
stimations showed that the strong cooling induced by Am- 
han at this region was due to the combined contributions 
f vertical processes and horizontal advection. As shown in 
ection 3.7 , at the location of the moored buoy, cyclone 
ould not induce upwelling. The major contributor of the 
ooling can be attributed to the vertical entrainment from 

elow the mixed layer. 
A mixed layer salinity budget estimation was carried out 

o examine the roles of processes, which determine the 
alinity variability. The processes considered are Evapora- 
ion minus Precipitation ( E — P ), vertical processes, and 
orizontal advection. These terms along with mixed layer 
alinity tendency are illustrated in Figure 14 b. The mixed 
ayer salinity tendency oscillates between increase and de- 
rease during the month of May. The amplitude of oscillation 
s significantly positive during Amphan (16—20 May) reaching 
.160 PSU/d. The E — P term showed negative tendency dur- 
ng Amphan attempting to reduce the mixed layer salinity. 
he precipitation induced by the cyclone tries to freshen 
he salinity. Horizontal advection term is slightly positive 
rying to increase salinity through the month of May. The 
erm due to vertical processes appears to have a signifi- 
ant contribution during the cyclone period (0.19 PSU/d). 
he significant increase in salinity during Amphan was ob- 
erved due to the vertical processes. While E — P term tries 
o freshen the mixed layer salinity, combined contribution 
rom vertical processes and horizontal advection results in a 
et increase in the mixed layer salinity. The two mixed layer 
udget analysis at the location of BD8 indicates that the ver- 
ical entrainment was the major contributor in inducing an 
ncrease in salinity and decrease in temperature. 

Very few studies examined the mixed layer heat and 
alinity budget equations during cyclones in the Indian 
cean. Girishkumar et al. (2014) observed that vertical mix- 
ng was the dominant factor which controlled the sea sur- 
ace cooling in the case of cyclone Jal which occurred in 
he year 2010. Prakash and Pant (2017) showed using nu- 
erical modelling that the sea surface temperature cooling 
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uring cyclone Phailin was due to the combined effect of 
orizontal advection and vertical mixing with stronger con- 
ribution from horizontal advection. Our results showed that 
ertical processes are the significant contributor in decreas- 
ng the mixed layer temperature and increasing the mixed 
ayer salinity. This result is contradicting the previous study 
y Prakash and Pant (2017) , and agrees well with the study 
f Girishkumar et al. (2014) . 
The post-Amphan surface chlorophyll bloom is observed 

long the regions where the Amphan had highest wind 
peeds. This anomaly ( Figure 9 c) of higher chlorophyll con- 
entration is consistent with the studies of Chacko (2017) ; 
ierach and Subrahmanyam (2008) and Walker et al. 
2005) which reported on surface chlorophyll blooms near 
he trajectory of the cyclones. The areas of strong cool- 
ng and higher chlorophyll concentration are spatially collo- 
ated, which can be seen in the spatial plots in Figure 4 and 
igure 9 c. This is due to the fact that the physical mech- 
nism which results in the variability of these two param- 
ters are the same. i.e., vertical mixing due to the strong 
yclone winds. The vertical mixing induced by the cyclone 
inds brings cooler subsurface waters which are also rich in 
utrients and chlorophyll content into the surface waters. 
hus, the sea surface cooled and the chlorophyll concentra- 
ion increased after Amphan. However, the surface salinity 
ariability after the cyclone was different compared to the 
ea surface temperature and chlorophyll concertation. This 
s because in addition to the vertical processes, strong rain- 
all induced by the cyclone also played a key role in the 
alinity variability. The net result in the salinity will be the 
esultant between these two opposing processes. Hence the 
reas of cooling and increase in salinity does not match un- 
ike areas of cooling and chlorophyll bloom. 

Satellite observations revealed that the wake of the 
uper-cyclone Amphan was apparent in the sea surface tem- 
erature, sea surface salinity, chlorophyll concentration, 
nd on the surface currents. It is also evident from the spa- 
ial picture of the parameters assessed that the pronounced 
ariability was observed in the central Bay of Bengal where 
mphan was at its best intensity. This indicates the fact that 
ntensity of the cyclone drives dominant oceanic response 
 Lin, 2012 ). This study also brings forward the regional dif- 
erences in the responses of the ocean to the forcing of cy- 
lone. For example, observations from Argo suggested that 
oth entrainment and upwelling contributed to the surface 
ooling at that location. At the location of the moored buoy 
n the northern BoB, however, upwelling was observed as ab- 
ent and wind induced mixing results in entrainment alone. 
t this location the vertical entrainment can be considered 
s driver of ocean cooling, whereas in the central Bay at the 
ocation of Argo, vertical entrainment and upwelling can be 
onsidered as the drivers of ocean cooling. This shows that 
he relative position of the oceanic features to the cyclone 
rack determines the response of the ocean to the cyclone. 
One of the key findings of this study is the intense cool- 

ng ( ∼4 °C) in the cold wake which spanned all over the 
oB. Vertical entrainment and upwelling contributed to the 
trong cooling observed, but in different regions of the BoB 
he contributions from these were different. Many previ- 
us researchers conducted experiments to assess the impact 
f cyclones on the oceans. Though significant progress has 
een made in understanding the oceanic processes under 
142 
yclones, there is a continuous need to identify the pro- 
esses and mechanisms which induce the oceanic response 
ue to cyclones. It should be noted that each cyclone is 
ifferent and as it passes over oceanic regions of different 
onditions, the resulting responses of the ocean also will be 
ifferent. 

. Conclusions 

his study used synergistic observations from satellite and 
n-situ to understand the oceanic responses to super- 
yclone Amphan during 16—20 May in the year 2020. Vari- 
us parameters such as sea surface temperature, sea sur- 
ace salinity, surface currents, surface chlorophyll concen- 
ration, subsurface temperature, salinity and currents are 
ssessed. Spatial analysis using AMSR-2 data show signifi- 
ant sea surface temperature cooling in the wake of Am- 
han with a cooling amplitude reaching up to of ∼4 °C. Not 
nly a rightward bias in sea surface temperature cooling, 
ut a large spatial extent of the cooling spanning entire BoB 
s observed. Surface salinity increased to the right of the 
rack ( > 1.5 PSU) and slightly decreased along the left of the
rack. The strong asymmetric rain rate towards the left side 
f the cyclone track of amplitude ∼6 mm/hr is attributed to 
he suppressed salinity wake along the left side of the cy- 
lone track. While the intense freshwater influx due to the 
yclone rains freshened the water on the left, strong ver- 
ical mixing induced by the winds of the cyclone resulted 
n the influx of saltier water and increase in the salinity on 
he right of the track. Similarly, there is an enhancement of 
1.5 mg m 

−3 of surface chlorophyll concentration after the 
assage of the cyclone, which is centred along the track of 
he cyclone where the cyclone winds were the highest. The 
urface chlorophyll and sea surface temperature variabil- 
ty are observed as collocated and tightly coupled to each 
ther suggesting the common causal factors are the same. 
urface and subsurface currents observed revealed that cur- 
ents are strongly modulated by the passage of Amphan. It is 
bserved that spatially, the sea surface temperature, salin- 
ty and surface currents exhibited rightward biases which is 
ue to the rotation of the wind vector with the wind-driven 
nertial currents. 

The vertical structure of the ocean is also clearly af- 
ected by the passage of cyclone in addition to the changes 
n the surface layer. Subsurface observations showed that 
mphan induced strong subsurface mixing occurred verti- 
ally in the upper 150 m of the water column. The OHC esti-
ated from the Argo observations revealed heat lost during 
he cyclone in the upper 150 m depth. Mixed layer heat and 
alinity budget estimations showed that the vertical mixing 
as the dominant process driving the mixed layer salinity 
nd temperature response during Amphan. Vertical mixing 
nduced by the super-cyclone brought cooler and saltier wa- 
ers from below which resulted in the cooling and increase 
f salinity in the near surface layers. Observations from Argo 
evealed that the mixed layer depth was deepened, and the 
hermocline depth shoaled, both were the manifestations 
f the entrainment and upwelling induced by the cyclone. 
owever, at the moored buoy location, upwelling was ab- 
ent and entrainment was the major factor driving the vari- 
bility of salinity and temperature. It is seen that regional 
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ifferences in the response of ocean were observed due to 
mphan. More details into the spatially distinct oceanic re- 
ponse can be deciphered with the availability of more in- 
itu datasets. This study also reports the recovery time of all 
he parameters considered. Studies on the recovery of the 
arameters after passage of cyclones are limited. It is ob- 
erved that upper ocean recovered in approximate 2 weeks 
fter the passage of Amphan. 
It is concluded that the synergistic use of in-situ and 

atellite observations are required to understand the com- 
lete picture of the upper ocean response to tropical cy- 
lones. Understanding the response of the oceans to cy- 
lones is important in the recent times when the frequency 
nd intensity of tropical cyclones are observed to have in- 
reased. As the tropical cyclone activity increases, an in- 
rease in the oceanic response also could be expected. The 
resent study points that while in-situ observations are rel- 
tively sparse, an extended network of the same is vital for 
etter understanding the variability of the ocean during cy- 
lones. 
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