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The life cycle dynamics and intensification processes of three long-duration tropical cyclones (TCs), viz.,
Fani (2019), Luban (2018), and Ockhi (2017) formed over the North Indian Ocean (NIO) have been
investigated by developing a high-resolution (6 km x 6 km) mesoscale analysis using WRF and En3D-
VAR data assimilation system. The release of CAPE in nearly saturated middle-level relative humidity
caused intense diabatic heating, leading to an increase in low-level convergence triggering rapid inten-
sification (RI). The strengthening of the relative vorticity tendency terms was due to vertical stretching
(TC Fani) and middle tropospheric advection (TCs Luban and Ockhi). The increase or decrease in upper-
tropospheric divergence led to RI through two different mechanisms. The increase in upper divergence
strengthens the vortical convection (in TC Luban and Fani) by enhancing the moisture and heat
transport, whereas its decrease caused a reduction in the upper-level ventilation flow at 200 hPa followed
by moisture accumulation, enhanced diabatic heating, and strengthened the warm core (TC Ockhi). The
RI caused the vortex of three cyclones to extend up to the upper troposphere. The well organised wind
during RI led the unorganised, weak, discontinuous vertical vortex columns to become organised with
intense vertical velocity throughout the column. Spatial distributions of Okubo-Wiess (OW) parameter
showed TC core dominated by vorticity than strain, since deep depression (DD) stages.

Keywords. Mesoscale modelling; tropical cyclone; rapid intensification; vortical advection; vortex
stretching; asymmetrisation; axisymmetrisation.

associated with very intense rotating wind and
precipitation. Due to advancements in numerical
weather prediction models and satellite observa-

1. Introduction

Tropical cyclones (TCs) are one of the most
threatening weather-related hazards on Earth that
causes loss of lives and property. They are
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tions, the accuracy of a TC’s forecast, especially
the skill of TC track forecast, has increased rea-
sonably. However, improvement in forecasting
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skills for TC intensity still remains challenging
(Wang and Chan 2002; DeMaria et al. 2014). The
operational intensity forecast error for the intense
TCs (wind speed >48 knots) is considerably large
over the NIO region (Nadimpalli et al. 2021). To
improve the forecasting skill of TC intensity,
understanding the dynamics of TC intensification
is essential. Formation of TC concomitant with the
kinetic and thermodynamic physical process occurs
on a convective to synoptic scale. Therefore, the
development of understanding the contributions of
the multiscale processes causing cyclogenesis and
rapid intensification is essential. The in-up-out
circulation in a convective region is associated with
low to mid-level convergence and upper-level
divergence (Tory and Frank 2010). The low-level
convergence ensures the continuous supply of
water vapour, mass, and momentum to maintain
the cumulus convection, and thus it acts as a pump
primer ingredient (Gray 1975). The large magni-
tude of low-level relative vorticity is one of the
prime requirements for TC genesis (Gray 1968).
Hendricks et al. (2004) and Montgomery et al.
(2006) have proposed vortical hot tower (VHT) as
a route to cyclogenesis. Rajasree et al. (2016a, b)
have also studied the role of VHT in cyclogenesis
and concluded that the aggregation of vorticity and
moisture in terms of VHT plays a vital role in
cyclogenesis in North Indian Oceans (NIO).
Dunkerton et al. (2009) have proposed a turbulence
cascading mechanism which gives rise to a large
disturbance like TC. This mechanism is popularly
known as a marsupial paradigm. The hypothesis of
the paradigm indicates that the genesis of TCs
occurs from the atmospheric waves where quasi-
Lagrangian cyclonic circulation (QLCC) protects
the incipient disturbance from the dissipative for-
ces present in the environment. The marsupial
paradigm explains the formation of warm core and
thus the TC.

The concept of QLCC is similar to the concept of
the cat’s eye in fluid dynamics. These circulations
allow mass/energy to enter inside the system and
not escape in the horizontal direction. Therefore, it
aggregates mass/energy within the circulation. In
TCs, the moisture and vorticity from meso-o scale
aggregated inside quasi-Lagrangian cyclonic cir-
culation. The aggregation of vorticity inside the
QLCC causes the development of VHT (Hendricks
et al. 2004; Montgomery et al. 2006) or cumulus
congestus clouds (Wang 2012, 2014). Dunkerton
et al. (2009) have also indicated that the latent
heat released during condensation inside the cloud
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(meso-y scale energy) contributes to the warm core
formation that causes intensification of the system.
This intensification leads to the formation of large-
scale disturbances like TC. Rajasree et al.
(2016a, b, 2021) have studied the marsupial para-
digm’s applicability over NIO and indicated that
the low-pressure system generated from distur-
bances embedded in the atmospheric waves over
the equatorial Indian Ocean (I10) develops as a TC.

The intensity of TC is governed by many com-
plex physical mechanisms of the ocean, atmo-
sphere, and their interactions. The TC intensity
and structure changes are associated with complex
boundary layer (BL) forces of different scales
(Wang and Wu 2004). The interactions among
spiral bands, eyewall process, dynamics of vortex
Rossby waves, embedded mesoscale vortices mod-
erate the internal dynamics during TC life cycles.
The eyewall usually contracts during TC intensi-
fication (Willoughby et al. 1982). The axisymmet-
ric disturbances of a vortex involve outward
propagating Rossby-wave vortex where restoring
force comes from the radial gradient of storm vor-
ticity (Montgomery and Kallenbach 1997). The
environmental control on TC includes environ-
mental flow, vertical shear of horizontal wind, beta
effect, interaction with other TC, and upper-tro-
pospheric trough. Strong environmental flow rela-
tive to TC motion contradicts TC intensification
(Merrill 1988).

On the other hand, small asymmetry in the
lower level helps the TC intensify through the
symmetric distribution of low-level moisture con-
vergence and surface fluxes (Peng et al. 1999).
When the eddy momentum flux convergence is
>10 ms~ ' day ' (calculated over the region of
300-600 km radius), it is attributed as an upper-
level air trough interaction that weakens a TC
(Hanley et al. 2001). Persing et al. (2013) have
studied the role of intensification process in asym-
metric and axisymmetric dynamics in TC’s evolu-
tion. Their study indicated that the study of
asymmetric—axisymmetric dynamics at the maxi-
mum intensification (MI) stage is vital. Here, the
maximum intensification stage is specified as the
duration when the TCs attained their maximum
sustained surface wind speed. Smith and Mont-
gomery (2015) reviewed the paradigm of TC
intensification to explore the relationship between
the radius of maximum tangential wind and
intensification. Their study challenged the con-
vective ring model based on the axisymmetric
framework. They argued that the representing



J. Earth Syst. Sci. (2022)131 211

intensity of TC in terms of maximum wind radius
has limitations as it is not materially conserved
quantity and not fundamental to the spin-up
process. Nevertheless, the physical mechanism
involved in the TC intensification process needs a
better theoretical understanding and requires more
investigation.

The dynamical process which leads the TC to
rapid intensification (RI) still remains ambiguous.
Previous studies identified the favourable condi-
tions for RI as anomalously warm SST, weak ver-
tical shear of horizontal wind, high lower
tropospheric relative humidity, and weak forcing
from the upper-level trough. Kieu and Zhang
(2009) showed that the rate of rotational flows in
the TC inner-core increases exponentially. Kaplan
et al. (2010) analysed that vertical wind shear and
upper-level divergence have the relatively highest
weights in predicting the RI of TCs over the
Atlantic basin. Zhang and Chen (2012) hypothe-
sised that the divergent outflow at the upper level
favours warm-core generation by protecting it from
the environmental flow ventilation. Miyamoto and
Nolan (2018) analysed that the indicative charac-
teristics of onset of RI are the decrease of radius of
maximum tangential wind, i.e., increase in Rossby
number, symmetrisation of flow structure, reduc-
tion in vortex tilt, and approach of the radius of
maximum convergence to the radius of maximum
wind. Chen et al. (2019) studied that reduction of
above BL ventilation helps in accumulating the
energy within the inner core, leading to RI.

Most of the previous research articles have
studied the dynamical and thermodynamical
effect on TC intensification and have analysed the
TCs formed over the Atlantic and North Pacific
oceans. The NIO basin, bounded by the conti-
nents, differs from the other TC basins owing to
its shallow depth and the low flat coastal terrain
that produce much larger devastation (Singh et al.
2019). In addition, the NIO basin is a compara-
tively smaller ocean basin, and consequently, the
lifespan of the systems formed over it is relatively
less than the hurricanes and TCs formed over
other world ocean basins. However, in a relatively
short span of life period, the NIO TCs frequently
encounter RI. A limited number of studies (Kotal
and Bhowmik 2013; Bhalachandran et al. 2019;
Singh et al. 2020; Routray et al. 2020; Singh et al.
2021) have analysed the TC evolution from the
aspect of dynamical and thermodynamical beha-
viour over NIO. Kotal and Bhowmik (2013)
showed that TC atmospheric environment plays a
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vital role in the TC intensification process. Rou-
tray et al. (2020) analysed the pre- and post-ge-
nesis characteristics of TC Fani and studied the
dynamic and thermodynamic features at the dif-
ferent stages of the TC. Prediction of TC Fani
genesis near the equator in 48 hrs advance and RI
were examined by Singh et al. (2020). They also
showed that RI was mostly controlled by warm
SST and ‘anomalous warm core eddies’. In the
past few years, NIO has experienced more rapidly
intensified TCs due to rapidly warmed NIO
associated with the warming climate (Singh and
Roxy 2022). Indian coastal states are densely
populated and are in low socio-economic condi-
tions. The increasing number of rapidly intensified
cyclones caused heavy loss of lives and infra-
structure in recent years. Further rise in the fre-
quency of RI TCs over NIO in the changing cli-
mate scenario may cause a further rise in the
death toll and destruction. To reduce the loss
caused by these systems, accurate prediction of
intensity at every phase of TC life is inevitable.

Therefore, the present work analyses the
dynamical and thermodynamical behaviour of TC
intensification, particularly RI of three TCs cases,
viz., Fani (2019), Luban (2018), and Ockhi (2017)
formed over NIO. The system Fani formed near the
equator (2.7°N) region of Bay of Bengal (BoB),
which is rare in any ocean basin and is the most
intense pre-monsoonal RI TC crossing Odisha
coast with a maximum sustained wind speed of
~116 knots. The Morphed Integrated Microwave
Imagery (MIMIC) TC report indicated that Fani
went through an eyewall replacement cycle when it
approached the Odisha coast. The TC Luban was
the case where it was expected that the system
would weaken under unfavourable atmospheric
conditions during genesis. However, the system
underwent RI from 9 to 10 October 2018. Finally,
TC Ockhi was a rare case with RI in the genesis
stage. Within six hours, it intensified from deep
depression into a cyclonic storm over Comorin sea
(oceanic region south of Kerala and Tamil Nadu
and west of Sri Lanka). The primary objective of
this manuscript is to bring attention to the vastly
different environments and internal dynamics
experienced by rapidly intensifying TCs over the
NIO basin within a relatively short period by using
Weather Research and Forecasting (WRF) model
simulated high-resolution mesoscale analysis. The
used data and methodology are described in section
2. The results are discussed in section 3, and in
section 4, we concluded our study.
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2. Mesoscale modelling and experimental
details

We have used the high-resolution (6 km x 6 km)
mesoscale analysis developed using the dynamical
downscaling technique. The mesoscale model WRF
and hybrid ensemble-3DVar (En3DVAR) data
assimilation techniques have been used to carry out
the study. WRF model and WRFDA modelling
system have been obtained from NCAR (available
at https://www.mmm.ucar.edu/weather-research-
and-forecasting-model). The model configuration
used in the present study are the Unified NAOH
land Surface Model, Rapid Radiative Transfer
Model (RRTM) for longwave radiation scheme,
Dudhia scheme for shortwave radiation scheme,
Thompson scheme for microphysics parameterisa-
tion, Turbulence Kinetic Energy (MYJ TKE)
scheme for the planetary boundary layer, Kain-
Frisch scheme for cumulus physics. For assimila-
tion, the prepbufr dataset containing surface and
upper air observation has been obtained from
NCAR’s Research Data Archive (RDA; https://
rda.ucar.edu/). In addition, OSCAT-2 (Ocean
Scatterometer-2) scatterometer wind data (Scat-
sat-1 obtained from https://www.mosdac.gov.in
and ASCAT (Advanced Scatterometer) obtained
from https://rda.ucar.edu/), radiometer (Windsat
obtained from www.rmss.com) wind data, and the
GDAS (Global Data Assimilation System) radi-
ance data (https://rda.ucar.edu/) have been
assimilated to obtain the improved analysis. The
model has been initialised with Global Forecast
System (GFS) model analysis available from
National Centre for Environmental Prediction
(NCEP) at 0.5°x0.5° horizontal resolution
(https://www.ncei.noaa.gov/data/global-forecast-
system/access/historical/analysis). ~The back-
ground error (BE) statistics for data assimilation
were created using the National Meteorological
Centre method (Barker et al. 2004). The model
integration was done for 12 hrs. In-situ, radiance
and scatterometer data (details shown in table 1)
were assimilated in cyclic mode at every 6 hrs at
synoptic times, i.e., 00, 06, 12, and 18 UTC. The
assimilation window was =£3 hrs from the initial
conditions. The mesoscale reanalysis was prepared
in warm start mode. The mesoscale reanalysis
starts from the depression stage to the dissipation
stage of the cyclone.

The details of the track, intensity, and rainfall
validation have been presented in our companion
paper (Munsi et al. 2021) and found that
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developed mesoscale analysis successfully simu-
lates TCs’ life cycle, including position, intensity,
and rainfall. The root mean square error (RMSE)
of observation-background (O-B) and observa-
tion-analysis (O-A) are plotted in figure 1. Here
the background means the initial conditions
before the assimilation. The RMSE in the O-A is
less than the same in O-B for all the three TCs, as
observed in figure 1. Similar results were found in
our earlier study Bhate et al. (2021). The vali-
dation of winds and structure has also been dis-
cussed in the companion paper (Munsi et al.
2021). The simulation of this paper also indicates
that the structures of the TCs are well simulated
in the mesoscale analysis. Apart from the
parameters such as convective available potential
energy (CAPE), vertical velocity, and relative
humidity, the following parameters calculated
from the mesoscale analysis have been used to
understand the dynamics and thermodynamics
associated with the TCs evolution.

e The TC’s spin-up is defined as the azimuthally
averaged maximum wind over the cyclonic
circulation region (Sanger et al. 2014). The
spin-up has been calculated at the height of
850 hPa. At every 6 hourly intervals from the
genesis time, the maximum wind at increasing
radii from the TC centre is considered. We have
calculated the maximum wind at each radius up
to 540 km with an interval of 36 km from the
centre of TC, and then it is averaged over all
radii. This quantity is defined as the spin-up of
the TC.

e Relative vorticity is generated due to the hori-
zontal wind gradient. Positive relative vorticity
and convection lead to divergence at the upper
troposphere during the lifecycle of the TC.

Relative vorticity: (= (& —2), where u and
y

v are the zonal and meridional wind components,

respectively.

e The equation for the vorticity balance for the
compressible flow can be derived from the

compressible momentum equation written
below.
DV VP
—=-20XV -——4+VO+F 1
fn X S tVe+F, (1)

where @ is the gravitational potential, F is the sum
of frictional and turbulence forces per unit mass.
The Y = 4+ (V. V)V=L+1V(V.V) -V x
(V x V) represents the total derivative of the
velocity for compressible flow (using identity
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Table 1. The data assimilated for generating mesoscale analysis.

Data

Sensors

Global Data Assimilation System
(GDAS) dataset

e Infrared Atmospheric Sounding Interferometer
e Advanced Microwave Sounding Unit-B

e Advanced Tech Microwave Sounder

e Global Positioning System (GPS) radio acclusion
e Microwave Humidity Sounder, Atmospheric Infrared Sounder

e The surface level and upper level observations in prepBUFR format

Scatterometer/Radiometer winds e OSCAT-2
observation e ASCAT
o Windsat
0-A, O-B statistics of zonal wind (u) 0-A, O-B statistics of meridonal wind (v)
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Figure 1. O-A and O-B statistics of zonal wind (; first column) and meridional wind (v; second column) of TC Fani (first row),
Luban (second row), and Ockhi (third row) at the different stages of TCs.

IV(A-B)=(A-V)B+ A x (V x B)). The vorti-
city balance equation can be derived by
operating curl on both sides of equation (1) and
substituting ({ =V x V). The left-hand side of
equation (1) can be simplified to obtain the
following form.

DV _ . oV 1
—%Hv OV - (V- V)L

where VxiV(V-V)=0 and by vector triple
product rule VxVx{=(V-)V- (V- V)L

The vorticity flux of the flow changes with time
assuming non-divergence of vorticity without
losing generality and using anelastic
approximation (Jung and Arakawa 2007) under
the combined effect of five processes that can be
represented as:

S (VYL G )V LT V)
+L;W+VXF (2)

where ( is the relative vorticity; {, = { + 2Q is the
absolute vorticity; 2 is the Coriolis parameter. The
left-hand side represents the local time tendency of
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{. The first term on the right-hand side represents
the advection of {, at a certain point by the flow
itself. The second term represents stretching or
compression of the vortex, which passes through a
certain point. It arises from the spatial variation of
the velocity field in the direction of the vortex tube.
The third term gives the three-dimensional con-
vergence or divergence at that point. It reflects the
mass redistribution of the flow due to the conser-
vation of angular momentum. The fourth term of
the right-hand side of the equation is the tilting
term which comes from the baroclinicity. The last
term represents the effect of friction and other
subgrid-scale processes on the vortex passing
through the point. The modified form of the ver-
tical vorticity equation, including the forcing of
diabatic heating, was discussed by Wu and Juan
(2001). However, a recent study by Wang et al.
(2016) obtained a similar form of the equation as
equation (2) with the assumption that the change
in density and horizontal gradient of entropy have
been represented in the last term on the right-hand
side of equation (2).

e Diabatic heating increases in the TC core region
due to condensation and microphysical pro-
cesses. We have represented the diabatic heating
by material change of rate of potential temper-
ature 0 following Smith and Montgomery (2016),
Rajasree et al. (2016a, b); Sheng et al. (2021) and
Xie et al. (2021), i.e., total 3-dimensional deriva-
tives of potential temperature given by the
formula 0 = &+ (V- V)0, where 0 is the poten-
tial temperature, and V is the wind velocity.

e Okubo-Weiss (OW) parameter measures the
balance between vorticity and deformation.
It is defined as OW = {? —§;? — 8,2, where { =
%— g—Z is the relative vorticity, S; = % — g’—;;
normal component of strain, i.e., stretching
component, and Sy = % + S—Z; shear component.
Therefore, a positive value of the OW parameter
indicates the favourable region for rotation, and
that of the negative value means strain-domi-
nated, i.e., unfavourable region.

e Baroclinicity has been calculated using the

Vp:2vp)

formula ( . The baroclinicity is developed

in the inner core of TCs due to latent heat release
from the condensation of water vapour. The
increase in the baroclinic instability at the
middle tropospheric environment of the TC core
causes the strengthening of lower-level conver-
gence and thereby the spin-up.
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e Moisture flux in the vertical direction: The
vertical gradient of moisture flux has been
calculated from the high-resolution analysis

using the formula: VMF = (%), where w is
vertical velocity and ¢ represents the specific
humidity of water vapour.

The understanding based on the analysis of these
parameters has been presented in the next section.

3. Results and discussions

The NIO basin differs from its Atlantic or Pacific
counterparts as it is warmer and shallower,
resulting in the environmental factors dominating
in deciding the TC behaviour (Bhalachandran
et al. 2019). Therefore, the analysis focuses on how
the environmental factors control the local envi-
ronments within the vortex that favour the growth
and maintenance of the TC core convection. The
following section investigates the TC inner core
vortex evolution, asymmetric—axisymmetric
structure, CAPE, relative vorticity evolution,
vertical velocity, RI, warm-core formation and
strengthening (intensification), and deformation
vs. rotation during the life cycle of TCs Fani
(2019), Luban (2018), and Ockhi (2017) formed
over NIO.

3.1 CAPFE and Azimuthally averaged vortex
spin-up evolution

Williams and Renno (1993) analysed CAPE vari-
ation in TCs lifespan and indicated that CAPE
value above 1000 Jkg ™' favours buoyant updrafts.
The temporal evolution of CAPE averaged over
the 2°x2° area about the TC centre is shown in
figure 2(a—c). The analysis indicates that CAPE
values more than 1000 Jkg™' since 48 hrs before
cyclogenesis and during their lifespan ensured the
thermodynamic favourability to develop a buoyant
updraft. For TC Fani, large values of CAPE
(above 1000 Jkg™ ') were prevailing in the neigh-
bourhood of the TC centre for 48 hrs before
cyclogenesis. For TC Luban, a well-built CAPE is
observed about 24 hrs from the genesis stage.
Finally, for TC Ockhi, a very strong CAPE (above
1200 Jkg ') has been prominent since 48 hrs before
cyclogenesis. Strong CAPE was present at the
boundary layer (BL) of TCs. The BL CAPE is
found to be in the range of 1400-1600 Jkg '
throughout the life of all the TCs.



J. Earth Syst. Sci. (2022)131 211

CAPE of TC Fani
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Figure 2. Time evolution of CAPE of TC (a) Fani, (b) Luban,

tangential wind component or spin-up in knots of TC (d) Fani

The sizes of the tropical cyclone based on the vor-
ticity approach represent the outer radius of the
cyclone beyond which no presence of deep convection
is assumed (Jaiswal et al. 2019). These radii of the
analysed three cyclones have been observed within
350 km while studying different quadrant radii in
their life cycle (discussed later; section 3.7). For the
calculation of spin-up, we studied the evolution of
strong-deep convection and weak convection sur-
rounding primary circulation up to ~ 5° area from the
TC centre. Further, the radial increments of about 36
km ( ~0.3°) from the centre of the TC have been used
for obtaining nearly smooth variation of averaged
maximum spin-up (in 36 km) as the changes of their
magnitudes in the 36 km do not deviate much.

In figure 2, the second row shows the time series
of the azimuthal-mean maximum tangential wind
component (spin-up) at 850 hPa for TCs (d) Fani,
(e) Luban, and (f) Ockhi. TC Fani shows a gradual
increment in spin-up up to the extremely severe
cyclonic storm (ESCS) stage with a maximum
spin-up of 60 knots. In the case of TC Luban, the
rapid growth of spin-up was seen at the cyclonic
storm stage and showed a maximum spin-up of 60
knots at the very severe cyclonic storm (VSCS)
stage. Spin-up of T'C Ockhi reclines between 30 and
50 knots from depression (genesis) to the dissipa-
tion stage. From figure 2, it is clear that the evo-
lution of azimuthal-mean maximum wind is
strongly correlated to the distribution of CAPE.

and (c) Ockhi. Time series of the azimuthal-mean maximum
(e) Luban, and (f) Ockhi at 850 hPa.

’

In a cyclogenesis environment, sufficient CAPE
and cyclonic { at the lower level should exist
(Montgomery et al. 2006). During cyclogenesis,
moisture and heat transfer (through evaporation)
generates CAPE from the underlying sea surface.
Enhanced CAPE indicates that higher total column
water implies fewer convective downdrafts. In
addition, the systems with a higher convergence in
thelow level help strengthen the BL tangential wind.
Therefore, the higher spin-up could support RI onset
once the TC experiences higher CAPE in its lifetime.
In addition, it warms the BL due to enhanced
evaporation and wind-induced heat exchange,
which further enhances the CAPE. This process
helps in strengthening the vertical velocity of the
convective vortices region in the bottom-up mech-
anism described by Montgomery et al. (2006) and
Bell and Montgomery (2010). The CAPE generated
in this process is released when moist air convects in
the eyewall, condenses, and precipitates. Thus,
ocean heat energy is transformed to CAPE, con-
verted to potential energy, and finally, into the
storm kinetic energy (Lee and Frisius 2018).

3.2 Relative vorticity evolution

Vortex stretching plays a vital role in the devel-
opment and amplification of turbulence. Stronger
localised vorticity near the core of the circulation
corresponds to a more intense TC (Ditchek et al.
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2017). { at 850 hPa is the dominant environmental
factor affecting TCs’ intensification (Wu et al.
2020). There is a strong correlation between the
initial disturbances and high  values at the surface
(Gray 1968). There are two mechanisms proposed
in the literature for the evolution of relative vor-
ticity. Bister and Emanuel (1998) proposed the
first mechanism, and after that, it was applied to
study TC evolution by many investigators (e.g.,
Kutty and Gohil 2017). This mechanism hypothe-
sises that the vortex formation in the genesis
period’s mid-troposphere is influential and is pop-
ularly known as the top-down approach. The sec-
ond approach for the cyclogenesis and evolution of
TC is the bottom-up mechanism. This approach
was proposed by Hendricks et al. (2004), Mont-
gomery et al. (2006), and Wang (2012) and suc-
cessfully applied for studying the evolution of the
TCs over different parts of the oceanic basins
(Rajasree et al. 2016a, b). The { intensification
occurs from the lower troposphere to the upper
troposphere with the intensification of the TCs,
and the column height of TC decreases with the
dissipation of the TCs. Dunkerton et al. (2009) and
Gjorgjievska and Raymond (2014) noted that both
approaches are not exclusive but are complemen-
tary and exist on a different scale. The top-down
mechanism was observed over the meso-a scale,
and the bottom-up mechanism was observed over
the meso-f scale as a part of the turbulent cascade
during the TC intensification.

Figure 3 illustrates the vertical cross-section ( of
TC Fani (first row), Luban (second row), and
Ockhi (third row) during the RI and MI stage. As
evident from the figure, the bottom-up mechanism
at meso-f§ scale prominently contributes to the
organisation and deepening of rotation (vorticity)
around the centre of the vortex. According to the
marsupial paradigm (Dunkerton et al. 2009), the
quasi-Lagrangian cyclonic circulation protects the
rotation-dominating region from the shear-domi-
nating surrounding. Stretching of the vortex in
terms of magnitude and structure is contributed by
the interaction of cyclonic rotation and deep con-
vection. The vertical stretching of the vortex has
been observed with the intensification of these
TCs.

During RI of TC Fani (12 UTC 29 Apr to 12
UTC 30 Apr 2019), the { intensified from 20-30 x
107*to>40 x 107* s, and the vortex column was
extended from middle to wupper troposphere
(figure 3a, b). The increment in { in the lower
troposphere for TC Luban RI (06 UTC 09 Oct to

J. Earth Syst. Sci. (2022)131 211

06 UTC 10 Oct 2018) is from 10-20 x 10™* to
20-30 x 107* s7', and the vortices became more
organised and stretched up to upper troposphere
(figure 3d, e). In the RI period of TC Ockhi (06
UTC 29 Nov to 06 UTC 30 Nov 2017, and 00 UTC
01 Dec to 00 UTC 02 Dec 2017) at the genesis
period, when the TC intensified from depression to
cyclonic storm (CS) stage within 24 hrs, { increased
from 10-20 x 10~ to 20-30 x 10~* s™* (figure 3f,
g). Therefore, as seen from the figures, the inten-
sification of { is about 1520 x 10~* s during RI
of the three TCs and vortex column extended from
middle to the upper troposphere and became well
organised in 24 hrs. At the MI stage of TC Fani, a
well-firmed vortex column throughout the tropo-
spheric column with { value above 40 x 10~ * s~
(figure 3c) is observed when it was in ESCS. The
axisymmetric convective ring model (Willoughby
1979; Shapiro and Willoughby 1982) for the
intensification of TCs suggests that the magnitude
of { is inversely related to the vortex structure’s
spatial span.

3.3 Vorticity budget and fluxes

The vorticity budget has been estimated based on
the high-resolution mesoscale analysis to under-
stand the development and evolution of convection
inside the TC. The vorticity budget has been cal-
culated using equation (1) for the region of size 2°
x 2° around the centre of TC for every 6 hrs. The
calculated magnitudes of six terms in equation (2)
have been shown in figures 4-6 for three TCs.
Wang (2012) indicated that the location of meso-
f scale relative vorticity is maximum at 600 and
700 hPa. However, the present case study shows
that for TC Fani, the relative vorticity tendency is
higher throughout the tropospheric layers from 48
hrs (after convention strengthens due to vortex
stretching, as seen from figure 4c) till 110 hrs. Fani
underwent RI since 84-108 hrs. The systems Luban
and Ockhi show different vertical growth
(figures H5a and 6a) since 24 hrs and genesis due to
dominant advection of vorticity in lower and mid-
dle troposphere (figures 5b, 6b). For TC Luban, the
relative vorticity maxima are observed between the
surface to 750 hPa just before attaining the RI
(figure 5a). On the other hand, Ockhi shows the
prominently high vorticity tendency up to the mid-
tropospheric region till 72 hrs, promoting two RI
phases in its lifetime (figure 6a). However, the
increase in surface spin-up is not only because of
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Figure 3. Azimuthal cross-section of { of TC Fani (first row), Luban (second row), and Ockhi (third row) at RI and MI stage. MI

of TC Luban happened immediately at the end of RI.

the increased mid-tropospheric vorticity proposed
by Wang (2012). Moreover, the high meso-f scale
relative vorticity maximum in the case of Luban
was due to the increase in surface-level convergence
(RI: 78-102 hrs; figure 5d) also agrees well with
Wang et al. (2010) and Mohanty et al. (2021). The
magnitude of baroclinicity (figures 4e, 5e, and Ge)
for TC Fani, Luban, and Ockhi ranged from 100 to
400 x 10~? s2, the highest for Ockhi.

The advective vorticity flux term shows a posi-
tive tendency in the middle to upper troposphere,
mostly over 750 hPa for Fani, and is positive over
850 hPa for Luban and Ockhi (figures 4b, 5b, and
6b). At the same time, the lower troposphere is
mostly dominated by negative frictional and other

subgrid-scale processes at the core of the system
below 650 hPa for all three systems at the meso-f
scale. Therefore, it can be inferred that the upper-
level positive advection of vorticity is the major
contributor to the high net positive vorticity that
made the condition more favourable for the system
to undergo RI. The convergence at the lower level
is high enough, i.e., higher than 120 x 10~ s 2 for
Fani and 100 x 10~% s 2 for Ockhi in the BL during
the RI phases of the systems. For TC Luban, the
convergence was comparatively less ~30 x 107°
s™2 The strong BL convergence offsets the fric-
tional spindown for all the three systems consid-
ered, helping the system to build up strong
intensity quickly. Wang (2012) and Mapes and
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Figure 4. Vorticity budget at the TC Fani region (2° x 2° area around the centre) during its life span where the terms
represented are (a) local tendency of relative vorticity, (b) advection term, (c) stretching term, (d) divergence/convergence
term, (e) baroclinic effect, and (f) frictional and subgrid-scale processes.

Houze (1995) suggested that the enhanced low-
level convergence and upper-level divergence are
associated with convective precipitation, and the
middle-level convergence and divergence show the
presence of stratiform clouds. During the process of
RI, the heat release from these convective systems
gives positive feedback for further intensification.

3.4 Warm core formation and strengthening

Condensation of the mid-tropospheric moisture
causes diabatic heating, leading to increased con-
vections and forms VHTs (Montgomery et al.
2006). Figure 7(a—c) shows the temporal evolution

of the vertical distribution of diabatic heating (first
row) taken as the areal maximum over 2° x 2° from
the TC centre of TC Fani (a), Luban (b), and
Ockhi (c¢). An increase in the diabatic heating
(above 30 Kh™') throughout the column has been
seen 24 hrs before cyclogenesis. It is correlated with
the moistening of the middle troposphere about 24
hrs before cyclogenesis (refer to figures 10a, 12a,
14a). The latent heat released during condensation
processes further strengthened the vortex. The
increment in the wvertical velocity has been
observed 24 hrs before the dissipation stage for TC
Fani (figure 7d) and from the dissipation for TC
Luban and Ockhi (figure 7e and f). RI of TC is
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Figure 5. Vorticity budget at the TC Luban region (2°x 2° area around the centre) during its life span where the terms
represented are (a) local tendency of relative vorticity, (b) advection term, (c) stretching term, (d) divergence/convergence
term, (e) baroclinic effect, and (f) frictional and subgrid-scale processes.

associated with strengthening the vortex, causing
intense deep convection, which leads to ‘more effi-
cient’ diabatic heating (Hack and Schubert 1986;
Vigh and Schubert 2009). A rapid growth in the
diabatic heating rate is observed when TCs expe-
rienced RI (around 84th hr for TC Fani, 66th hr for
Luban, and 42nd hr for Ockhi). The consequent
increase in vertical velocity (above 0.2 ms™') at the
upper troposphere (figure 7d—f: second row) due
to diabatic heating contributes to maintain the
column tower of TC.

Figure 7(g-i) shows that the sharp increase in
the moisture’s vertical transport was observed a

few hours before TCs intensified to the MI stage. In
our companion paper (Munsi et al. 2021), we have
discussed that the externally forced convergence
conditions were responsible for the TCs to intensify
to their MI stages. The cyclonic circulation of TC
Fani was embedded in between the anticyclonic
circulations in the south and north regions. It
caused an increase in the lower level confluence at
the downwind right quadrant of the TC, which
forced it to the MI stage.

TC Luban reached to MI stage due to a sudden
increase in the upper air divergence. TC Ockhi
reached to MI stage due to increased lower level
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Figure 6. Vorticity budget at the TC Ockhi region (2°x 2° area around the centre) during its life span where the terms
represented are (a) local tendency of relative vorticity, (b) advection term, (c) stretching term, (d) divergence/convergence
term, (e) baroclinic effect, and (f) frictional and subgrid-scale processes.

convergence under the influence of ridgeline in its
north direction (shown in our companion paper;
Munsi et al. 2021). These external forces caused an
increment in the microphysical processes associ-
ated with warm-core strengthening and a sudden
rise in the vertical transport of moisture (as seen in
figure 7Ta—c and g-i). The increase in the vertical
moisture flux for TCs Fani and Ockhi was up to
21 x 107" kg kg~ ' s and that for TC Luban was
12 x 107" kg kg~ * s~ *. The positive feedback of
diabatic heating, high baroclinic instability,
increase in the vertical velocity, and further verti-
cal moisture transport causes the continuous

strengthening of inner-core convection and the
intensification of TCs.

In the TC disturbance, the baroclinicity devel-
oped due to latent heating in the warm core region.
Also, the moisture flux from the ocean causes a
decrease in the density of the lower troposphere. As
a result, it causes an increase in the potential
instability, causing the inner core environment to
be more buoyant. This environment generates
buoyant updrafts with large values of wvertical
velocity. The increase in the vertical velocity drives
the vertical moisture transport, and their collo-
cated increments have been observed (figure 7).



J. Earth Syst. Sci. (2022)131 211

Page 13 of 26 211

(a) Fani (b) Luban (c Ockhi
200{ 1 200" 2ooI
ez 300 | ' ‘ .' 5 30| ' . 5 0|
?" ‘: 400<‘ / ‘g 400“ % 4001
£ 3 S°°'\ { 3 soo~‘ £ 500
© 200 & 600/ & 600
- Y ‘ ¢ o
@ 5 700 | 5 700 5 700
a 2 2 2
8 & 800 g 800 ¢ 800
B oo 1 4 <. & o
900} 900/ 900
-48-24 0 24 48 72 96 120 144 168 192 -48-24 0 24 48 72 96 120 144 168 192 -48 -24 0 24 48 72 96 120 144
Time(in hour) Time(in hour) Time(in hour)
| (K hr?)
0 15 30 45 60 75 90 105 120 135
(d) (e) (f)
200 ¥ — = - 200 —_— 200 Y
Z ] = 300/ = 300/
g = 300 ( 3 300 7 300
o . |
{ £ {
< ; 4001 ) £ a0 £ 400
> 3 5001 | . 3 500 3 500{
b1 > > >
8 2 600 2 600 2 600
R o o
€ £ 700 5 700{ 5 700
v 2 a &
> @ 8001 @ 8001 @ 800
a a a
9001 900 - N 0/ ]
-48-24 0 24 48 72 96 120 144 168 192 -48-24 0 24 48 72 95 120 144 168 192 -48 -24 0 24 48 72 96 120 144
Time(in hour) Time(in hour) Time(in hour)
| (ms?)
(9 (h) ()
200 200 200
5 300{ 5 300{ 5 300{
* I I &
3 £ 400 £ 400 £ 400
[T £ £
v g s g s00| g s00|
2 2600 2 600{ % 6001
v o
'g 5 7001 5 700 5 700
2 ¢ 800 $ 800 ¢ 800/
a a
900 900{ 3 - 900
-48-24 0 24 48 72 96 120 144 168 192 -48-24 0 24 48 72 96 120 144 168 192 -48 -24 0 24 48 72 96 120 144
Time(in hour) Time(in hour) Time(in hour)
< I - o)
0 3 6 9 12 15 18 21

Figure 7. Temporal evolution of the rate of diabatic heating (first row) in Khr™' taken a maximum of 2° x 2° latitude x
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average of 2° x 2° latitude x longitude over TC centre.

3.5 RI dynamics

The complex ocean—atmospheric interaction of
troposphere and ocean decides the direction of
propagation of the TCs. Environmental steering
flow controls the propagation of TC with multiple
physical mechanisms operating simultaneously
(Carr III and Elsberry 1990). TCs moved in the
direction determined by f gyre (Carr III and Els-
berry 1990; Ito et al. 2020), ocean surface warming
(Sun et al. 2017) diabatic heating (Ito et al. 2020),
horizontal and vertical structure (Ito et al. 2020), the
strength of winds in TC radial band (Chan 1985;
Carr IIT and Elsberry 1990) and vorticity gradient
(Carr III and Elsberry 1990). Several mechanisms

have been suggested for the understanding of RI
processes. Molinari and Vollaro (2010) discussed the
mechanism of how a sheared storm can undergo RI.
High mid-tropospheric RH is a dominant factor for
RI and maximum intensity arrival (Emanuel et al.
2004; Hendricks et al. 2010; Wu et al. 2012). Miya-
moto and Takemi (2015) showed that larger values
of the Rossby number trigger the RI of TCs. Geetha
and Balachandran (2016) discussed the role of dia-
batic heating during RI of TC over NIO. Yan et al.
(2019) showed that monsoon gyre mechanisms affect
the RI of TCs. Zhang et al. (2019) have shown that
when mean kinetic energy is converted into eddy
kinetic energy, an increase in the diabatic heating
cause the RI of TCs. Our companion paper, Munsi
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Figure 8. Azimuthal cross-section of the vertical velocity of TC Fani (first row), Luban (second row), and Ockhi (third row) at

RI and MI stage.

et al. (2021), showed that high-resolution mesoscale
analysis for these TCs simulated the RI appropri-
ately. Stronger vertical motion in the inner radii
region and a stronger radial gradient of vorticity is
associated with increased outflow (Ditchek et al.
2017). Therefore, the azimuthal distribution of ver-
tical velocity during RI and MI of TCs Fani, Luban,
and Ockhi has been investigated in the next
subsection.

3.5.1 Vertical velocity evolution

When the increment in vertical velocity coincides
with the increase of relative vorticity, the associa-
tion becomes dominant in the convective system. It
has been observed from figure 8 that the vertical
velocity at the lower to upper troposphere
strengthened from 0.2 to 1 ms ' during the RI

stage of TC Fani (figure 8a, b) and Luban
(figure 8d, e). During the RI stage of TC Ockhi,
vertical velocity was observed from 0.2 to 0.8 ms ™"
(figure 8f, g). The unorganised, weak, discontinu-
ous vertical columns became organised around the
eye with intense vertical velocity throughout the
column after RI. In the case of TC Ockhi, after RI,
the whole column has not been seen as strong as
Fani or Luban, as it showed RI at the genesis
phase. After RI, TC Fani and Luban were in ESCS
and VSCS stage, respectively, whereas Ockhi was
in the CS stage. At the MI stage, the maximum
vertical velocity was above 1 ms ™" for all three TCs
(figure 8c, e, and h). Thus, it is coagulated with
strengthening these TCs during RI and MI. Strong
downward vertical velocity at the eye region has
been observed. Radially outward extension of
strong vertical velocity at the upper level is seen
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Figure 9. Upper, middle, and lower tropospheric circulation (streamlines) during the RI stage of TC Fani. The shaded

background indicates the wind speed (m s™?).

due to upper tropospheric outward radial flow and
middle to lower tropospheric inward radial flow
(Montgomery et al. 2006).

3.5.2 Temporal variation of environmental
features and environmental steering flow

The large environmental circulations which influ-
ence the TC inner core dynamics have been anal-
ysed in this section. Figure 9 shows the lower,
middle, and upper tropospheric circulation during
the RI stage of TC Fani. During the RI of TC Fani
initiation, the anticyclonic circulation extending
from lower to upper troposphere was present over
the Arabian Sea, south India, and the Myan-
mar—Indonesian region. The TC Fani was embed-
ded in two anticyclonic circulations (figure 9).

Anticyclonic circulations at the north of the TC
were not conducive for its intensification. The
cyclonic circulation of TC Fani was extended up to
the middle troposphere (figure 9a—c). The Inter-
Tropical Convergence Zone (ITCZ) was located
about 10°S of the equator. At this period, TC Fani
was located in the region with warm SST (29-31°C,
figure 7a). Under the influence of TC Fani, the part
of ITCZ near the equatorial Indian Ocean migrated
to the north of the equator providing moisture to
the rain bands of TC Fani. It caused middle tro-
pospheric relative humidity to saturate (>80%,
figure 10a) at the core (1° x 1° region around the
TC centre) of the TC. The consequent increase in
the diabatic heating (~30 Khr™', figure 10b) fol-
lowed by the release of CAPE (~1200 J kg ',
figure 10c) causes the conversion of CAPE to
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Figure 10. Mid-tropospheric (average of 700-500 mb) relative humidity (RH) averaged over 1° x 1° area about the centre of TC
(a), areal maximum of diabatic heating (b), evolution of MCAPE at the centre of TC (c), lower level (850 hPa) convergence (d),
upper level (200 hPa) divergence (e) and deep layer shear (DLS) (f) over 1° x 1° latitude x longitude area about the centre of

TC Fani.

kinetic energy. It results in a sudden increase in the
lower tropospheric convergence (figure 10d), i.e., an
increase in moist surface inflow, upper tropospheric
divergence (figure 10e), and deep layer wind shear
(40-70 ms ™", figure 10f). Thus, the migration of the
equatorial 10 portion of ITCZ to the north of the
equator and the accumulation of moisture in the
middle troposphere at the core fueled the TC. Notably,
low-level convergence and upper-level divergence were
maximum during the RI phase of TC Fani compared
to that of the MI phase (144-165 hrs). The RI of TC
Fani caused the cyclonic circulation to extend up to the
upper troposphere (figure 9d-f) and the migration of
anticyclonic circulation over the Saudi Arabian and
Pacific oceans, which was conducive for northwest-
ward migration and intensification.

In the case of TC Luban, cold and dry air
intrusion from the north Indian landmass at the

lower troposphere (figure 11c¢) and cyclonic circu-
lation was extended to the middle troposphere
(figure 11b—c). At the genesis phase, the MJO
index was in phase 1 with an amplitude of more
than 1. This thermodynamic condition continued
until RI and MI, favouring the convective activity.
The anticyclonic circulation was present in the
northeast of the T'C, and a subtropical westerly jet
was located further north (figure 11a). TC Luban
was located on the southwest Arabian Sea, and
simultaneously TC Titli was located over central
BoB. Therefore, a large amount of moisture over
BoB, Indian landmass, and equatorial Indian
Oceans was fetched by TC Titli. Both TCs were
intensifying as a dynamo; however, as TC Titli
fetched moisture, there was a decrease in the values
of middle tropospheric relative humidity
(figure 12a), lower level convergence (figure 12d),
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Figure 11. Upper, middle, and lower tropospheric circulation (streamlines) during the RI stage of TC Luban. The shaded
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background indicates the wind speed (ms

upper air divergence (figure 12e) before the RI
stage. At 12-18 UTC 9 Oct 2028, TC Luban fet-
ched moisture from the southeast Arabian Sea, off
the Indian coast. It led to an increase in the middle
tropospheric relative humidity (figure 12a), fol-
lowed by rise in the diabatic heating (~30 K hr™',
figure 12b) and release of CAPE (figure 12c). The
release of CAPE led to converting available
potential energy to kinetic energy. Hence, there
was an increase in lower-level convergence
(figure 12d), upper air divergence (figure 12e),
and consequently, deep-layer shear (28 ms
figure 12f). The RI causes the cyclonic circulation
of TC Luban to extend up to the upper troposphere
(figure 11d) and its northwestward migration
(figure 11d-f).

TC Ockhi underwent two cycles of RI during its
lifespan. During the first RI, it intensified to the CS
stage from depression. During the second RI, it
intensified from SCS to the VSCS stage. Before
RI, the anticyclonic circulation was present in
the middle (figure 13b) and upper troposphere
(figure 13a) in the north of the TC. As a result, the
cyclonic circulation of TC was extended up to the
middle troposphere. An increase in the middle
tropospheric relative humidity was observed dur-
ing the first RI. Though there was a slight decrease
in the relative humidity during the second RI, it
was sufficient (~80%) to intensify the TC. The
increase in diabatic heating (figure 14b) and release
of CAPE (figure 14c) were observed in the case of
both RI. The RI causes the cyclonic circulation of
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Figure 12. Mid-tropospheric (average of 700-500 mb) relative humidity (RH) averaged over 1° x 1° area about the centre of TC
(a), areal maximum of diabatic heating (b), the evolution of MCAPE at the centre of TC (c), lower level (850 hPa) convergence
(d), upper level (200 hPa) divergence (e) and DLS (f) over 1° x 1° latitude x longitude area about the centre of TC Luban.

TC to extend up to the upper troposphere
(figure 13d). During the genesis period RI, the
upper-level divergence has decreased. The reduc-
tion in the ventilation flow (at 200 hPa) may be
caused by moisture accumulation in the vortex
column. It helped in intense diabatic heating and
led to second RI. A similar result of outward ven-
tilation flow is at the upper troposphere above 300
hPa by storm related to northerly winds, have been
shown by Chen et al. (2019). However, Sear and
Velden (2014) showed that enhanced upper-level
divergence in developing systems promotes venti-
lation in SW and NE quadrants adjacent to the
core of the TC. Consequently, a reduction in the
upper-level divergence causes a reduction in SW
and NE directions from the centre of the system.
However, the anticyclonic circulation at the north

of TC Ockhi in the upper troposphere made the
TCs northward propagation difficult immediately
after the second RI. Thus, it further intensifies to a
maximum intensity almost over the same region.
The temporal variation of deviation between the
equivalent potential temperature between 950 and
750 hPa (0.q) for all the three TC cases has been
analysed for their life cycle (figures not shown for
brevity). The analysis indicated that the 0.4 for
Fani remained almost constant from genesis to
landfall. Luban shows a rising nature of 0.4 before
RI, continuing till MI phase. However, Ockhi
shows a rising 0.4 during the first RI phase and
another peak during the second RI phase of the
system. Ooq is lying in the range of 14-17 x 10" K,
the highest for Luban among all the three consid-
ered TC cases. The difference between the 0,4 for
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Figure 13. Upper, middle, and lower tropospheric circulation (streamlines) during the RI stage of TC Ockhi. The shaded

background indicates the wind speed (ms™).

all three systems is mainly due to the moisture
distribution in the f-scale region. The smaller
temporal difference in 0.q (1-2.5 K) for the TCs
Fani, Luban, and Ockhi during their life cycle
indicated that persistent convection over the core
region, moistening of the middle troposphere, fur-
ther elevating the values of middle-level 0., that
reduces the downdraft convective available poten-
tial energy (Wang 2012). It provides a favourable
environment to aid the convection process, creat-
ing the appropriate condition for the RI of the
systems.

3.6 Eyewall replacement cycle of TC Fani

TC Fani (the other two cyclones did not go
through the eyewall replacement cycle) underwent
an eyewall replacement cycle after its MI stage and

before its dissipation. The large-sized cyclone
undergoes an eyewall replacement cycle when sec-
ondary maxima are developed in the convergence
outside of the primary eyewall. Figure 15 depicts it
in the INSAT3D images (Jaiswal et al. 2022). The
azimuthal average of vertical vorticity from the
mesoscale analysis also depicted the eyewall
replacement cycle. The outer eyewall was formed
outside the primary eyewall with secondary max-
ima of vertical vorticity on 18 UTC 1 May 2019.
The secondary eyewall gradually contrasts radially
towards the primary eyewall as we see the radius of
the secondary eyewall decrease from 250 km to
150-200 km (figure 15h). However, after that, the
eye of the TC Fani crossed the Odisha coast, and
it started dissipating, which led to an increase in
the size of TC Fani but weakened the vortex
strength. The detailed mechanism of the eyewall
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Figure 14. Mid-tropospheric (average of 700-500 mb) relative humidity (RH) averaged over 1° x 1° area about the centre of TC
(a), areal maximum of diabatic heating (b), the evolution of MCAPE at the centre of TC (c), lower level (850 hPa) convergence
(d), upper level (200 hPa) divergence (e) and DLS (f) over 1° x 1° latitude x longitude area about the centre of TC Ockhi.

replacement cycle requires further analysis, and we
will carry it out in another article.

3.7 Deformation vs. rotation and radii evolution

The comparative influence of convection and
deformation affects the temporal evolution of inner
core formation during tropical cyclogenesis.
Increasing vorticity is the signature of developed
and enhancing convection, whereas the large shear
value brings out deformation that resists forming
the inner core column of deep convection. Thus the
knowledge of the distribution of vorticity and
deformation supports understanding the formation
of deep convection. OW parameter helps us dis-
tinguish the flow into different regions: cyclonic
rotation dominated region (OW 1is +ve) and

deformation/strain dominated region (OW is —ve).
A numerical experiment on two-dimensional tur-
bulent flow leads to the segmentation of relative
dominance of rotation and deformation (Elhmaidi
et al. 1993). They observed a general eddy struc-
ture with an inner core dominated by vorticity
with strain-dominated surroundings.
Furthermore, analysis of mesoscale eddies by the
spatial distribution of the OW parameter is applied
to distinguish vorticity-dominated eddy core from
the surroundings, where, in general, deformation
prevails. The evolution of the OW parameter cal-
culated over an area of 4° x 4° (latitude x longi-
tude) region about the centre of TC from genesis to
mature stages is shown in figure 16 for TC Fani
(first row), Luban (second row), and Ockhi (third
row). Our analysis shows that the core region of
TC gets a vorticity-dominated deep convective
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system as the TC intensifies. The core portion is
separated from the highly sheared region by a thin
annular neutral section characterised by a very low
(-5 to 5 x 1077 s7?) OW parameter value where

the vorticity and deformation term balance. From
the deep depression (DD) stage, the core portion
starts getting vorticity dominated and strengthens
with time. At the VSCS stage of TC Fani and
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Ockhi, the OW parameter shows a value up to 50 x
1077 s72, and that of TC Luban is 30 x 1077 s~ 2.
TC Fani is attributed by OW parameter above 60
x 1077 s7% at the ESCS stage. The increasing OW
parameter value in the inner core region indicates
an enhancement in the rotating updraft, strength-
ening the TC column.

Stern et al. (2015) and Smith and Montgomery
(2015) have challenged the convective ring
axisymmetric model due to the contribution of the

asymmetric framework in TC development. As
seen in figure 16, the convection and deformation-
dominated regions were organised in an asymmet-
ric pattern. Therefore, the distance of a point with
{=1x 105" from the TC centre (radii of the
cyclone) differs in all four quadrants. They are
shown in figure 17, which shows that the simulated
radii have shown reasonably different values at
different quadrants, indicating the asymmetric
structure of simulated TCs. The asymmetric and
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axisymmetric structures at various stages of TCs
have been simulated well in the high-resolution
mesoscale analysis. In the case of Fani, the radius
in upwind right and left quadrants increased
sharply after the CS stage (29 April 2019) with a
simultaneous decrease in the left and right down-
wind quadrants (figure 17a). Similarly, for TC
Ockhi (figure 17c¢), after the CS stage (1 Dec 2017),
the radius in upwind quadrants increases while the
radius in the downwind quadrant decreases. When
TC intensified to the MI stages (TC Fani: 2 May
2019, TC Luban: 10 Oct 2018, TC Ockhi: 02 Dec
2017), they tended to attain symmetric structures
as indicated by reducing differences of magnitudes
of radius from different quadrants. As discussed in
the previous section, during the RI stage of all
three cyclones showed asymmetric convection
around the centre and quasi-symmetric wind
streamlines around the centre. Such an asym-
metricity of inner core convection is associated
with increasing the available potential energy,
which in turn increases the kinetic energy, leading
to RI (Callaghan 2017; Geetha and Balachandran
2020). Yu et al. (2021) suggested that increased
tangential wind and BL updrafts in the ‘left-to-
shear’ sector lead to an asymmetric response in a
sheared TC. As per the current study, the struc-
ture of the TCs attained symmetry when they
underwent the MI phase of their life. Our present
study suggests that the structures of the systems
are asymmetric during their development, which
helped the system to gain the RI phase by trans-
forming available energies, and gradually, the TCs
attained symmetry in convective patterns during
the MI phase of the system. The initial develop-
ment of TC Ockhi was cognate by axi-
symmetrization of the TC vortex, which could be
caused by near eyewall vortex Rossby waves
(Geetha and Balachandran 2020). The RI phase
was associated with non-uniform heating in the
vertical direction associated with latent heat
release due to convection.

4. Conclusions

For improving the forecast skill of TC intensity, it
is prime to understand the internal dynamics of
factors controlling TC evolution. Also, the studies
have raised concerns about the theoretical frame-
work of intensification of TCs. The representing
intensity of TC in terms of maximum wind radius
has limitations as it is not materially conserved
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quantity and is not fundamental to the spin-up
process. Nevertheless, the physical mechanism
involved in the TC intensification process needs a
better theoretical understanding and requires more
investigation. Therefore, in this work, we have
developed high-resolution analysis to examine the
dynamics and thermodynamics of vortex evolution,
quadrant-wise radii evolution, warm-core forma-
tion and strengthening (intensification), and
deformation ws. rotation during the life cycle of
TCs Fani, Luban, and Ockhi.

In this study, it has been observed that a CAPE
value of 1000 Jkg ' ensured the thermodynamic
favourability to develop a buoyant updraft for
48 hrs before cyclogenesis and during their lifespan.
The CAPE distribution at the BL of TC was highly
correlated with the evolution of azimuthal-mean of
maximum tangential wind (spin-up) at 850 hPa.
The { is developed from the lower troposphere to
the upper troposphere with the intensification of
the TC. A well-formed vortex column throughout
the tropospheric height with  value above 40 x
107* s ! is observed at the MI stage. The unor-
ganised, weak, discontinuous vertical columns of
vortex became organised around the eye with
intense vertical velocity throughout the column
after RI. The radius-wise axisymmetric formation
of TCs was observed when they attained maximum
intensity, whereas at lower intensities, the asym-
metric interaction played a dominant role. The
vorticity budget analysis indicated that the rela-
tive vorticity tendency was higher throughout the
tropospheric layers when Fani underwent RI. For
TC Luban and Ockhi, the relative vorticity max-
ima were observed between the surface to the
nearly middle-tropospheric region before attaining
the RI. The strengthening of the relative vorticity
tendency terms was triggered by vertical stretching
of vortex up to upper troposphere in case of TC
Fani and lower and middle tropospheric advection
in case of TCs Luban and Ockhi. The sufficient
magnitude of vorticity tendencies, low frictional
and subgrid processes in the lower levels, and the
high advection of vorticity above the middle tro-
posphere contributed further in attaining the RI.

The release of CAPE in the presence of nearly
saturated middle-level RH causes intense diabatic
heating that increases low-level convergence and
upper-level divergence for TC Fani and Luban, and
these systems have undergone RI. The upper-level
diagnostics by Sear and Velden (2014) point to
regions of low inertial stability, providing favour-
able ‘soft spots’ for potential mass evacuation from
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intense core convection. Once it is linked to envi-
ronmental flow, it provides an effective mass
transit from the developing disturbance and helps
to maintain the circulations. In the case of TC
Ockhi, there was a decrease in upper troposphere
divergence during the first RI. This reduction in
ventilation flow in the upper level helped accumu-
late moisture in TC’s core region. Later on,
the moisture-enriched lower-middle troposphere
helped in very strong diabatic heating through the
release of CAPE and caused second RI and then
MI.

Moreover, the small variation in 0,4 throughout
these systems’ life cycles created favourable con-
ditions for the sustenance of deep convection in the
core region and heat supply to the system. The
large radial and vertical gradients of the diabatic
heating rate favoured the transverse circulation
(Wang 2012). In the present case study, the strong
vertical gradient of the diabatic heating in the
lower troposphere concentrates acts positively to
concentrate the radial inflow near the surface,
intensifying the tangential circulation. The RI
caused cyclonic circulations of three cyclones to
extend up to the upper troposphere. Spatial dis-
tributions of OW parameter show that TC core
portion began vorticity dominated suppressing the
strain dominated surrounding from the DD stage.
The evolution of dynamical and thermodynamical
parameters indicated vortex stretching in the bot-
tom-up mechanism, and the developed positive
feedback of diabatic heating, baroclinic instability,
increased vertical velocity, and continuous vertical
moisture transport and strengthening warm-core
are responsible for the intensification of TCs.
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