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Abstract The Bay of Bengal, an affluent region for mesoscale oceanic eddies, is also home 
to devastating tropical cyclones. The intensity modulation of two cyclones, Phailin (2013) and 
Fani (2019), in the Bay of Bengal by the oceanic eddies is studied. The intensities of both the 
cyclones rapidly changed after transiting over mesoscale eddies. The surface and subsurface 
oceanic conditions before and during the passage of the two cyclones were analysed. During 
Phailin (Fani), the cyclonic (anticyclonic) eddy resulted in significant (weak) sea surface tem- 
perature cooling due to the shallow (deep) D26 isotherm. Wind shear estimates revealed that 
it had no (minor) effect on the weakening (intensification) of Phailin (Fani). The analysis of 
enthalpy fluxes during the two cyclones has shown that during Phailin (Fani), the latent heat 
flux supply was reduced (enhanced) by 20 W m 

−2 (30 W m 

−2 ) over the regions of the cyclonic 
(anticyclonic) eddy due to significant (weak) sea surface temperature cooling. The case study 
of cyclone interaction with mesoscale oceanic eddies has shown that a thorough understanding 
of mesoscale eddies is vital for improving the accuracy of the cyclone intensity forecasts. 
© 2022 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 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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. Introduction 

ropical cyclones (TCs) affect millions of people annually 
cross the globe. TCs cause significant damage to life and 
roperty because of strong winds, heavy precipitation, and 
torm surge. Global warming has resulted in an increase in 
he frequency and intensity of TCs ( Emanuel, 2013 ). The 
ccurate forecast of TC, both in terms of its intensity and 
rack, is highly critical for mitigating socio-economic im- 
acts. Rappaport et al. (2012) reported that even though 
orecasting skills have improved in accurately predicting 
nces. Production and hosting by Elsevier B.V. This is an open access 
nses/by-nc-nd/4.0/ ). 
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C’s track over the past few decades, intensity prediction 
emains challenging. The intensity change of a TC is gov- 
rned by a multitude of atmospheric and oceanic processes. 
manuel et al. (2004) reported that air-sea interactions are 
ighly crucial in controlling the intensity of TC. Sea Sur- 
ace Temperature (SST) cooling induced by the strong TC 

inds can curtail the supply of enthalpy fluxes and impede 
he further intensification of TC ( Cione and Uhlhorn, 2003 ; 
alliwell et al., 2015 ). However, studies ( Lloyd and Vec- 
hi, 2011 ; Mei and Pasquero, 2013 ) have documented that 
he SST response to a TC is not entirely dependent on TC 

haracteristics but also depends on the oceanic environ- 
ent. 
The oceanic environment is non-homogeneous. The 

esoscale oceanic eddies have a significant role in deter- 
ining the ocean’s vertical temperature and salinity struc- 
ure. Cyclonic (anticyclonic) eddies promote (restrain) SST 
ooling ( Jaimes and Shay, 2009 ; Lin et al., 2005 ). Hence, the
yclonic (anticyclonic) eddies are referred to as cold (warm) 
ore eddies. The intensification (weakening) of TCs over an- 
icyclonic (cyclonic) eddies has been documented in several 
tudies ( Demaria and Kaplan, 1994 ; Liang et al., 2018 , 2016 ;
in et al., 2005 ; McTaggart-Cowan et al., 2006 ; Shay et al., 
000 ). Lin et al. (2005) have reported on Typhoon Maemi’s 
apid intensification over a giant warm-core eddy. Similarly, 
a et al. (2020) documented the mechanisms responsible 
or the unusual rapid weakening of typhoon Francisco over 
 cold-core eddy using observations and modelling studies. 
The Bay of Bengal (BoB), a semi-closed marginal sea lo- 

ated in the tropical north-eastern Indian Ocean, is rich 
n mesoscale eddies ( Babu et al., 2003 ; Chen et al., 2012 ;
heng et al., 2013 ; Hacker et al., 1998 ; Kurien et al., 2010 ;
rasanna Kumar et al., 2004 , 2007 ). Chen et al. (2012) re- 
orted that the majority of eddies in the BoB are 
enerated in the eastern and western boundaries. 
heng et al. (2018) utilised the synergy of observations and 
odels to understand eddy generation in the central BoB. 
hey reported that equatorial zonal winds mainly drive ed- 
ies generated near the eastern BoB boundary. However, 
he eddy formation in the western BoB is attributed to 
he instability of flow in the East India Coastal Current 
EICC) ( Kurien et al., 2010 ). Vinayachandran (2013) also re- 
orted the formation of cold-core and warm-core eddies, 
specially during April, May, October, and November. The 
oB is also home to the deadliest cyclones in history. High 
STs ( ∼28—31 °C) and weak vertical wind shear during pre- 
onsoon ( Neetu et al., 2019 ) and high relative humidity dur- 

ng post-monsoon ( Li et al., 2013 ) provide a conducive envi- 
onment for TC formation in the BoB. Due to the funnel- 
haped coastline, high storm surges generated during TC 

esult in a high death toll. For example, the Orissa Su- 
er Cyclone resulted in the deaths of approximately 10,000 
eople. Hence, any errors in the forecasts of TC can have 
idespread socio-economic impacts. 
The interaction between pre-existing mesoscale ed- 

ies and TCs in the BoB is a thrust area of research. 
in et al. (2009) investigated the intensification of Nargis 
ver the warm ocean and reported that the pre-existing 
eep, warm subsurface layer decreased SST cooling induced 
y the TC. As a result, the enthalpy fluxes have been shown 
o increase by 300%. Sadhuram et al. (2012) documented 
he intensification of TC Aila by 43% over a warm-core eddy. 
446 
ecently, Liu et al. (2021) documented the influence of 
re-existing cold and warm-core eddies on the intensity 
f tropical storm Roanu in the BoB. Here, we investigate 
he intensity modulation of two intense TCs, Phailin (2013) 
nd Fani (2019), in the BoB. Both the TCs interacted with 
re-existing mesoscale eddies in the BoB before landfall. 
hailin, a category-5 TC, encountered a cyclonic eddy and 
eakened to a category-3 TC before landfall. Contrastingly, 
ani intensified to a category-4 TC from category-3 when it 
assed over an anticyclonic eddy. The role of pre-existing 
esoscale eddies in the intensity modulation of these two 

ntense TCs, Phailin (2013) and Fani (2019), in the BoB, was 
nalysed and presented. 

. Data and methodology 

he gridded daily global estimates of sea level anomaly 
SLA) based on Ssalto/Duacs altimeter products pro- 
uced and distributed by Copernicus Marine and Envi- 
onment Monitoring Service (CMEMS) ( http://www.marine. 
opernicus.eu ) are used for the detection of mesoscale 
eatures. The six-hour interval tracks of Phailin (2013) 
nd Fani (2019) were obtained from Joint Typhoon Warn- 
ng Centre ( https://www.metoc.navy.mil/jtwc/jtwc.html? 
orth- indian- ocean ). The high-resolution (1 km) daily-mean 
oundation SST (SSTfnd) from the Group for High-Resolution 
ea Surface Temperature (GHRSST) Level 4 gridded prod- 
cts ( Donlon et al., 2007 ) is utilised. Subsurface temper- 
ture data products at 1/12 ° resolution from CMEMS( http: 
/marine.copernicus.eu/getting-started/ ) are used for the 
stimation of the depth of 26 °C isotherms (D26) and Tropical 
yclone Heat Potential (TCHP). CMEMS products utilise the 
ynergy of advanced modelling and data assimilation tech- 
iques. 
The TCHP is calculated using the formula 

CHP = ρCp 

∫ D 26 

0 
( T z − 26 ) dz (1) 

Hourly datasets of relative humidity at 700 hPa (MTRH), 
onal and meridional winds at 200 and 850 hPa, Latent Heat 
lux (LHF) and Sensible Heat Flux (SHF) from ERA5 reanal- 
sis products ( Hersbach and Dee, 2016 ) were also utilised. 
he in-situ observations of Sea Level Pressure (SLP), wind 
peed, and temperature profiles during TCs Phailin and Fani 
rom moored buoys deployed by the National Institute of 
cean Technology ( Venkatesan et al., 2013 ) are used for 
nderstanding the temporal evolution. Vertical Wind Shear 
VWS) is calculated as the vector difference between the 
00- and 850-hPa winds. 

. Results and discussion 

.1. Synopsis of cyclone Phailin (2013) and Fani 
2019) 

he track of the two intense TCs, Phailin (category-5) and 
ani (category-4), developed over the BoB overlaid on TRMM 

ainfall along with the location of moored buoys deployed 
y the NIOT is shown in Figure 1 a—b, respectively. North- 
entral BoB received cumulative precipitation of ∼20 cm 

http://www.marine.copernicus.eu
https://www.metoc.navy.mil/jtwc/jtwc.html?north-indian-ocean
http://marine.copernicus.eu/getting-started/
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Figure 1 TRMM cumulative precipitation (cm) in the Bay of Bengal on (a) 11 October 2013 (Phailin), (b) 01 May 2019 (Fani). SLP 
and Wind speed at 10 m height (c) for Phailin, (d) for Fani. Subsurface temperature at 10 m from (e) BD10 for Phailin (f) BD11 for 
Fani. The black triangular shaped markers in panels a and b represent the mooring deployed by NIOT. The red circle-shaped markers 
in panels a and b indicate the intensity of the cyclone on Saffir-Simpson scale. 
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uring Phailin. Phailin was the strongest post-monsoon cy- 
lone (09—13 October 2013), making landfall at the Odisha 
oast after the Orissa Super Cyclone in 1999. Phailin devel- 
ped as a tropical storm over the northern Andaman Sea on 
ctober 9, 2013 and intensified into a category-1 on Octo- 
er 10, 2013. Moving north-westwards, it further intensified 
nto a category-3 TC and finally reached maximum intensity 
ith a central pressure of 940 hPa and wind speed of 115 
nots (category-5) on October 11, 2013 at 16.0 °N, 88.5 °E. 
t crossed Odisha near Gopalpur on 12 October 2013 as a 
ategory-3 cyclone. Fani (27 April—03 May 2019) was one of 
he strongest pre-monsoon TCs in the BoB after 1994, de- 
eloped near the equator in the north Indian Ocean. Fani 
447 
overed 3030 km in the open ocean from the south BoB to 
he north Odisha coast and maintained a wind speed of ≥100 
nots for 36 hours ( Singh et al., 2021 ). Heavy rainfall ( ∼20
m) occurred in the western BoB near the BD11 mooring 
 Figure 1 b). It made landfall on the Odisha coast near Puri
s a category-4 cyclone with ∼105 knots. 

.2. In situ observations from moored buoys in the 

icinity of cyclone track 

he significant observations of meteorological parame- 
ers and SST from the moored buoys during Phailin and 
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Figure 2 Five-day average AVISO SLA data (a) during 04—08 October 2013 before the passage of Phailin, (b) during 10—14 October 
2013 during the passage of Phailin, (c) during 24—28 April 2019 before the passage of Fani, and (d) during 29 April—03 May 2019 
during the passage of Fani. The black triangular shaped markers represent the moorings deployed by NIOT. The red circle-shaped 
markers indicate the intensity of the cyclone on the Saffir-Simpson scale. 

F
F
s
o
(
c
t
S
w
b
a
(
a  

h
S
t  

A

P
T

b
d
f
S  

m  

o
c
s  

r
s
c
s

3
F

3
T
s

ani in the vicinity of the TC tracks were shown in 
igure 1 c—f. The average SLP was ∼1010 hPa with wind 
peed in the range of 5—10 m s −1 before the passage 
f Phailin ( Figure 1 c). The SLP in the moored buoy BD10 
88 °E/16.5 °N) dropped to 920 hPa, and wind speeds in- 
reased to 37 m s −1 on 11 October 2013. The observa- 
ions from remote sensing platforms also estimated the 
LP to be around 910 hPa during Phailin. Note that Phailin 
as a category-5 cyclone near BD10. Two of the NIOT 
uoys, namely BD14 (88 °E/7 °N) and BD11 (84 °E/13.5 °N) 
long the track, recorded the significant anomalies of Fani 
 Figure 1 d). BD14, located 35 km from the track, observed 
 maximum wind speed of 21 m s −1 , and SLP dropped to 997
Pa on 27 April 2019 during the genesis stage of Fani. The 
LP dropped to 973.5 hPa, and the wind speed increased up 
o 32 m s −1 in BD11 (located 12 km from the track) on 30
pril 2019, when Fani reached the intensity of category-3. 
The temperature at 10 m from BD10 and BD11 during 

hailin and Fani is shown in Figures 1 e and f, respectively. 
he temperature measured at 10 m by the NIOT buoys can 
448 
e considered Foundation SST (SSTfnd) since it is free from 

iurnal variability (GHRSST-PP). The SSTfnd from BD10 be- 
ore Phailin was ∼29—29.5 °C ( Figure 1 e), whereas a high 
STfnd of ∼30—31 °C was observed at BD11 prior to the for-
ation of Fani ( Figure 1 f). Intense cooling of ∼6 °C was
bserved at BD11 after the passage of Fani. However, SST 
ooling of ∼1 °C was observed at BD10 after Phailin’s pas- 
age. Significant wave height of 6.8 m, 3.8 m and 5 m was
ecorded by the moored buoys BD11, BD14 and BD08, re- 
pectively, during Fani (Figures not shown). The synoptic 
onditions during the two TCs were analysed using remote 
ensing observations in the following section. 

.3. Surface oceanic conditions during Phailin and 

ani 

.3.1. Pre-existing oceanic eddies 
he presence of mesoscale oceanic eddies characterises the 
urface oceanic conditions before and during the passage of 
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Figure 3 Five-day mean SST from GHRSST in the Bay of Bengal during (a) pre-Phailin days (04—08 October 2013), (b) Phailin days 
(10—14 October 2013), (d) pre-Fani days (24—28 April 2019), and (e) Fani days (29 April—03 May 2019). (c) SST changes caused 
by cyclone Phailin are calculated by subtracting SST data in (a) from (b). (d) The same as 3(c), but the SST changes after Fani’s 
passage. The black triangular-shaped markers represent the moorings deployed by NIOT. The red circle-shaped markers indicate 
the intensity of the cyclone on the Saffir-Simpson scale. 
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hailin and Fani. Mesoscale eddies are an integral part of 
cean circulation in the BoB. Intense eddy activity is ob- 
erved throughout the year in the BoB ( Chen et al., 2012 ; 
heng et al., 2018 ). Eddies that are generated in the east- 
rn BoB due to the interactions of wind, nonlinear pro- 
esses, and coastline geometry get embedded in the Rossby 
aves and propagate westwards. The eddy also gets gener- 
ted in the western BoB due to flow instabilities in the EICC 

 Kurien et al., 2010 ). Hence, the circulation in the western 
oB is primarily dominated by eddy—mean flow interactions 
 Chen et al., 2012 ). TCs are most active in the BoB during
he post-monsoon (October—December) and pre-monsoon 
easons (April—May). The TCs generated in the BoB gen- 
rally move in a north-westerly direction during the post- 
onsoon season and northerly or north-easterly direction 
uring the pre-monsoon season. The intensity of TCs gets 
odulated by mesoscale eddies. Hence, we have analysed 
he daily SLA data from AVISO to detect eddies and their in- 
eraction with Phailin and Fani. Figure 2 a and b shows the 
ve-day average SLA before (04—08 October 2013) and dur- 
ng (10—14 October 2013) the passage of Phailin. 

A pre-existing cyclonic eddy evident in a closed-contour 
egative SLA can be seen in the western BoB near 
f  

449 
6.5 °E/17 °N ( Figure 2 a). Phailin attained its peak intensity 
f category-5 TC near the BD10 mooring. It encountered a 
yclonic eddy and subsequently weakened to a category-3 
C. However, in the case of Fani, a pre-existing anticyclonic 
ddy with a closed-contour positive SLA is present in the 
egion of 82—87 °E/15—17 °N. Fani was a category-3 TC be- 
ore encountering the anticyclonic eddy and intensified to 
 category-4 TC when it passed over the anticyclonic eddy. 
esoscale oceanic eddies can alter the surface SST signa- 
ures ( Gaube et al., 2019 ). Also, SST plays a crucial role in
etermining TC intensity ( Fisher, 1958 ). Hence, the role of 
he cyclonic and anticyclonic eddies on SST during the two 
Cs was investigated further. 

.3.2. SST 

he energy required for the TCs comes from surface en- 
halpy fluxes ( Emanuel, 1986 ), which depend on SST. Sev- 
ral studies (for example, Demaria and Kaplan, 1994 ) have 
ocumented the relationship between SST and the inten- 
ity of TC. Furthermore, SST uncertainty has been shown to 
lay a significant role in errors in estimating and predict- 
ng TC intensity. The five-day averaged SSTfnd from GHRSST 
or Phailin and Fani is shown in Figure 3 a—b and d—e, re-
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Figure 4 Five-day average D26 isotherm estimated from CMEMS data (a) during 04—08 October 2013, before the passage of 
Phailin, (b) during 10—14 October 2013, during the passage of Phailin, (c) during 24—28 April 2019, before the passage of Fani, and 
(d) during 29 April—03 May 2019, during the passage of Fani. The black triangular-shaped markers represent the moorings deployed 
by NIOT. The red circle-shaped markers indicate the intensity of the cyclone on the Saffir-Simpson scale . 
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pectively. The SST in the BoB prior to Phailin was greater 
han 29 °C, which was consistent with moored buoy obser- 
ations ( Figures 3 a and 1 e). During Phailin, the SST cool- 
ng in the BoB was very small, 0.5 °C ( Figures 3 b—c). Studies
 Chaudhuri et al., 2019 ; Navaneeth et al., 2019 ) reported 
hat the less cold wake during Phailin is due to salinity 
tratification. Sengupta et al. (2008) also reported that the 
ST cooling induced by the post-monsoon cyclones in the 
pen north BoB is minimal. However, there was a signifi- 
ant cooling of 2.5 °C in the areas where a cyclonic eddy 
as present ( Figure 3 c). Phailin weakened to a category- 
 TC after passing through the cold wake. The entire BoB 
ad a very warm SST ( > 30.5 °C) prior to Fani ( Figure 3 d).
he SST cooling was more pronounced in the regions south 
f 15 °N ( Figures 3 e—f) during Fani. However, SST cool- 
ng was minimal in areas above 15 °N (0.75 °C). Also, note 
hat Fani intensified into a category-4 TC in this region. To 
ummarise, the passage of Phailin over the cyclonic eddy 
aused a significant SST cooling. The intensity of Phailin 
450 
as found to be reduced from category-5 to category- 
 during its passage over a cyclonic eddy. Contrastingly, 
ani’s passage over an anticyclonic eddy caused a weak cold 
ake. Also, Fani strengthened to category-4 from category- 
 over the anticyclonic eddy. Gaube et al. (2019) docu- 
ented that the cyclonic (anticyclonic) eddies result in 
hoaling (deepening) of mixed layers by eddy upwelling 
downwelling). These subsurface changes induced by ed- 
ies can vary the TCHP and thereby affect the intensity 
f TC. Therefore, the subsurface ocean conditions during 
hailin and Fani were investigated further to determine the 
auses of the intensity modulation of Phailin and Fani over 
ddies. 

.4. Subsurface ocean conditions 

he energy required for a TC’s intensification is provided by 
he ocean from the surface up to a depth in the range of
00—200 m ( Lloyd & Veechi, 2011 ; Price, 1981 ; Shay et al.,
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Figure 5 Five-day average TCHP estimated from CMEMS data (a) during 04—08 October 2013, before the passage of Phailin, (b) 
during 10—14 October 2013, during the passage of Phailin, (c) during 24—28 April 2019, before the passage of Fani, and (d) during 
29 April—03 May 2019, during the passage of Fani. The black triangular-shaped markers represent the mooring deployed by NIOT. 
The red circle-shaped markers indicate the intensity of the cyclone on the Saffir-Simpson scale. 
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000 ). The TCHP quantifies the thermal energy available 
elow the ocean surface for the intensification of TC. TCs 
o not form in oceanic regions with SSTs less than 26 °C. 
ence, TCHP is estimated as the vertical integration of 
cean temperatures above 26 °C. Intensification of TC occurs 
n the regions of high TCHP ( Wang and Wu, 2018 ). NOAA’s 
urricane Centre has been using altimeter-derived TCHP 
ata for operational forecasts since 2004 ( Mainelli et al., 
008 ) and has reported that the forecasts are more accurate 
hen using TCHP than SST alone. The D26 and TCHP values 
or Phailin and Fani, estimated from CMEMS, are shown in 
igures 4 and 5 , respectively. 
The D26 isotherm can be considered as mid-thermocline 

epth, and the deepening (shoaling) of the D26 isotherm 

ndicates downwelling (upwelling). The D26 isotherm was 
hallow ( < 40 m) in the cyclonic eddy region before Phailin 
 Figure 4 a). When Phailin passed over the region of the cy- 
lonic eddy, the cooler thermocline water is entrained into 
he mixed layer, lowering the SST ( Figure 3 c) compared 
451 
o others . The shallow D26 also resulted in low TCHP val- 
es ( < 40 kJ cm 

−2 ) before Phailin in the cyclonic eddy re-
ions ( Figures 4 a and 5 a). In situ temperature profiles from
D10 mooring also revealed a shallow D26 ( ∼60 m) before 
he passage of Phailin cyclone ( Figure 6 a). The shallow D26 
sotherm resulted in low TCHP values and significant SST 
ooling during the passage of Phailin over the cyclonic eddy. 
he cool SST and low TCHP over the regions of the cyclonic 
ddy supported the dampening of Phailin’s intensity. How- 
ver, during Fani, the region of the anticyclonic eddy was 
haracterised by a deep D26 isotherm ( > 120 m) ( Figure 4 b)
hich indicates that the extension of the warmer tempera- 
ure approaches 26 °C up to 120 m depth, resulting in high 
CHP values of ∼140—180 kJ cm 

−2 ( Figure 5 b ) . Prior to
ani’s passage, a deep D26 isotherm (90 m) was observed 
n the BD11 mooring ( Figure 6 b). The deep D26 isotherm re-
ulted in high TCHP values and less cold wake over the anti- 
yclonic eddy. The weak SST cooling and high TCHP provided 
 conducive environment for the intensification of Fani. SST 
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Figure 6 Temporal evolution of the vertical profile of temperature based on hourly moored buoy observations at a) BD10 during 
Phailin (2013) and b) BD11 during Fani (2019). The black line indicates the depth of the D26 isotherm in metres. The black dashed 
vertical lines represent the cyclone period and the red dashed lines indicate the time period where the cyclones were closest to 
the mooring locations. 
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atterns modulated by the oceanic eddies due to subsurface 
emperature variations can change the enthalpy fluxes at 
he air-sea interface. As the enthalpy fluxes control TC in- 
ensity ( Emanuel, 1986 ; Emanuel et al., 2004 ; Riehl, 1954 ), 
he influence of the oceanic eddies on the enthalpy fluxes 
as further investigated. 

.5. LHF during Phailin and Fani 

ST modulates the enthalpy fluxes (LHF + SHF) at the air- 
ea interface. The moisture and thermal disequilibrium at 
he air-sea interface are controlled by SST response. Stud- 
es by Cione and Uhlhorn (2003) revealed that SST cooling 
f approximately 1 °C within the inner core of a TC could 
ffectively change the maximum total enthalpy flux by 40% 
452 
r more. Studies Ma et al. (2015) and Ma (2018) reported 
hat the LHF rather than SHF has a significant role in fu- 
lling storm intensification. The oceanic eddies modulated 
ST patterns during Phailin and Fani, which in turn could 
ead to variations in enthalpy fluxes. Hence, LHF and SHF 
ariation during the two TCs was analysed. In order to study 
he eddy-TC interaction, ERA5 LHF and SHF data were tem- 
orally filtered using a 3—10 day Lanczos band-pass filter. 
urthermore, a 2-D Gaussian high-pass filter with a cut-off
avelength of 600 km. The filtered LHF (LHF filt ) and SHF 
SHF filt ) on October 12, 2013 and May 02, 2019 during Phailin 
nd Fani were shown in Figures 7 a—d. These two days were 
elected since the cyclones were located over eddies. The 
HF filt and SHF filt showed positive values of ∼20—30 W m 

−2 

nd ∼3 W m 

−2 in the vicinity of the cyclone track located 
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Figure 7 Filtered-LHF (LHF filt ) on (a) October 12th, 2013 (Phailin); (b) May 02, 2019 (Fani). Filtered-SHF (SHF filt ) on (c) October 
12, 2013 (Phailin) and (d) May 2, 2019 (Fani). 
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ithin the cyclonic eddy on October 12th, 2013 ( Figures 7 a—
). The cold wake ( Figure 3 c) created due to the cyclonic 
ddy curtailed enthalpy fluxes and resulted in the weaken- 
ng of Phailin. However, during Fani, LHF filt showed negative 
alues ( ∼30 W m 

−2 ) in the vicinity of the cyclone track sit-
ated within the anticyclonic eddy ( Figure 7 b). The meagre 
ST cooling ( Figure 3 f) due to the presence of anticyclonic 
ddy enhanced the LHF, which supported the intensification 
f Fani. 

.6. Atmospheric parameters (VWS, MTRH and 

ivergence at 200 hPa) 

C intensities are greatly affected by VWS ( DeMaria and Ka- 
lan 1999 ; Fitzpatrick 1997 ; Hanley et al. 2001 ). The low 

WS between 950 and 200 hPa levels reduces the ‘venti- 
ation effect’ of latent heat released in the cumulonim- 
us clouds in the core region of the TC. For intensifica- 
ion, VWS values less than ∼10 m s −1 is conducive, with val- 
es between ∼2 and 4 m s −1 favouring rapid intensification 
453 
 Paterson et al., 2005 ). Hence, the role of VWS in modulat-
ng the intensity of Phailin and Fani is being investigated. 

The Central Pressure (CP) and Maximum Sustained Winds 
MSW) of Phailin and Fani, obtained from JTWC six-hourly 
rack data, are shown in the Figure 8 a and b respectively. 
Phailin was a category-5 TC with a CP and MSW of ∼922 

Pa and 140 knots on October 11, 2013 before encounter- 
ng the cyclonic eddy. The CP increased to 948 hPa and the 
SW decreased to 100 knots on October 12, 2013, equiva- 
ent to a category-4 TC, after encountering the cold-core 
ddy. The VWS along Phailin’s track is shown in Figure 8 e. 
he VWS values were less than 9 m s −1 , after October 10,
013, making them conducive for intensification. Also, the 
ntensity of Phailin was at its maximum (category-5) during 
his time. Phailin encountered the cold-core eddy on Oc- 
ober 11, 2013. Despite the fact that the VWS values were 
avourable for intensification (10 m s −1 ), Phailin weakened 
o a category-4 TC. Figure 8 c shows the SST cooling aver- 
ged over a 1 ° × 1 ° box centred on Phailin’s track. Signifi- 
ant SST cooling (3 °C) occurred in the vicinity of Phailin’s 



N. Kodunthirapully Narayanaswami and V. Ramasamy 

Figure 8 Central Pressure and Maximum Sustained Wind Speeds from JTWC track data (a) for Phailin and (b) for Fani. SST cooling 
averaged over a 1 ° × 1 ° box along the TC track (c) for Phailin and (d) for Fani. Vertical wind shear along the TC track (e) for Phailin 
(f) for Fani. The vertical red lines indicate the time of TC entering and leaving the eddy. 
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rack in the areas of the cold-core eddy ( Figures 3 c and 
 c). Strong cooling curtailed the supply of enthalpy fluxes 
 Figures 7 a and c) dampening the intensity of Phailin. 
Fani, on the other hand, was a Category 3 TC with a CP 

f ∼951 hPa and a MSW of ∼110 knots on May 01, 2019 
 Figure 8 b). The CP dropped to 917 hPa and the MSW in-
reased to ∼135 knots after encountering the warm-core 
ddy. The VWS was ∼8 m s −1 when Fani encountered the 
arm-core eddy and remained less than ∼8 m s −1 favouring 
ntensification ( Figure 8 f). Paterson et al. (2005) reported 
hat values of VWS in this range will result in an intensifi- 
ation of ∼3 hPa. However, Fani experienced an intensifi- 
ation of ∼34 hPa. This suggests that VWS has only a minor 
ffect on the intensification of Fani. The SST cooling aver- 
ged over a 1 ° × 1 ° box centred on the Fani’s track is shown 
454 
n Figure 8 d. Weak SST cooling in the regions of warm-core
ddy favoured the intensification of Fani ( Figures 3 f and 8 d).
he analysis of MTRH and divergence at 200 hPa during the 
re-cyclonic days of Phailin and Fani has shown that these 
arameters have no significant contribution to modulating 
he intensity (Supplementary Figure S1). 

. Conclusions 

he intensity modulation of TCs Phailin (2013) and Fani 
2019) in the BoB is analysed in this study. Both the cy- 
lones interacted with pre-existing mesoscale eddies before 
heir landfall. The mesoscale eddies modulated the inten- 
ity of the two TCs. Phailin weakened to a category-3 TC 
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rom a category-5 after encountering a cyclonic eddy. Con- 
rastingly, Fani transected over an anticyclonic eddy and 
ntensified. The surface and subsurface oceanic conditions 
n the BoB during the two TCs were analysed. The analy- 
is revealed a pre-existing cyclonic eddy (SLA < 25 cm) be- 
ore the passage of Phailin. However, an anticyclonic eddy 
as present before the passage of Fani. Before Phailin, the 
ST in the BoB was 29.5 °C. However, SST was much higher 
 > 31 °C) in the BoB before the onset of Fani. During Phailin,
ST cooling in the BoB was minimal (1 °C), with significant 
ST cooling ( > 2 °C) restricted to cyclonic eddy regions. Dur- 
ng Fani, significant SST cooling ( > 1 °C) occurred south of 
6 °N. In contrast, the SST cooled very little (0.75 °C) in the 
nticyclonic eddy regions. 
The D26 isotherm and TCHP in the BoB during two TC pe- 

iods were analysed to characterise the subsurface oceanic 
onditions. The D26 isotherm was observed to be shallower 
n the regions of cyclonic eddy compared to other regions 
n the BoB before the passage of Phailin. The TCHP values 
ere also lower in the regions bounded by the cyclonic eddy 
ue to shallow D26. Hence, significant SST cooling occurred 
n the regions confined by cyclonic eddy during the passage 
f Phailin, which favoured the weakening of Phailin. How- 
ver, before Fani, the subsurface oceanic conditions in the 
egions of anticyclonic eddies were characterised by deep 
26, which resulted in high TCHP. Hence, a weak SST cool- 
ng occurred in these regions during the passage of Fani. The 
eak SST cooling provided a conducive environment for the 
ntensification of Fani over the anticyclonic eddy. 

The enthalpy fluxes, especially LHF, play a significant role 
n controlling the TC intensity. Hence, LHF and SHF varia- 
ions during the passage of two TCs over eddies were anal- 
sed. The LHF and SHF decreased by ∼20—30 W m 

−2 and 
3 W m 

−2 respectively, in the region of the cyclonic eddy 
uring Phailin on October 12, 2013. The analysis of VWS has 
hown that even though the shear was favourable for the 
ntensification of Phailin, the strong SST cooling due to the 
yclonic eddy curtailed the supply of enthalpy fluxes (es- 
ecially LHF) and favoured the weakening of Phailin. Con- 
rastingly, in the case of Fani, the weak SST cooling in the 
egions of anticyclonic eddy enhanced LHF supply from the 
cean and favoured intensification. The estimates of VWS 
ave shown that it played a minor role in Fani’s intensifica- 
ion. The case study of the two TCs in the BoB has shown 
hat the mesoscale oceanic eddies can modulate the inten- 
ity of TC. Hence, a thorough understanding of mesoscale 
ddies is vital for improving the accuracy of the TC inten- 
ity forecast. 
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