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Abstract

The study of the dynamics of tropical cyclones constitutes a major portion of
the curriculum for atmospheric science throughout the world. This is due to its
enormous significance on the coastal human civilization all over the world. The
increase in sea surface temperature globally has led to an increase in the frequency
of tropical cyclones. As many as ten deadly tropical cyclones have hit the
Coromandel Coast of the Bay of Bengal Coastline after generating as depressions
from the Bay of Bengal in the last decade. The most challenging part lies in the early
detection of tropical depressions in the ocean bed, the consequent intensity
prediction of the generated tropical cyclone and the forecasting of the resulting path
of propagation of the cyclone in landmass. For these a detailed analytic study of the
related cyclone dynamics governing equations, their corresponding solution,
propounding of the cyclone analytic solution model and estimation of some critical
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parameters based on real cyclone data for the validation of the analytic model is of
utmost importance. Radio Sonde Radio Wind (RSRW) data analysis for 5 cyclones
and subsequent Cyclone Stability Parameter (CSP)determination, simplification of
the complicated expression of CSP and its subsequent significance is the main work
of this paper. The CSP is the representative of the entire analysis of the governing
equations of tropical cyclones in the applicable coordinate system of a previously
performed important work. So this work is also a validation of the previously
performed analytic work. We have also analytically simplified the expression of CSP
through some approximations and chalked out a more lucid expression which is a
function of r only. This work effectively unites analytic and numerical performances
for more effective prediction of tropical cyclone path of propagation in landmass
after their formation in tropical oceans.

Keywords: Cyclone Stability Parameter (CSP), Cross Radial Velocity, Radio Sonde
Radio Wind (RSRW), Track Determination, Transverse Velocity, Tropical Cyclone.

I. Introduction

A major scaled atmospheric whirlwind characterized by acute low-pressured
core and vigorous outer layered wind motions is defined as a tropical cyclone. Nelson
in 2014 described the Coriolis force dynamics from the earth’s rotation in different
hemispheres. The word 'tropical’ in tropical cyclones relates to its development and
genesis in tropical oceans. In the last decade, mainly in the tropical oceans the
generation and strength of tropical cyclones have highly enhanced throughout the
cyclone-prone coastal regions in the world. The tracks and intensities of tropical
cyclones for the last 150 years are given by Liu (2010). A compact review of the
important works performed on the topic of tropical cyclones so far can be obtained
from Ghosh et al. (2021). The dynamical intensity variation of tropical cyclone Noru
with numerical simulations was studied by Li and Xuyang (2020). Tropical cyclones
completely devastate the coastal communities of the world in terms of threatening
millions of lives and causing damage to properties and infrastructure worth billions of
dollars. Global climate change has greatly affected the nature of climate-related
natural hazards ( Kohle et al. 2016). A significant portion of the global human
population is prone to tropical cyclones since they stay in the proximity of the long
global coastline. Rezapour (2015) described the impact of tropical cyclones and
Tsunamis on them. The average life cycle of a tropical cyclone is 9 days and it
includes four stages viz. formative, immature, mature, and decay stages respectively.
The formative stage also known as the genesis stage is the first stage of the life span
of tropical cyclones where it develops from an area of strong convective cloud. In this
stage, there is no closed isobar at the surface. The second stage is an immature stage
called the tropical depression stage where the tropical cyclone dynamics is most
unstable. In this stage, the beginning of the gale force winds occurs and the official
name of the cyclone is also given to the present strong depression. In tropical cyclone
lifecycle, viz. when it enters landfall is known as the tropical storm stage. The fourth
but last stage of the life cycle of a tropical cyclone is called the hurricane stage. This
stage is called the decay stage and it includes the process for the cyclone to continue
its progress over the cooler waters to land until it dissipates.
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Emanuel (2005) defined a power dissipation index for describing the intensity of
tropical cyclones. This index shows a marked increase in recent years due to the
enhancement of the temperature of the surface of the sea. This is acts as a significant
factor behind cyclone formation. In this context, the significance of anomaly
temperature deserves special mention. Ghosh et al. (2022b) showed a special
technique of anomaly temperature analysis that can help to forecast cyclone
formation from developed depression in the ocean bed. Nott (2003) also studied
similarly to determine the dynamics of cyclones that have struck in the past. Baisya et
al. (2020) analyzed cyclone Phailin and Hudhud using the Weather Research and
Forecasting (WRF) and The Coupled Ocean Atmosphere Wave Sediment Transport
(COAWST) models. Tapiador (2008) recognized hurricanes using the Global Climate
Model (GCM) of low resolution. In this work, we have analyzed the Radio Sonde and
Radio Wind (RSRW) data of 5 tropical cyclones. Posada et al. (2012) performed a
detailed analysis of RSRW data to verify the Fifth Generation/ NCAR Mesoscale
Model (MM5) of the Madrid Barajas Airport. Tropical cyclones become more
devastating in plane landforms leading to the sea compared to rugged landforms (Lala
et al. 2014). The techniques adopted by IMD in the path forecasting of tropical
cyclones generated in the Indian Ocean, Arabian Sea, and Bay of Bengal can be
obtained from the work of Sikka (2006). The important works of Jung et al. (2010),
Elsberry et al. (2010) and Spiridonov et al. (2020) in the field of cyclone path
forecasting and thunderstorm alert also deserve mention. Storm surge resulting as a
result of tropical cyclones is the most devastating factor affecting the damage of
coastline areas. Siahsarani et al. (2020) showed the function of the Simulating Waves
Nearshore Model (SWAN) for the Gulf of Oman.

Il.  Tropical Cyclone internal geometry

We can get an idea of tropical cyclone structure through a literature survey.
Ritchi and Vigh (2010) did important work regarding tropical cyclone internal
structural dynamics. Their work consisted of a summarized form of all important
works done in the research of tropical cyclone internal structural dynamics that
occurred between 2006 to 2010. Shevtsov et al. (2015) derived the relationship
between tropical cyclone internal geometry and its devastation effect. Stern et al.
(2015) derived a mutual relationship between intensification and contraction of
cyclone eyewall. The total wind field consisting of fluxes (Ghosh and Chakravarty
2018) may be divided into three regions:-

ILi. The eye

The eye is the innermost part of a tropical cyclone. Here the atmosphere is most calm
compared to the other portions of the cyclone. The radial extension of the eye from
the axial line of the cyclone is from 30 — 65Km. The eye temperature is around
5.5°C warmer compared to the temperature of the other parts of the cyclone. As a
result of this, light hot and sultry air containing a huge amount of moisture is
abundant in the cyclone eye. A calm environment in the cyclone eye helps to
condense the huge amount of moisture present in this region. Thus huge amount of
potential energy is released and that acts as a fueling factor for the cyclone.
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ILii. The eyewall

The most destructive part of a tropical cyclone is the eyewall. The wind speed is
strongest in eyewall and the rainfall is heaviest. Due to a very acute low pressure in
the eye, the winds are driven by a very strong pressure gradient force in the eye wall.
The circling horizontal or cross radial- winds can achieve a velocity of around
225Km/hr.

I1.iii. The wall cloud region

The region of strong wind perturbation extending from the eye wall to the spiral
bands is called the wall cloud region. In this wall cloud region, the radial wind
velocity extends considerably. This region extends up to a width of around 8 Km
from cyclone axis.

Il.iv. Rain bands

The rain bands prevail as bands encircling the center after the wall cloud region. They
rotate apparently about the center. This portion is characterized by heavy rainfall with
a decaying velocity of cross-radial wind.

The details anatomical picture of a tropical cyclone is given by Zhender (2019) in
Fig.1

Anatomy of a tropicalicyclone’
cross-section with oxaggecatsa™

Fig. 1. Internal structural geometry of a tropical cyclone (Zehnder, 2018; "Anatomy
of a Tropical Cyclone", courtesy of Encyclopadia Britannica, Inc., copyright 2018;
used with permission)

I11.  Methodology and CSP analysis of cyclones
The Navier- Stoke's equation (Ghosh and Chakravarty 2018) in cylindrical

coordinate system for a fluid parcel in a steady state is given by:-

wgt T rwitfu=gle (GOl 45 (k) @

The transport equation is given by:-

d d
57 (ur) + 5= (pwr) = 0 @)
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The ideal gas equation is given by:-

p = pRT 3)
The gravitational equilibrium equation is given by:-

ap _ _

5, = 9P 4

From the works of Ghosh and Chakravarty (2018) tangential velocity necessary for
attributing the whirlwind turbulence for a tropical cyclone in a cylindrical polar
coordinate system having parameters (r, 8 and z), is obtained from equations (1), (2),
(3) and (4) and its given by,

Arf+1 A
. [f(i)] (rll)—;Tr}exp{@(rz_rf)}(&exp[_B% {r _ Ers 46 _ er}]

10 2VBr  4VB

1
2

()
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Where the unknown constants are defined respectively as: k,- Along the radial
direction, the viscosity coefficient/unit mass for moist atmospheric air attributed to
the cause of tropical cyclone.

k, - The viscosity coefficient for moist atmosphere/ unit mass along the vertical
direction.

-9
pis the moist air density at vertical height z given by poe(ﬁ)z, where p, being the
standard sea level density having a constant magnitude of 1.225 kg/m3

r; - The eye wall radius.
r, - The wall cloud radius.

r

P=kir[1(Ar12+1)—Ar]

-~z +a(1-)

ky Lr2

R=ra(r-%)

f, k, Aare specific constants (Ghosh and Chakravarty 2018).
C,andC, are also constants.
f(r)= Br4+r%—Hr—\/§

A2
4K?’

B
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Here as Z = 0; Z—Z = 0;r = r;. The 8 variation of I/ has also been considered
negligible. The constants C; and C, are given by,
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VB G H
C, = 3000exp [BY/* {r; —X07f + oo ﬁrlz}]

= _pi/afy _YE.5 . G _ H
C, = 3000exp |~BY*{r, Tt Wﬁrl}]

The solution of the corresponding radial velocity of the considered fluid parcel taken
as a representative of the cyclone fluid parcel is given by,

U=a(?- rlz)e(z_%) (6)
Where Z < H,
Also

U=a@?- rlz)e_(z_%) (7
Where Z > H

Here the constant «a is given by, a« = 0.000292 Sl unit and H = 20Km is the upper
troposphere height of the tropical cyclone.

I11.i. CSP simplification and its significance

In our work (Ghosh and Chakravarty 2018) we have shown that CSP = % is a crucial
parameter for determining the stability of a cyclone.

Where V and U are respectively the radial and cross-radial velocity of a concerned
fluid parcel within the cyclonic system at a certain instant of time. If we expand the
exponential terms of equation (5) and use the approximation exp(x) = 1 + x (when
x << 1) then after some cancellation of terms the ultimate value of the cross radial
velocity is given by,

_ 6000 |, 2 _VB_5 G Hr? 2
V_,/f(r) 1 \/E(r 0" +2\/§r 4\/5)] (8)

Where f(r) = Br* +rG—2—Hr—\/§

Thus utilizing the expressions of U and V from equations (6),(7) and (8) we get the
simplified expression of CSP as

120007
P = oD ©)
From the value of CSP we can readily conclude whether a low pressure system tends
to form a cyclone in practice. If the numerical value of CSP exceeds unity then the
concerned fluid parcel within the cyclone has a higher value of instantaneous cross
radial velocity component than the corresponding instantaneous radial velocity
component. As a result, we conclude the cyclone to be stable as the wind converges
towards a point. The more the value of CSP the more stable the cyclonic system. So
the numerical value of CSP is proportional to the stability aspect of a tropical cyclone
and its critical value being unity. Reynolds number differentiates analogically laminar
and turbulent flow in fluid dynamics. Thus the significance of CSP in cyclonic
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stability is analogous to the significance of Reynolds number in demarcating stable
depression liable to form as a cyclone and non-stable depression liable to be
dissipated. An account of CSP analysis from cyclone RSRW data can be obtained
from the work of Ghosh et al. (20223).

Our studies are as follows,
I1Lii. Analysis of Cyclone Laila

Cyclone Laila first developed over the Bay of Bengal on 18th May 2010. It got
strengthened as it moved north-westward and increased its strength on the next day. It
made landfall near Bapatla of Andhra Pradesh on 20th May 2010 and dissipated on
21st May 2010. From the tables 1 to 4 along with the graphs 2 to 5, we try to predict
the movement of the cyclonic system. As the CSP value is greater than unity the
cyclonic system tends to get deflected towards Chennai.

CBP graph fer Cyelons Lais
59 graph fo Cyekies Lals

-

Fig. 2 CSP graph for cyclone Laila Fig. 3 CSP graph for cyclone Laila 18™
on 18" May 2010 on 19 May 2010
Fig. 4 CSP graph for cyclone Laila on Fig. 5 CSP graph for cyclone Laila on

20" May, 2010 21t May, 2010
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Table 1: Laila CSP on 18t May, 2010
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Table 3: Laila CSP on 20" May, 2010 (date of landfall)
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Table 4: Laila CSP on 215t May, 2010

I Liii. Cyclone Phailin analysis

Cyclone Phailin developed as a severe cyclone on October 9, 2013, after passing into
the Andaman Sea from the Malay Peninsula. It intensified further and developed as a
severe cyclonic storm on 9th Oct 2013 and completely dissipated on 14th Oct 2013.
By analyzing the RSRW data of Waltair and Bhubaneswar we calculated the CSP for
Phailin for each day from 9th to 13th Oct, 2013 concerning the geopotential height
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within the boundary layer. We take the RSRW wind velocity of Bhubaneswar as the
tangential velocity and the RSRW wind velocity of Waltair as the radial velocity of
the cyclone wind respectively (Tables 5,6,7,8 and 9 which are self-explanatory). Here
also graphs of U,V, and CSP (Figs. 6 to 10)

€8P graph for Cyclone Phailn
3

5P graph for OyclonoPhatin

are plotted and from the tables and subsequent graphs, we try to predict the
movement of the cyclonic system. We observe that the cyclonic system tends to drift
towards Bhubaneswar as the CSP value is greater than unity.

Fig.6. CSP graph for cyclone Phailin Fig. 7. CSP graph for cyclone Phailin
on 9" Oct, 2013 on 10%" Oct, 2013

CSP gragn for Cydore Fhali
T T

Fig. 8. CSP graph for cyclone Phailin Fig. 9. CSP graph for cyclone Phailin
on 11" Oct on 12 Oct, 2013

CSP g for Cydons Fhalla
T T

iy

Fig.10. CSP graph for cyclone Phailin on 13t Oct, 2013
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Table 5: Phailin CSP on 9t Oct, 2013
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Table 7: Phailin CSP on 11" Oct, 2013
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Table 9: Phailin CSP on 13t Oct, 2013

IlLiv. Cyclone Helen analysis

Severe cyclonic storm Helen struck the Coromandel Coast (near Machlipatham,
Andhra Pradesh) on 215t Nov 2013 just one month after the striking of tropical
cyclone Phailin. It developed as a weak depression over the Bay of Bengal from the
remains of tropical storm Podul. It then started gaining momentum on the following
two days of the 19" and 20t Nov traveling northwest and ultimately made landfall
on 215t Nov, over Machlipatnam as a severe cyclonic storm. The cyclone dissipated
on 22"4 Nov, 2013. Analyzing the RSRW data of Waltair and Bhubaneswar we
calculated the concerned CSP for Helen from 18™ to 23" Nov respectively with
corresponding geopotential heights within the boundary layer taking the Waltair wind
velocity as the tangential cyclone wind velocity and the Bhubaneswar wind velocity
as the radial cyclone wind velocity respectively ( Tables 10 to 15, which are self-
explanatory). Then we plot the figures of U, V, and CSP (Figs. 11 to 16) and hence we
try to estimate the movement track of the cyclone. It's observed from the graphs and
tables that the cyclonic system tends to drift towards Waltair as CSP is greater than
unity.
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€59 gragh for Cycions been

Fig.11. CSP graph for cyclone Helen on 18t
Nov, Nov, 2013

Fig. 13. Cyclone Helen CSP graph on 20" Nov 2013

CSP graph for Cycione Helen
T

Fig. 15. Cyclone Helen CSP graph on 224 Nov 2013
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Fig. 12. Cyclone Helen CSP graph on 19th
Nov, 2013

CSP gragh for Cyclona Halan

Fig. 14. Cyclone Helen CSP graph on
215 Nov 2013

5P graph for Cydonc Helen

Fig. 16. Cyclone Helen CSP graph on 237 Nov 2013
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Table 10: Helen CSP on 18™ Nov 2013
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Table 12 : Helen CSP on 20™ Nov, 2013
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Table 14: Helen CSP on 22™4 Nov 2013
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3742 1.921182266 6.0 3.123076923
4395 5.797235023 8.0 1.379968204
5096 5.103305785 5.0 0.979757085
5853 3.015978695 2.0 0.663134658

I1l.v. Cyclone Hudhud analysis

Cyclone Hudhud developed as a very severe cyclonic storm on 11%™" Oct, 2014
progressing towards the Bay of Bengal coast of Andhra Pradesh. It made landfall on
12™ Oct 2014 over Vishakapattanam and dissipated on 13™ Oct, 2014. Similarly as
before we calculated the CSP for Hudhud with the geopotential by the analysis of
RSRW data of Port Blair and Bhubaneswar. The corresponding analysis is given in
self-explanatory tables 16 to 18. U,V and CSP are plotted in subsequent graphs (Figs.
17 to 19) and hence we try to predict the movement of this cyclone system. Here also
by observing the tables and graphs, we see that the cyclonic system tends to drift
towards Bhubaneswar as the CSP value is greater than unity.

Fig. 17. Cyclone HudhudCSP graph Fig. 18. Cyclone HudhudCSP graph
on 11t Oct, 2014 on 12t Oct 2014

Fig. 19. Cyclone HudhudCSP graph on 13t Oct 2014
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Table 16: CSP analysis for cyclone Hudhud on 11% Oct 2014

Table 17: CSP analysis for cyclone Hudhud on 12t Oct, 2014 (date of landfall)
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Table 18: CSP analysis for cyclone Hudhud on 13" Oct 2014

53 0.654320987 5.0 7.641509442
49 0.604938271 5.0 8.265306131
506 3.876379691 16 4.127562642
739 8.000000000 18 2.250000000
977 8.000000000 18 2.250000000
1987 2127413127 19 8.931034484
3109 3.931153184 22 5.596322242
3722 1.204878049 24 19.91902834
4376 1.935779816 28 14.46445498
5839 2.942257217 23 7.817127567

I11.vi. Cyclone Vardah analysis

Cyclone Vardah was also a highly intense storm that struck Andaman and Nicobar
Islands and some portion of southern India on 12" December, 2016. We analyzed
the RSRW data of Bhubaneswar and Waltair to calculate its CSP with geopotential
height within the boundary layer taking the RSRW wind velocity over Bhubaneswar
as the tangential cyclone wind velocity and the RSRW wind velocity over Waltair as
the radial cyclone wind velocity respectively on 8% Dec 2016 (since the depression
was nearer to Bhubaneswar than Waltair on that day). In the coming days till the day
of dissipation (9*" to 13th December, 2016) we have analyzed as before in tables 19
to 24, which are again self-explanatory. We have again plotted the subsequent U, V,
and CSPgraphs (Figs. 20 to 25) and again tried to predict the movement of the
cyclone system from these. Here also by observing the tables and graphs, we see that
the cyclonic system tends to drift towards Waltair as the CSP value is greater than
unity.

3 g Ccon Vs CBP graps forCyclane Vrdeh

Fig. 20. Cyclone VardahCSP graph Fig. 21. Cyclone VardahCSP graph
on 8" Dec, 2016 on 9% Dec, 2016
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8P graph fo Cylone Vrcsh
T T T
I\

€SP graphfor yclons Vardeh
T T

»
\

Vi,

Fig. 22. Cyclone VardahCSP graph
on 10t Dec, 2016

.
Vvams

Fig. 23. Cyclone VardahCSP graph
on 11" Dec, 2016

CSP graph forCyclane ireah

=

]

Fig. 24. Cyclone VardahCSP graph
on 12t Dec, 2016

Fig. 25. Cyclone VardahCSP graph
on 13 Dec, 2016

Table 19: CSP analysis for Cyclone Vardah on 8" Dec 2016
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Table 20: CSP analysis for Cyclone Vardah on 9™ Dec, 2016
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Table 22: CSP analysis for cyclone Vardah on 11" Dec 2016

Table 23: CSP analysis for cyclone Vardah on 12t Dec 2016 (date of landfall)
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Table 24: CSP analysis for cyclone Vardah on 13™ Dec 2016

IV. Result and Discussions

First of all, in this study we have analytically simplified the expression for
CSP as obtained in Ghosh and Chakravarty (2018) by resolving the exponential terms
present in the analytic solution of the cross radial velocity (Eqn. 5). Hence we
obtained a simplified expression of CSP (Eqn. 9) which is a radial function only.
When this expression of CSP is plotted w.r.t.  (shown in Fig. 26) we find that with
the increase in the value of r, the value of CSP diminishes showing that the stability
of cyclone is maximum at the cyclone core and minimum at the cyclone periphery.
The simplified expression of IV as obtained in Egn. 8 from Eqn. 5 has helped to obtain
the lucid expression of CSP (which is a function of r only) from the simplified
expression of V (Egn. 8) given in Egn. 9. Also in this study we have used the velocity
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data which were obtained from RSRW observations of different India Meteorological
Department (IMD) observatories. For the study, we have chosen 5 cyclones, viz.
Laila, Phailin, Helen, Hudhud and Vardah. A CSP value greater than unity implies
low pressure at coastal stations. The CSP analysis of prefix and suffix days of cyclone
landfall of the five cyclones was done based on the availability of corresponding
RSRW data.

80
70
60
50

cspP

40
30
20
10

15 16 17 18 19

rin Km

Fig. 26 Variation of CSP w.r.t. r
V. Conclusions

This work provides an excellent effective technique for determining the
movement track of a tropical cyclone derived from the complicated theory of its
dynamical equations. This work validates the theoretical solutions of Ghosh and
Chakravarty (2018) by the CSP analysis of the observational data of five tropical
cyclones of the Bay of Bengal basin. During the generation of a depression that tends
to develop as a tropical cyclone, we take two representative places within the low-
pressure belt viable to be affected by the cyclone, we then analyze the RSRW data of
the wind velocity of those places within the boundary layer and calculate CSP for the
cyclone taking the RSRW wind velocity of one place as the radial velocity
component of the cyclone and the corresponding other place RSRW wind velocity as
the cross-radial velocity component of the cyclone with the geopotential height. It is
worthwhile to mention that the location of the chosen places for this analysis should
be nearly normal to the path of propagation of the cyclone. Now if the CSP value
increases and remains above unity then the cyclone will be stable and it will progress
to a place close to the region for which we have taken the RSRW wind velocity as V
(the cyclone cross radial or tangential velocity) for landfall. If the CSP value
decreases and becomes less than unity then the cyclone is progressing to a place close
to the region for which we have taken the RSRW wind velocity as U (cyclone radial
velocity) for landfall. In fact in this work for all five cyclones from the corresponding
tables and figures, we see that the cyclonic system tends to drift towards the place
where the RSRW wind velocity is taken as the cross radial velocity of the cyclone as
the CSP value is greater than unity. This is the most important conclusion and
outcome from the detailed analysis carried out in this work. Apart from these an
important simplification of the CSP expression has also been incorporated in this
work. In future work, we can try to find out a critical parameter with the help of scale
analysis, so that one can decide which depressions can become cyclones.
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VI. List of Important Symbols

A,B,C,C;,C,, G, H, P,QandR-constants in equation (5) with applicable Sl units.
CSP - Cyclone Stability Parameter (dimensionless quantity)

V - Cross radial velocity (m/s)

U-Radial Velocity (m/s)
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