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Abstract

The role of ocean—atmosphere interaction in modulating the track and intensity of two cyclonic storms, Nisarga and Nanauk,
which originated from almost similar locations in June in the Arabian Sea with completely different tracks, is investigated in
this study. Sea surface temperature (SST), steering flow, relative vorticity, latent heat flux (LHF), specific humidity, vertical
wind shear (VWS), outgoing longwave radiation (OLR), convective available potential energy (CAPE), and Madden—Julian
oscillation (MJO) phases are analyzed to elucidate the causes of contrasting characteristics of these two cyclones. During the
progression and intensification of the storm Nanauk, SST decreased drastically (magnitude of ~4 °C), while VWS anomaly
is found to be increased (~8 ms™!), followed by entrainment of dry air leading to a decrease in upward LHF anomaly (~ 3.5
to 4 J m~2) hindering further moisture supply. Moreover, just before the storm initiation, the CAPE anomaly was around —
800 to — 1000 J kg™! and the MJO condition was also unfavorable for the continuous intensification of the cyclone. All these
factors contributed to the quick dissipation of cyclone Nanauk. However, high SST (~31 °C) along with other favorable
atmospheric conditions contrary to cyclone Nanauk provided a conducive environment for Nisarga to intensify and prevail.
A high-pressure anticyclonic circulation at the eastern side of Nisarga over Indian land dragged the storm north-eastwards
across the Maharashtra coast. The convective phase of MJO (magnitude > 1) along with the strong lower tropospheric westerly

wind at the west side of the convective system also helped cyclone Nisarga to propagate eastward.

1 Introduction

Tropical cyclones (TCs) are associated with strong wind,
storm surges, and flooding, that give rise to significant dam-
age to property and infrastructure along with a large number
of casualties (Charney and Eliassen 1964; Rappaport 2000;
Webster 2008). Globally, the intensity of TCs has increased
in the last decades (Collins et al. 2019; Kossin et al. 2020)
by around 5% per decade since 1979. Though the bi-modal
frequency (McBride 1995) of North Indian Ocean cyclones
contributes only 6% of the total global tropical cyclones
(Singh et al. 2020a), the socio-economic impact of a cyclone
is considerably huge in India, due to the dense population
along the coastal regions (Beal et al. 2020; Deo 2011;
Dube et al. 2009; Needham 2015). Though, relatively cold
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waters in the Arabian Sea contribute only 2% of the annual
global frequency of cyclones (Knapp et al. 2010), in the
present scenario, rapid warming of the Arabian Sea (Roxy
et al. 2019) can result in the formation of more frequent
and intense TCs (Mohapatra et al. 2015; Murakami et al.
2017; Sobel et al. 2016) that can cause severe damage to life
and property. Hence, understanding the characteristics and
identifying factors modulating such cyclones is crucial for
advanced prediction of such cyclones using dynamical mod-
els. Despite recent improvements in the forecasting of such
natural disasters, rapid intensification and unusual tracks of
tropical cyclones make forecasting a challenging affair add-
ing risks to coastal communities (Emanuel 2017). Generally,
model performance is comparatively better in track predic-
tion than intensity prediction, which is still challenging for
modeling communities (DeMaria et al. 2014; Mohapatra
et al. 2013a, b, 2017, 2018).

Heat transfer from the surface of the ocean through
evaporative cooling by winds act as the major driving
force while tropical cyclone passes through the ocean.
In addition, atmospheric dynamical and thermodynami-
cal properties play an important role in the genesis,
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intensification, and propagation of the tropical cyclone.
Usually, in the summer monsoon season in India, vertical
wind shear increases, which suppresses cyclone formation
in the north Indian Ocean (Li et al. 2013; Xing and Huang
2013; Yanase et al. 2012). The intensity and track of the
tropical cyclone are mainly controlled by dynamical forc-
ing, environmental conditions, and their interactions with
the ocean (Wang and Wu 2004).

Dry mid-troposphere (Emanuel et al. 2004) or vortex
tilting (DeMaria 1996) can suppress TC intensification by
decreasing convective buoyancy. Many studies on tropical
cyclogenesis were conducted to understand the mechanism
by which the cumulus convection organizes to develop a
large-scale cyclonic vortex (Braun et al. 2013; Komaromi
2013; Zawislak 2013). Low-level vortex intensification
increases convective activity in tropical mesoscale systems
(Zehr 1992) and the convective updrafts and mesoscale
vortices together can form strong cyclonic vorticity (Ena-
gonio and Montgomery 2001). Cyclone generally draws
energy from the ocean (Emanuel 1986), hence increasing
enthalpy flux in the air-sea interface can increase TCs
intensification (Emanuel 1999). Higher SST can increase
the duration and intensity of cyclones (Emanuel 2000;
Klotzbach 2006; Singh et al. 2020b; Wing et al. 2007).
Studies showed that mean track and intensity estimation
errors can be reduced with the incorporation of SST in
the forecast model (Bongirwar et al. 2011; Mohanty et al.
2019). Previous studies have suggested that the track of
tropical cyclones is a function of the deep-layer wind
field, i.e., steering flow, (George and Gray 1976; Neumann
1992). The active phase of an eastward-propagating band
of intra-seasonal variations (Madden and Julian 1971)
called Madden—Julian Oscillation (MJO) also significantly
affects the genesis as well as the intensification of tropi-
cal cyclones (Klotzbach 2014; Krishnamohan et al. 2012;
Maloney and Hartmann 2001).

The above discussion shows that large-scale environmen-
tal flow plays a crucial role in the modulation of cyclonic
storms. Understanding the role of ocean—atmosphere inter-
action and ocean subsurface conditions in regulating the
track and intensity of the tropical cyclone is important to
understand how these processes are represented in models
which in turn is crucial for further improvement in such
models. To be specific, the objective of this study is to inves-
tigate the role of ocean—atmosphere interaction in contrast-
ing characteristics of two tropical cyclones, that originated
in almost the same location over the Arabian Sea during the
month of June. To meet this objective, we have selected two
cyclones formed in the Arabian Sea such as Nisarga and
Nanauk which had contrasting natures in terms of intensity
and track. The remaining portion of the study is structured
as follows. An overview of two tropical cyclones selected for
the study is presented in Sect. 2. Section 3 gives data used
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in the study and the methodology adopted. Major results are
discussed in Sect. 4 followed by our conclusions.

2 Overview of cyclones Nisarga and Nanauk

A depression occurred on 1 June 2020 over the Arabian
Sea basin just before the onset of the Indian summer mon-
soon and gradually intensified into severe cyclone Nisarga.
Cyclone Nisarga is the most severe tropical cyclone since
1891 that strike the Maharashtra coast in the month of June,
which makes Nisarga a special case to comprehend its
characteristics. The complete track of the tropical cyclone
Nisarga from the India Meteorological Department (IMD)
is shown in Fig. la. A well-marked low pressure developed
as a depression over the southeast Arabian Sea area on 31
May 2020 at 00 UTC on 1 June 2020 near 13.0° N and 71.4°
E (http://www.rsmcnewdelhi.imd.gov.in). This depression
further intensified into a deep depression during the next
24 h and further intensified as a cyclonic storm in another
12 h with a surface wind speed of 65 kmph. Cyclonic storm
Nisarga then moved northward till 2 June 2020 morning.
On 3 June 2020 at 00 UTC Nisarga intensified as a severe
cyclonic storm with a wind speed of 92.6 kmph, and moved
north-eastwards while crossing the Maharashtra coast close
to the south of Alibag near 18.35° N and 72.95° E with
a maximum wind speed of 111.12 kmph during 07 UTC
to 09 UTC on 3 June 2020. Severe cyclonic storm Nisarga
with a wind speed of 101 kmph weakened into cyclonic
storm (74 kmph) and centered at 12 UTC on 3 June 2020,
over interior Maharashtra, near 19.0° N and 73.7° E, 90 km
east of Mumbai and 50 km north-north-west of Pune. The
cyclonic storm then further weekend to a deep depression
at 15 UTC on 3 June 2020 and then as a depression at 00
UTC on 4 June 2020, near 20.5° N and 76.0° E, over west-
ern parts of Vidarbha with 37 kmph surface wind speed.
Figure 1c shows the surface wind speed (kmph) of cyclone
Nisarga from 2 to 4 June 2020. A gradual decrease in surface
pressure anomaly is associated with storm intensification
(Fig. 2a—f). Starting on 30 May 2020, the surface pressure
at the storm center started decreasing to a minimum on 3
June 2020. A well-marked anticyclonic high-pressure area
was visible in the eastern India region. As the storm entered
the land, the pressure increases and merged with the well-
defined high-pressure area in the eastern part of peninsular
India. A low-intensity precipitation (Fig. S1a) is observed
in the pre-cyclonic period of Nisarga over the southeast-
ern coast of the Arabian Sea. During the formation stage
of TCs, precipitation, which is one of the major outcomes
of convection associated with tropical cyclones (Groisman
et al. 2004; Shephard et al. 2007), occurs generally due to
low-intensity convection. As the storm intensified (Fig. S1b)
and propagated north-eastward, the precipitation intensity
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Fig.1 Observed track from IMD for the cyclone Nisarga (a; Source:
https://rsmcnewdelhi.imd.gov.in/uploads/report/26/26_{84c76_nisar
ga.pdf) and cyclone Nanauk (b; source:https://rsmcnewdelhi.imd.gov.

increased and moved northward along the coast, following
the track of the storm. A band of heavy rainfall surrounding
the storm center known as the eyewall was also clearly vis-
ible (Fig. S1b). After passing the storm, the total surface pre-
cipitation anomaly was negative (Fig. S1c) spreading over a
large part of the eastern Arabian sea. Various environmental
factors (Rogers et al. 2003) can affect the precipitation struc-
ture and the precipitation structures associated with TCs are
very complex and it varies from one case to another (Burpee
and Black 1989).

Another cyclone event selected was cyclonic storm
Nanauk which also originated from a similar region in the
Arabian Sea like cyclone Nisarga, on 10 June 2014, and
moved north-westwards in the Arabian Sea and depleted
(Fig. 1b). In the case of cyclone Nanauk, a low-pressure

W™ ™ o™ ™y

in/uploads/report/26/26_c4b664_NANAUK.pdf); (¢) change in sur-
face wind speed (kmph) of cyclone Nisarga from 1 to 4 June 2020
and (d) cyclone Nanauk from 10 to 13 June 2014

area formed on 9 June morning, 2014 over the east-central
Arabian Sea, and with the impact of the active southwest
monsoon surge (Fig. 2g-1), it intensified into depression
in the afternoon of 10 June 2014 with a wind speed of
55.5 kmph (Fig. 1d). While progressing north-west wards,
the depression intensified and became a cyclonic storm
(CS) with an increased wind speed of ~65 kmph to ~ 83
kmph in the early morning of 11 June 2014. The storm
was sustained as a cyclonic storm with a prevailing wind
speed of ~ 83 kmph till 13 June morning. The CS over the
west-central Arabian Sea weakened in the afternoon of 13
June 2014 into a deep depression (~55.5 kmph), and into a
depression thereafter in the evening (~ 46 kmph) (Fig. 1d).
The depression then weakened into a well-marked low-
pressure area the next day morning over the same region.
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Fig.2 Surface pressure anomaly (hPa); for cyclone Nisarga from 30 May to 4 June 2020 (a—f) and for cyclone Nanauk from 9 to 14 June 2014

(gD

Though some scattered rainfall is observed in the case of
Nanauk, at the nearby area in the pre-cyclonic period (Fig.
S1d), the precipitation intensity increased as the storm
intensifies into a cyclone (Fig. Sle). After the passage of
the storm, a negative precipitation anomaly is observed

throughout the eastern Arabian Sea.
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3 Data and methodology

This study used cyclone track and surface wind infor-
mation, obtained from India Meteorological Depart-
ment (IMD) Regional Specialised Meteorological Cen-
tre (RSMC) best track data. Daily SST data are obtained
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from the Optimum Interpolation Sea Surface Temperature
(OISST) data set, with 0.25° spatial resolution (Reynolds
et al. 2007). Surface pressure, relative vorticity at 850 hPa,
total surface precipitation, specific humidity averaged
over 850 hPa to 550 hPa, Convective Available Potential
Energy (CAPE), Outgoing Longwave Radiation (OLR)
data, and zonal and meridional wind data are obtained
from the ERAS, fifth-generation ECMWF reanalysis data-
set. ERAS data with 0.25° spatial resolution (Dee et al.
2011) are used in the present study. The vertical wind
shear which is the difference between wind vectors at two
different levels is calculated by taking the vector differ-
ence between 250 and 850 hPa. Environmental steering
flow is calculated by taking the wind vector average of the
layer from 850 to 300 hPa. Daily anomalies are calculated
for all atmospheric parameters and SST with respect to
the daily climatology. Anomalies of each parameter are
calculated by taking daily data for the period 1979-2020
and 1979-2014 for Nisarga and Nanauk, respectively. This
daily data have been averaged at each grid point for the
entire period and then the difference between the actual
data and the long-term mean for a particular day gives the
daily anomaly. To enhance the understanding of the vari-
ability of each atmospheric and oceanic parameter, analy-
sis has been performed for 7 days prior (25-31 May 2020
for Nisarga and 3-9 June 2014 for Nanauk), post (4-10
June 2020 for Nisarga and 14-20 June 2014 for Nanauk)
and during (1-4 June 2020 for Nisarga and 10—14 June
2014 for Nanauk) the cyclone named as pre-cyclonic, post-
cyclonic and cyclonic period, respectively, in rest of the
discussion. Real-time multivariate MJO (RMM) index data
are collected from the Australian Bureau of Meteorology
in this study. RMM index data are used to understand the
phase and amplitude of MJO as it plays an important role
in the genesis and progression of the cyclone. The eight
phases of RMM indicate different regions where active and
suppressed convection associated with the MJO occurs.
The major advantage of the RMM index is its real-time
operational use as it does not need any time filtering.
Wheeler and Hendon (2004) derived the RMM index to
track the dynamical and convective signal of the MJO.
RMM is obtained from the first two empirical orthogonal
functions (EOFs) components (RMM1, RMM?2) derived
from the daily OLR anomalies and zonal winds at 850 hPa
and 200 hPa averaged over 15° S to 15° N (Wheeler and
Hendon 2004). RMM index moves anti-clockwise and
when the MJO moves from west to east outside (inside)
the center circle of the phase diagram, it is considered as
strong (weak).

4 Results

There are several atmospheric and oceanic conditions that
directly or indirectly control the genesis, intensification,
and track of tropical cyclones (Chen et al. 2015; Gray
1979; Wang et al. 2004). The role of SST, environmental
steering, relative vorticity, surface latent heat flux, specific
humidity, relative vorticity, vertical wind shear, OLR, and
CAPE along with MJO in the genesis, propagation, and
intensification of two contrasting tropical cyclones over
the Arabian Sea has been analyzed and results are pre-
sented below.

4.1 Seasurface temperature and environmental
steering

SST anomaly is shown (Fig. 3) for the pre, post, and during
the cyclonic period for both storms. High SST anomaly,
about 1.2-1.4 °C around the genesis center over the north-
eastern part of the Arabian Sea is observed in the pre-
cyclonic period for Nisarga (Fig. 3a) and Nanauk (Fig. 3d).
This high value of SST provides a favorable environment
and acts as the primary energy source for cyclogenesis and
helps in the storm intensification (Chowdhury et al. 2020;
Roxy et al. 2015, 2019; Sanap et al. 2020; Singh et al.
2020b). An earlier study (Sebastian and Behera 2015)
over the Arabian Sea showed a high correlation (~0.73)
between SST and the power dissipation index, the latter is
an aggregate of storm intensity, frequency, duration, and
provides a measure of total storm power (Emanuel 2005,
2007) and is proportional to the intensity of the cyclonic
storm. In the pre-cyclonic period, both the storms show
high SST anomaly (Fig. 3a, d) over the Arabian Sea. Com-
paratively higher anomaly is seen for the case of Nanauk,
which can be due to various plausible reasons. Strong
monsoonal winds force intense coastal and open-ocean
upwelling in the Arabian Sea, and modulate evaporation
and moisture transport towards India (Izumo et al. 2008),
leaving a comparatively low SST near the west coast of
the Arabian Sea. Further, E1 Nino-Southern Oscillation
(ENSO) and Indian Ocean Dipole (IOD) events play a cru-
cial role in modulating the temperature over the western
Indian Ocean (Chowdary and Gnanaseelan 2007). Correla-
tion between the eastern Pacific and global summer mean
SST anomalies depicts a significant (99%) positive corre-
lation (r=0.6) over the Western Indian Ocean (Roxy et al.
2014), which indicates that ENSO dominates the western
tropical Indian Ocean variability through atmospheric
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Fig.3 SST anomaly (°C, color 30N
contour) and Steering flows ]
(black arrows) for Nisarga
during (a) pre-cyclonic, (b)
cyclonic, and (¢) post-cyclonic
period and for Nanauk during
(d) pre-cyclonic, (e) cyclonic,
and (f) post-cyclonic period

30N
20N ]

10N ]

30N

20N

10N

10N -

N T

% sST_Post [

30N

20N

10N

50E 60E 70E 80E 90E 50E 60E 70E 80E 90E
RS | [ [ (S RS | [ [ [
15 1 05 0 0.5 1 1.5 15 -1 05 0 05 1 1.5

teleconnections. Rhein et al. (2014) showed that 90% of
the heat resulting from global warming during the last
four decades has accumulated in the oceans. The periodic
occurrence of El Nifio events out of this heat causes a
partial transfer of heat to the Indian Ocean via a modified
Walker circulation and is reflected in the warming trend
over the region. The tropical Indian Ocean basin-wide
warming occurred in 2020, following an extremely posi-
tive IOD event, however, 2014 was a negative 10D year
(Figure not shown). A weak to moderate El Nino event
occurs in 2014-2015, whereas 2020-2021 was a moder-
ate La Nina year (figure not shown). Both these IOD and
ENSO controlled the variation of ocean temperature in the
Arabian Sea during the cyclone formation stage. The com-
bined effect of these factors could be the possible reason
for stronger SST anomaly in the west Arabian Sea during
the pre-condition of the Nanauk cyclone. SST anomaly
during the cyclonic period showed (Fig. 3b, e¢) reduced
SST and also negative SST anomaly near both the storm
center. Because of ocean mixing by wind-driven upwelling
(Jacob et al. 2000; Price 2009), SST typically drops during
the passage of TC. This SST further decreases (Fig. 3¢ for
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Nisarga; Fig. 3f for Nanauk) with the propagation of the
storm in the post-cyclonic period. Lower SST limits the
supply of ocean heat flux into TC, which hinders further
intensification of the storm (Black et al. 2007; Lin et al.
2008). Bongirwar et al. (2011) showed that instead of SST,
horizontal SST gradient acts as the more crucial driving
force for the intensification and movement of tropical
cyclones over the Indian Ocean. Figure S2 shows the SST
gradient for the pre, during, and post-cyclonic periods over
the Arabian Sea for both cyclonic storms, which further
supports our results of SST. Moreover, the SST anomaly
(Fig. S3) and actual SST (Fig. S4) have been plotted for
six consecutive days for Nisarga (May 31 to June 4, 2020)
and Nanauk (9-14 June 2014), respectively. It is clearly
seen in Fig. S2 that the SST gradient was more uniform
for the case of Nisarga compared to Nanauk, which may
be due to positive IOD during the year 2020. As both the
storm continue to intensify, the SST decreased drastically
for Nanauk which suppressed the storm from further inten-
sification, whereas for Nisarga, the SST magnitude was
high enough to fuel more energy to the storm.
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In addition, environmental steering flow (black arrows in
Fig. 3), which helps in the movement of tropical cyclones,
can be described as the synoptic-scale flow surrounding the
cyclone. The pressure level at which the speed and direc-
tion of the surrounding winds best correlate with those of
the cyclone is called the steering level. George and Gray
(1976) suggested that TC track is a function of deep-layer
wind field. They averaged winds between 1 and 7° radius
and found that the winds at 500 hPa and 700 hPa have the
strongest correlation with the direction of cyclone movement
and speed of cyclone, respectively. Though different studies
describe the environmental steering flow differently (Dong
and Neumann 1986; George and Gray 1976; Velden and
Leslie 1991), mostly it is considered as the wind averaged
through two or more atmospheric levels. Optimum steer-
ing flow can be obtained by varying the vertical depth of
the steering layer and radius which can successfully explain
the track of the storm (Galarneau and Davis 2013). In this
study, wind is averaged from 850 to 300 hPa level, to calcu-
late environmental steering flow. In Fig. 3, anti-clockwise
environmental steering (black arrows) shows the wind flow
pattern for the mid-tropospheric mean layer for both the
storms at pre-cyclonic, cyclonic, and post-cyclonic peri-
ods. Less prominent circulation patterns were visible dur-
ing the pre-cyclonic period for Nisarga (Fig. 3a) and for
Nanauk (Fig. 3d). This anti-clockwise wind pattern further
becomes more prominent during the cyclonic period (3b for
Nisarga and 3e for Nanauk) at the storm center near the
north-eastern Arabian Sea. The anti-clockwise circulation
faded away in the post-cyclonic period for both Nisarga
(Fig. 3c) and Nanauk (Fig. 3f). No significant difference
in the environmental steering flow strength is found for the
two cyclonic storms in this study. As the wind speed and
direction is often determined by the interaction of large-scale
features, the motion, and structure of tropical cyclone are not
only controlled by steering flow but also by nearby synoptic
features (Carr and Elsberry 2000; Wu et al. 2004). In addi-
tion, latent heat release associated with cyclonic convection
can play an important role in cyclonic motion by modifying
the ambient environment (Anwender et al. 2008; Harr et al.
2008; Henderson et al. 1999). Divergent outflow from the
convection can also distort the potential vorticity via advec-
tion (Archambault et al. 2013), which further leads to change
in the upper tropospheric wind and hence the steering flow
(Bassill 2014; Torn et al. 2015).

4.2 Latent heat flux

Various theoretical, observational, and model-based studies
showed that LHF at the air—sea interface acts as the pri-
mary energy source and provides the fuel to TC genesis and
development (Bao et al. 2000; Emanuel 1986; Gao et al.
2017; Jaimes et al. 2015; Ooyama 1969; Wu et al. 2005;

Zhang et al. 2018). Negative LHF in Fig. 4 near the north-
eastern Arabian Sea for Nisarga (a—f) and Nanauk (g-1),
signifies strong evaporation from the ocean surface towards
the atmosphere during the time of storm intensification.
This negative LHF fueled both storms to intensify further.
Wind-induced surface heat exchange (WISHE) mechanism
(Emanuel 1986; 1989; 1997) pointed out the important role
of sea surface heat fluxes during TC intensification. Mont-
gomery et al. (2009, 2015) examined the WISHE mechanism
by artificially suppressing the feedback between the surface
heat fluxes and the surface wind speed. This study revealed
that a storm with suppressed heat fluxes would eventually
reach a weaker steady-state intensity. Thus, as the upward
LHF for the storm Nanauk (Fig. 4g—1) started decreasing
from 12 June 2014 onwards, it hinders further moisture
supply and resulted in the storm dissipation. The surface
wind speed and the heat fluxes simultaneously increase dur-
ing the rapid intensification phase (Miyamoto and Takemi
2013), suggesting that the WISHE mechanism plays a cru-
cial role in the rapid intensification of the storm. For the
case of Nisarga (Fig. 4a—f), starting from 1 to 3 June 2020
the upward negative flux continuously sourced energy to the
storm, which helped the storm to further intensify. As the
TC moved towards the land in the post-cyclonic period, the
LHF magnitude decreased over the ocean but increased over
land following the TC track.

4.3 Specifichumidity

Theoretical as well as modeling studies established that an
ample amount of atmospheric moisture (Emanuel et al. 2004;
Kimball 2006), especially high mid-tropospheric humid-
ity acts as a crucial factor for the genesis, intensification,
and development of maximum intensity of cyclonic storms
(Gray 1979; Hendricks et al. 2010; Li et al. 2012; Shu et al.
2012; Wu et al. 2012). However, the intrusion of dry air can
lower or suppress TC intensification (Emanuel 1989). Spe-
cific humidity anomaly averaged over 850 hPa to 550 hPa is
analyzed in this study to understand the role of moisture in
tropical cyclonic storms. In the case of Nisarga, it is clear
that (Fig. 5a—c) environmental moisture content increased
from the pre-cyclonic period to the cyclonic period, which
intensified the cyclone, and helped the storm to further
propagate. After the passage of the cyclone, atmospheric
moisture decreased over the eastern Arabian Sea. Humidity
increased from pre-cyclonic to cyclonic stages in the case of
Nanauk (Fig. 5d—f) also. Positive specific humidity anom-
aly averaged from 850 to 550 hPa showed that the atmos-
pheric moisture supply from low to mid-level was ample
for Nanauk similar to Nisarga, which helps to supply the
moisture content to the storm. As we know, surface latent
heat flux is directly proportional to specific humidity (Cronin
et al. 2019) which can be denoted by Eq. 1:
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O = pL,{Wq)

ey

where Q,,, denotes latent heat flux, p is the air density, L,
is the latent heat of evaporation, w is vertical velocity, g
is specific humidity, and the brackets denote the temporal
average. The results in this study also affirm the direct rela-
tionship between LHF and specific humidity variation for
both cyclonic storms. As the LHF increases (more negative

@ Springer

anomaly), evaporation increases from the ocean surface to
the atmosphere which supply the moisture to the storms
through increasing atmospheric humidity.

4.4 Relative vorticity

Vorticity is the tendency for elements of the fluid to spin,
which can be denoted by Eq. 2:
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where { denotes relative vorticity, f is the Coriolis parame-
ter, p is pressure, p is the atmospheric density, u, v, and w are
the components of wind velocity. In the vorticity equation

(Eq. 2), the first term on the right-hand side (RHS) denotes
advection, the second term contributes to tilting and the
third term is the solenoid term. Hence, it is clear from the
equation (Eq. 2) that relative vorticity (RV) not only plays a
crucial role in the spinning of tropical cyclones but can also
control the path or the track of cyclones through the tilt-
ing term. In this study, relative vorticity (10 s~') anomaly
at 850 hPa for Nisarga in pre-cyclonic (Fig. 6a), cyclonic
(Fig. 6b), and post-cyclonic (Fig. 6¢) periods showed large
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low-level positive anomaly during the cyclonic period which
gradually increased from the pre-cyclonic period and finally
decreased as a negative anomaly during the post-cyclonic
stage. For the cyclonic storm Nisarga, a similar situation
resulted in increased low-level cyclonic vorticity, which fur-
ther led to the propagation and intensification of the storm
eastward. Weak positive relative vorticity anomaly resulted
in a controlled movement and track of the tropical cyclone
Nanauk (Fig. 6d—f).

4.5 Vertical wind shear

Figure 7a—f shows low vertical wind shear (VWS) through
the Nisarga cyclonic track with the minimum at the storm
center. Low vertical wind shear along with other atmos-
pheric and oceanic parameters helped the storm Nisarga to
develop gradually from deep depression to severe cyclone.
However, before the intensification of Nanauk, the VWS
anomaly was low (Fig. 7g-1). VWS anomaly increased
gradually from pre-cyclonic stages to cyclonic stages, which
became positive from 11 June 2014 onwards. Large vertical
wind shear is responsible for the hindrance of the genesis

@ Springer
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of TC and also weakens the storm (Paterson et al. 2005;
Wang et al. 2015; Zeng et al. 2007, 2008, 2010), hence, it
has to be within the threshold value for a TC intensification
(Gallina and Velden 2002; Ritchie 2002; Zehr 1992). VWS
ventilates the inner portion of the storm, which advects away
heat and moisture from the storm center and inhibits the
storm development (Gray 1968). These prevailing conditions
caused faster dissipation of cyclone Nanauk.

4.6 Convective available potential energy

In the case of the Nisarga cyclone (Fig. 8a—f), from 29 to 31
May 2020 during the intensification stage, the magnitude of
CAPE showed a high value (> 1000 J kg™!) over the region
of the eastern Arabian Sea. It is a known fact that before
the intensification of the cyclone, CAPE increases (Lee and
Frisius 2018; Montgomery and Smith 2014; Schecter 2011;
Sang et al. 2008), which acts as the source of energy for con-
vection, which further affects the release of latent heat and
strengthens the developing storm. For the Nisarga cyclone,
CAPE was conducive for the intensification of the storm
with high SST anomalies, large specific humidity, increased
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relative vorticity, and large latent heating flux. A combina-
tion of these factors along with increased CAPE over the
region, helped the atmosphere to be more thermodynami-
cally unstable. These thermodynamic conditions over the
eastern Arabian Sea helped the system to undergo rapid
intensification. Studies also showed that (Lee and Frisius

2018) both the initial amount of CAPE as well as the CAPE
that is generated at the time of storm intensification have
an impact on the storm. This was not prominent in the case
of Nanauk (Fig. 8g-1), where the weak anomaly of CAPE
did not provide enough strength for the storm to further
intensify.
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4.7 Outgoing longwave radiation

Often OLR acts as a proxy for convection. A convectively
active (suppressed) region with a higher cloud emits less
amount of radiation into space which is indicated by a nega-
tive (positive) value of OLR. OLR anomaly for CS Nisarga
in pre-cyclonic, cyclonic, and post-cyclonic periods (Fig. 9)

@ Springer

is analyzed in this study. A clear difference is observed
between pre-cyclonic (Fig. 9a) and post-cyclonic (Fig. 9c)
storms with negative and positive OLR values, respectively,
over the eastern Arabian Sea, whereas during the active
storm period (Fig. 9b), the strong convective activity is
depicted by a much higher negative OLR value. More con-
vective activity in the eastern Arabian Sea implies higher
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cloud tops. Higher cloud tops are colder which emits less
radiation into space. Negative OLR anomaly helps in con-
vection and the storm to intensify into CS, but for Nanauk,
as the storm progressed from the pre-cyclonic to the cyclonic
and post-cyclonic period (Fig. 9d—f), with time the OLR
showed positive anomaly throughout the cyclonic track.
Hence, though in the pre-cyclonic period, negative OLR
depicted increased convection, which helped the storm to
intensify into a cyclonic storm, negative anomaly afterward
weakened the convection which resulted in the dissipation
of the storm drastically.

4.8 Role of MJO

MIJO is an eastward-moving band of convection in the
tropics. MJO plays an important role in the genesis and
propagation of cyclones (Krishnamohan et al. 2012). MJO
provides favorable atmospheric conditions to TCs (Klotz-
bach 2014). In the convective phase of MJO, the equatorial
lower tropospheric westerly wind gets stronger at the west
side of the convection which provides a favorable envi-
ronment for tropical cyclones propagation by increasing

cyclonic vorticity (Rui and Wang 1990). Regions through
the MJO passes typically show enhanced convective activ-
ity. In Fig. 10a, the MJO phase diagram is plotted starting
from 10 May to 15 June 2020. The green line shows the
MJO index for the month of May, and the red is for the
month of June. The axes denote 1 to 8 different phases
along with the magnitude (— 4 to 4) of MJO. A magnitude
more than 1 is considered as MJO associated with stronger
convection. As we can see from Fig. 10a, starting from 30
May the MJO is propagating from the African landmass
towards the Western Indian Ocean. This MJO condition
provides a background for enhanced convective activity in
the western Arabian Sea and a favorable environment for
intensifying storm activity. In addition, the strong lower
tropospheric westerly wind which is associated with the
MIJO at the west side of the storm, helped it in eastward
propagation. Thus, MJO played an important role in
the intensification and growth of the storm Nisarga. In
Fig. 10b, the propagation of MJO from 1 to 20 June 2014
is shown by the green line for the cyclonic storm Nanauk.
Starting from 1 June, the MJO was propagating through
the central Indian Ocean to the east Indian Ocean, with a
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Fig. 10 MJO phase diagram from 10 May (green) to 15 June (red), 2020 for Nisarga (a) and from 1 to 20 June 2014 for Nanauk (b)

very low magnitude. This MJO environment was unable to
contribute to the intensification of cyclone Nanauk. Hence,
the position, as well as the magnitude of MJO convection,
played a crucial role in the diverse characteristics of these
two comparable cyclonic storms.

5 Discussion and conclusion

Momentum and moisture transfer between the ocean sur-
face and atmosphere is the major driving force for tropi-
cal cyclones while passing through the ocean. This study
aimed to analyze the role of air—sea interaction on the gen-
esis, development, and propagation of two tropical cyclones
to understand the underlying causes resulting in different
characteristics of them. Nisarga, the first ever tropical severe
cyclone over the Arabian Sea since 1891 in the month of
June hit the Maharashtra coast, and Nanauk, a cyclonic
storm moved northwestward in the Arabian Sea. Even
though both originated from an almost similar location in
the Arabian Sea, their characteristics were entirely differ-
ent. Not only the intensity, but their track of movement also
differed from each other. The change in surface wind speed
in Nisarga showed that it gradually increased for a period
of ~30 h and then slowly decreased, whereas for Nanauk,
the change in surface wind speed showed that it increased
only for~ 12 h then suddenly decreased and became static
for almost 24 h before decaying. Though the SST anomaly
was high before the intensification for both the CSs, the LHF
which helps in exchanging energy from ocean to atmosphere
decreased drastically for Nanauk which resulted in making
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the cyclone static and suddenly decay. However, in the
case of Nisarga, the pre-cyclonic LHF anomaly, which was
slightly positive, increased drastically during the cyclonic
period. This fueled Nisarga cyclonic storm to intensify into
a severe cyclonic storm and helped in its further develop-
ment. Moreover, favorable MJO conditions provided condu-
cive background winds that helped to improve the growth
of Nisarga. Analysis of various atmospheric and oceanic
parameters in the pre-cyclonic, cyclonic, and post-cyclonic
periods also indicated favorable conditions for the genesis
and intensification of Nisarga over the eastern Arabian
Sea. Anomalously warm SST anomaly of about 1.2-1.4 °C
around the genesis center and high CAPE (> 1000 J kg™") in
the pre-cyclonic period fueled the Nisarga storm, enhanc-
ing convective activity over the region. In addition, the low
vertical wind shear provided a favorable environment for
the genesis of the storm. Further, cyclonic storm Nisarga
intensified rapidly to a severe cyclonic storm on 3rd June
2020 due to favorable thermodynamic conditions in the
southeast Arabian Sea. An increase in relative vorticity at
low-level, mid-tropospheric humidity, and latent heat flux
during the cyclonic period along with low vertical wind
shear helped the storm to prevail and intensify into a severe
cyclonic storm. A high-pressure anticyclonic circulation
over the east of the system in the Indian landmass dragged
the cyclonic storm north-eastward across the Maharashtra
coast. The convective phase of MJO along with the strong
lower tropospheric westerly wind at the west of the con-
vective system additionally helped the cyclone to propagate
eastward. This convective phase of MJO is associated with
negative OLR anomaly resulting in increased total surface
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precipitation over the region. CAPE which can enhance the
potential to form active convection was not very high before
the intensification of Nanauk. Negative OLR anomaly typi-
cally helps in convection and the storm to intensify into CS,
but with time the OLR showed positive anomaly throughout
the cyclonic track of Nanauk. In summary, low LHF, active
southwest monsoon surge, positive wind shear anomaly, and
low value of CAPE played a crucial role in dampening the
cyclonic storm Nanauk. MJO was in phase 3 for Nanauk,
with very low strength, which could not support the storm
Nanauk to further intensify. An in-depth analysis of the
present study highlighted that ocean—atmosphere interac-
tions played a crucial role in the genesis, intensification, and
propagation of cyclonic storms. Lack of understanding and
weak ocean—atmosphere coupling can cause uncertainties in
the cyclone forecasting models. Hence, this study highlights
the importance of the representation of ocean—atmosphere
coupling in cyclone forecasting models for better prediction
skills.
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