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The tropical cyclone Viyaru maintained a unique quasi-uniform intensity during its life span. Despite
being in contact with sea surface for >120 hr travelling about 2150 km, the cyclonic storm (CS) intensity,
once attained, did not intensify further, hitherto not exhibited by any other system over the Bay of
Bengal. On the contrary, the cyclone Phailin over the Bay of Bengal intensiﬁed into very severe cyclonic
storm (VSCS) within about 48 hr from its formation as depression. The system also experienced rapid
intensiﬁcation phase (intensity increased by 30 kts or more during subsequent 24 hours) during its life
time and maximum intensity reached up to 115 kts. In this paper, a comparative study is carried out to
explore the evolution of the various thermodynamical parameters and possible reasons for such converse
features of the two cyclones. Analysis of thermodynamical parameters shows that the development of
the lower tropospheric and upper tropospheric potential vorticity (PV) was low and quasi-static during
the lifecycle of the cyclone Viyaru. For the cyclone Phailin, there was continuous development of the
lower tropospheric and upper tropospheric PV, which attained a very high value during its lifecycle. Also
there was poor and ﬂuctuating diabatic heating in the middle and upper troposphere and cooling in the
lower troposphere for Viyaru. On the contrary, the diabatic heating was positive from lower to upper
troposphere with continuous development and increase up to 6◦ C in the upper troposphere. The analyses
of cross sections of diabatic heating, PV, and the 1000–500 hPa geopotential metre (gpm) thickness
contours indicate that the cyclone Viyaru was vertically tilted (westward) and lacked axisymmetry in
its structure and converse features (axisymmetric and vertical) that occurred for the cyclone Phailin. In
addition, there was a penetration of dry air in the middle troposphere of Viyaru, whereas high moisture
existed in the middle troposphere of Phailin. The vertical wind shear (5–10 ms−1 ) near the core of the
storm region between 850 and 200 hPa was favourable for both the systems but was higher in the northern
region of the cyclone Viyaru. The divergent development of these thermodynamic features conspired to
produce converse characteristic of the two cyclones.

1. Introduction
Operational forecasting of tropical cyclones primarily involves genesis, track, and intensity predictions before and after landfall. A major hurdle for
the study of the structure of tropical cyclones had
been lack of data over the seas. During the last

few decades eﬀorts have been made to tackle these
challenges. Assimilation of enormous satellite data
into the sophisticated numerical weather prediction (NWP) models has enabled the researchers to
look into the intricacies of the structure by studying diﬀerent important variables at various levels
of the atmosphere within and around the systems.
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Several studies have been carried out in forecasting tropical cyclone. A tropical cyclone genesis parameter was deﬁned by Gray (1968) as a
product of three thermodynamic parameters, viz.,
sea surface temperature (SST) (>26◦ C up to a
depth of 60 m), mid-tropospheric relative humidity, and three dynamical parameters, viz., Coriolis parameter, reciprocal of vertical wind shear,
and relative vorticity in the lower levels of the
troposphere. DeMaria et al. (2001), McBride and
Zehr (1981) developed diﬀerent methods to predict cyclogenesis using various dynamical and thermodynamical atmospheric variables. Roy Bhowmik
(2003) highlighted some threshold values of Genesis
parameter to diﬀerentiate the degree of intensiﬁcation at early genesis stages over the Indian seas.
Kotal et al. (2009) developed a Genesis Potential
Parameter (GPP) consisting of various dynamical
and thermodynamical variables to diﬀerentiate
between nondeveloping and developing low pressure systems over the North Indian Ocean.
Sanders and Gyakum (1980) deﬁned ‘bomb’ as
an extratropical surface cyclone with central pressure falling at the rate of 1 mb h−1 or more for
24 hours. Most of the studies on rapid cyclogenesis and rapid decay have been carried out for systems over the Atlantic Ocean and Paciﬁc Ocean
(Anthes et al. 1983; Sanders 1986; Kuo and Reed
1988; Whitaker et al. 1988; Kuo et al. 1991; Bosart
et al. 1995; Kaplan and DeMaria 2003; Martin
and Otkin 2004; Kaplan et al. 2009). Kotal et al.
(2012) carried out a case study of rapid intensiﬁcation of cyclone GIRI over the Bay of Bengal. They found the lower-tropospheric latent heat
release and the resulting increase of positive lower
PV anomaly by the eﬀect of this latent heat release
played a major role for rapid intensiﬁcation of
the cyclone. Recently, Kotal and Roy Bhowmik
(2013) developed a statistical-dynamical technique
for probabilistic forecast of rapid intensiﬁcation of
cyclone.
The average life span of tropical cyclones over
the North Indian Ocean is 4–5 days out of which
3–4 days are spent over the seas prior to landfall.
Best track data of IMD during the period May 1990
to May 2013 show that only nine tropical cyclones
spent their journey, a period of 120 hr or more, over
the sea surface, from the stage of depression. Out
of which, eight subsequently crossed coasts and
one decayed over the seas without making landfall. Barring cyclone Viyaru, all the eight cyclones
attained a maximum intensity equal to or more
than severe cyclonic strom (SCS) intensity (> 47
kts). The cyclone Viyaru maintained cyclone intensity (34–47 kts) for 126 hr travelling about 2150
km, neither decayed nor intensiﬁed. Whereas, the
cyclone Phailin over the Bay of Bengal intensiﬁed into very severe cyclonic storm (VSCS) within

about 48 hr from its formation as depression. The
system also experienced rapid intensiﬁcation phase
(intensity increased by 30 kts or more during subsequent 24 hr) during its life time and maximum
intensity reached up to 115 kts. An insight into
diﬀerent aspects of both the systems is necessary
to understand the mechanism of the growth of
the system to cyclonic storm and maintenance of
the quasi-uniform intensity for an unusually long
duration for cyclone Viyaru and rapid intensiﬁcation of the cyclone Phailin. Therefore, this study
includes analyses of dynamical and thermodynamical parameters to explain the converse feature of
the cyclone Viyaru and Phailin.
The paper is organized as follows: brief lifecycle
of the cyclone Viyaru and Phailin is described in
section 2. The data sample used in this study is
described in section 3. A synoptic overview of the
environmental condition is given in section 4. Analyses of thermodynamic features are presented in
section 5. Summary and conclusions are given in
section 6.
2. Cyclonic storms
2.1 Cyclonic storm Viyaru (10–16 May 2013)
A low pressure system that formed over southeast Bay of Bengal on 8 May 2013 intensiﬁed into
depression at 0900 UTC of 10 May 2013 near lat.
5.0◦ N and long. 92.0◦ E. Initially it moved northwestwards and intensiﬁed into a deep depression at
1200 UTC of the same day and further intensiﬁed
into a cyclonic storm (T.No. 2.5), Viyaru at 0300
UTC of 11 May 2013. The cyclonic storm recurved
to north–northeasterly direction on 13 and 14 May
and further intensiﬁed from T.No. 2.5 to T.No.
3.0 at 0600 UTC of 16 May 2013. Moving north–
northeastward direction the cyclonic storm crossed
Bangladesh coast near lat. 22.8◦ N and long. 91.4◦ E,
around 0800 UTC of 16 May 2013. After landfall,
it continued to move north–northeastwards and
weakened into a deep depression over Mizoram at
1200 UTC and into a depression over Manipur at
1800 UTC of 16 May 2013. It further weakened into
a well marked low pressure area over Nagaland at
0000 UTC 17 May 2013. The observed track of the
cyclone Viyaru is shown in ﬁgure 1.
2.2 Very severe cyclonic storm Phailin
(8–14 October 2013)
A low pressure system that formed over North
Andaman Sea on 7 October 2013 intensiﬁed into
depression at 0300 UTC of 8 October 2013 near
lat. 12.0◦ N and long. 96.0◦ E. It moved northwestwards and intensiﬁed into a deep depression at
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Figure 1. Observed track of the cyclone Viyaru.

0000 UTC of 9 October 2013 and further intensiﬁed
into a cyclonic storm (T.No. 2.5), Phailin at 1200
UTC of the same day. The cyclonic storm continued to move in northwesterly direction and intensiﬁed into severe cyclonic storm (T.No. 3.5) at 0300
UTC of 10 October 2013 and subsequently intensiﬁed into very severe cyclonic storm (T.No. 4.0)
at 0600 UTC of same day. Moving northwestward
direction the system further rapidly intensiﬁed to
T.No. 4.5, T.No. 5.0, and T.No. 5.5 at 1200, 1500,
and 2100 UTC of same day (10 October 2013),
respectively. At 0300 UTC of 11 October 2013 the
system intensiﬁed to T.No. 6.0 and continued to
move northwesterly direction with same intensity
towards Odisha and crossed coast near Gopalpur at
around 1700 UTC of 12 October 2013. The system
maintained its intensity of VSCS up to 7 hr after
landfall and cyclonic storm intensity till 1200 UTC
of 13 October 2013. The system continued to decay
and weakened to deep depression at 1800 UTC of
13 October 2013 and further to depression at 0300
UTC of 14 October 2013. The observed track of
the cyclone Phailin is shown in ﬁgure 2.
3. Data sources
The observed data for the cyclone Viyaru and
Phailin, viz., track positions, intensity, and other
variables have been taken from the database of
the cyclone division of the Regional Specialized
Meteorological Centre (RSMC), IMD, New Delhi.
World Meteorological Organization (WMO) recognizes this oﬃce as the RSMC for providing
cyclone warning advisories for the North Indian
Ocean. The mesoscale forecast system Weather
Research and Forecast WRFDA (version 3.2) with
3DVAR data assimilation is being operated to
generate mesoscale analysis at 27 km and 9 km
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Figure 2. Observed track of the cyclone Phailin.

horizontal resolutions using IMD GFS-T574L64
analysis as ﬁrst guess and forecasts as boundary conditions. Using analysis and boundary conditions from the WRFDA, the WRF (ARW) is
run for the forecast up to 3 days with double
nested conﬁguration with horizontal resolution of
27 km and 9 km and 38 Eta levels in the vertical. WRF at resolution 9 km data have been used
for the analyses of various thermodynamic parameters for the study of growth of tropical cyclone
intensity for Viyaru and Phailin. The nonintensiﬁcation of cyclone Viyaru is cross-validated with
JTWC (Joint Typhoon Warning Center) track
data and satellite imagery (Kalpana-I). JTWC
track observation data also shows nonintensiﬁcation of the cyclone Viyaru with maximum intensity 50 kts and quasi-static, whereas Regional Specialized Meteorological Centre (RSMC), New Delhi
data shows maximum intensity 45 kts during its
life period (ﬁgure 3). Satellite imagery of Kalpana-I
shows convection was less for cyclone Viyaru during its life period compared to cyclone Phailin.

4. Synoptic overview and analysis
of thermodynamic parameters
4.1 Sea level pressure (SLP) and 1000–500 hPa
thickness (gpm)
Analysis of SLP for cyclone Viyaru at 0000 UTC
of 12 June 2013 (ﬁgure 4a) shows that the lowest central SLP was 1002 hPa. The contours of the
geopotential thickness (1000–500 hPa) were distributed towards east of the centre of the system
(marked ‘C’ in ﬁgure 4a). At 0000 UTC of 13 June
2013, the central SLP (ﬁgure 4b) decreased to 1000
hPa. The contours of the gpm (geopotential meter)
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Figure 3. Estimated intensity of Viyaru (maximum sustained surface wind) (a) IMD (blue) and (b) JTWC (green).

thickness were located towards east of the system
centre (ﬁgure 4b) with no change of gpm thickness
during previous 24 hours. At 0000 UTC of 14 June
2013, the central SLP (ﬁgure 4c) decreased to 998
hPa. The contour centre of the gpm thickness was
located towards east of the system centre (marked
‘C’), and increased by about 10 gpm in previous 24
hours. At 0000 UTC of 15 June 2013, minimum SLP
decreased to 996 hPa and the contour centre of the
gpm thickness was further shifted towards southeast of the centre of the system (ﬁgure 4d) and the
thickness increased by about 10 gpm near the centre.
Analysis of SLP for cyclone Phailin at 0000 UTC
of 9 October 2013 (ﬁgure 5a) shows that the lowest central SLP was 1002 hPa. The contour centre
of the geopotential thickness was located towards
northeast of the centre of the system (marked ‘C’
in ﬁgure 5a). At 0000 UTC of 10 October 2013,
the central SLP (ﬁgure 5b) decreased to 1000 hPa.
The contours of the gpm thickness were distributed
slightly towards northeast of the system centre
(ﬁgure 5b) with an increase of thickness (15 gpm)
during previous 24 hours. At 0000 UTC of 11 October 2013, the central SLP (ﬁgure 5c) decreased
to 996 hPa. The contours of the gpm thickness
and SLP centre became concentric (marked ‘C’),
and gpm thickness increased by about 10 gpm in
previous 24 hours. At 0000 UTC of 12 October
2013, minimum SLP further decreased to 992 hPa
(ﬁgure 5d) and the contours of the gpm thickness
and the centre of the system (ﬁgure 5d) persisted as
concentric and the thickness increased by 10 gpm
near the centre.
4.2 East–west vertical cross section
of diabatic heating
Figure 6(a–d) shows the vertical cross section
of the diabatic heating for cyclone Viyaru. The

Figure 4. Analyses of SLP (solid lines) and 1000–500 hPa thickness (gpm) (dotted lines) of cyclone Viyaru based on 0000 UTC of (a) 12 May 2013, (b) 13 May 2013,
(c) 14 May 2013 and (d) 15 May 2013. The bold ‘C’ (in each panel) represents the location of the SLP minimum.
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Figure 6. Analyses of east–west vertical cross section of diabatic heating (◦ C) of cyclone Viyaru based on 0000 UTC of (a) 12 May 2013, (b) 13 May 2013, (c) 14 May
2013 and (d) 15 May 2013. The bold ‘C’ (in each panel) represents the location of the SLP minimum.

Figure 5. Analyses of SLP (solid lines) and 1000–500 hPa thickness (gpm) (dotted lines) of cyclone Phailin based on 0000 UTC of (a) 9 October 2013, (b) 10 October 2013,
(c) 11 October 2013 and (d) 12 October 2013. The bold ‘C’ (in each panel) represents the location of the SLP minimum.
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ﬁgure shows that between 0000 UTC of 11 May
2013 and 0000 UTC of 13 May 2013, there was
a rise in temperature in the upper troposphere,
1◦ –5◦ C between 400 and 150 hPa level (ﬁgure 6a–c)
and slightly west of the system centre (marked
‘C’). The diabatic heating in the upper troposphere decreased thereafter from 5◦ to 1◦ C
(ﬁgure 6d). In the middle troposphere, the diabatic heating decreased from 3◦ C to 1◦ C during
12–13 May 2013 and increased to 3◦ C on 14 May
2013 (ﬁgure 6a–d). In the lower troposphere, diabatic heating decreased from 1◦ to –3◦ C during
11–13 May 2013 and became zero on 14 May 2013
(ﬁgure 6a–d).
For cyclone Phailin, the diabatic heating
increased in the middle and upper troposphere
(ﬁgure 7a–d) during its life period. In the upper
troposphere, the diabatic heating increased from 2◦
to 6◦ C and in the middle troposphere, the diabatic
heating increased from 2◦ to 3◦ C. The diabatic
heating increased by 1◦ C in each 24-hr period during the life period of Phailin in the lower troposphere. The signiﬁcant feature for cyclone Phailin
is that the core of the diabatic heating was above
the cyclone centre at all vertical levels at all stages
(ﬁgure 7a–d).
4.3 Potential vorticity
Figure 8(a–d) shows that the lower troposphere
(925–700 hPa) potential vorticity (PV) for cyclone
Viyaru increased from 3 × 10−6 to 4 × 10−6 m2
K kg−1 s−1 during 12–13 May 2013 and maintained same value during subsequent 24 hours
and decreased thereafter. The centre of PV also
gradually displaced towards southeast of the
cyclone centre (marked ‘C’) from 12–15 May 2013.
Figure 9(a–d) shows that the lower troposphere
(925–700 hPa) potential vorticity (PV) for cyclone
Phailin increased from 2×10−6 to 7×10−6 m2 K kg−1
s−1 during 9–12 October 2013. The centre of PV and
the cyclone centre (marked ‘C’) was nearly concentric.
The upper troposphere (400–250 hPa) PV
around the system for cyclone Viyaru increased
from 1 × 10−6 to 2 × 10−6 m2 K kg−1 s−1 from 12
–13 May 2013 (ﬁgure 10a–d), whereas there was a
burst of upper troposphere PV (ﬁgure 11a–d) during its intensiﬁcation to very severe stage and rapid
intensiﬁcation phases (increased from 1 × 10−6 to
8 × 10−6 m2 K kg−1 s−1 during 9–12 October 2013)
for the cyclone Phailin.
4.4 East–west vertical cross section of potential
vorticity (10−6 m2 K kg−1 s−1 )
The east–west vertical cross section of PV at 0000
UTC of 12 May 2013 (ﬁgure 12a) for cyclone

Figure 7. Analyses of east–west vertical cross section of diabatic heating (◦ C) of cyclone Phailin based on 0000 UTC of (a) 9 October 2013, (b) 10 October 2013, (c) 11
October 2013 and (d) 12 October 2013. The bold ‘C’ (in each panel) represents the location of the SLP minimum.
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Figure 9. Analyses of lower troposphere potential vorticity (925–700 hPa) (10−6 m2 K kg−1 s−1 ) of Phailin based on 0000 UTC of (a) 9 October 2013, (b) 10 October 2013,
(c) 11 October 2013 and (d) 12 October 2013. The bold ‘C’ (in each panel) represents the location of the SLP minimum.

Figure 8. Analyses of lower troposphere potential vorticity (925–700 hPa) (10−6 m2 K kg−1 s−1 ) of Viyaru based on 0000 UTC of (a) 12 May 2013, (b) 13 May 2013, (c)
14 May 2013 and (d) 15 May 2013. The bold ‘C’ (in each panel) represents the location of the SLP minimum.
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Figure 11. Analyses of upper troposphere potential vorticity (300–250 hPa) (10−6 m2 K kg−1 s−1 ) of cyclone Phailin based on 0000 UTC of (a) 9 October 2013, (b) 10
October 2013, (c) 11 October 2013 and (d) 12 October 2013. The bold ‘C’ (in each panel) represents the location of the SLP minimum.

Figure 10. Analyses of upper troposphere potential vorticity (300–250 hPa) (10−6 m2 K kg−1 s−1 ) of cyclone Viyaru based on 0000 UTC of (a) 12 May 2013, (b) 13 May
2013, (c) 14 May 2013 and (d) 15 May 2013. The bold ‘C’ (in each panel) represents the location of the SLP minimum.

1626
S D Kotal et al.

Figure 12. Analyses of east–west vertical cross section of potential vorticity (10−6 m2 K kg−1 s−1 ) of cyclone Viyaru based on 0000 UTC of (a) 12 May 2013, (b) 13 May
2013, (c) 14 May 2013 and (d) 15 May 2013. The bold ‘C’ (in each panel) represents the location of the SLP minimum.

Growth of cyclone Viyaru and Phailin
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Viyaru shows that PV extended vertically up to
250 hPa with magnitude 1–4 units with maximum
of 4 × 10−6 m2 K kg−1 s−1 up to 500 hPa over
the centre of the system and the whole PV proﬁle tilted westward with height. At 0000 UTC of
13 May 2013 (ﬁgure 12b) with a value of 2 units
vertical PV proﬁle was conﬁned in the middle
troposphere only above the system and at 0000
UTC of 14–15 May 2013, the vertical PV proﬁle
of magnitude 2 units tilted westward with height
(ﬁgure 12c–d).
The vertical PV proﬁle from 9–12 October 2013
for cyclone Phailin is shown in ﬁgure 13(a–d). The
ﬁgure shows that the PV increased during its intensiﬁcation period at all levels from lower troposphere to upper troposphere (above 150 hPa) from
2–10 units and the whole PV proﬁle was vertical above the system centre. Vertical PV evolution of Phailin had also extended (above 150 hPa)
compared to Viyaru (250 hPa).

4.5 Middle troposphere (600–400 hPa)
relative humidity
The analysis of the middle troposphere relative
humidity (RH) of cyclone Viyaru at 0000 UTC of
12 May 2013 (ﬁgure 14a) shows that near the central area of the system the humidity was between
98% and 90%. At 0000 UTC of 13 May 2013
(ﬁgure 14b), the RH over the area was 100%–92%
and was almost symmetrically distributed around
the centre. At 0000 UTC of 14 May 2013 (ﬁgure 14c),
the RH around the proximity of the system centre
was 100%, however, there was penetration of dry
air into the storm core (southeast) region of the
middle troposphere. At 0000 UTC of 15 May 2013
(ﬁgure 14d), the dry air intrusion was very close to
the centre system, although the northwest region
maintained a high relative humidity. The humidity
analyses of cyclone Viyaru show that the humidity in the middle troposphere was signiﬁcantly lopsided on 3rd (14 May 2013, ﬁgure 14c) and the 4th
day (15 May 2013, ﬁgure 14d) with a clear indication that the system confronted a dry zone on
the southeast region and gradually replaced moist
air from half of the southeast region in the middle
troposphere during its course of development.
The analysis of the middle troposphere RH of
cyclone Phailin at 0000 UTC of 9 October 2013
(figure 15a) shows that there was a dry zone over the
north–northwest of the system at the initial deep
depression stage. However, the subsequent analyses for 0000 UTC of 10–12 October 2013 shown in
ﬁgure 15(b–d) indicate that high relative humidity (98%) gradually built up in the middle troposphere and distributed uniformly almost all around
the system centre during its development period.

Figure 14. Analyses of middle troposphere (600–400 hPa) relative humidity of cyclone Viyaru based on 0000 UTC of (a) 12 May 2013, (b) 13 May 2013, (c) 14 May 2013
and (d) 15 May 2013. The bold ‘C’ (in each panel) represents the location of the SLP minimum.

Figure 13. Analyses of east–west vertical cross section of potential vorticity (10−6 m2 K kg−1 s−1 ) of cyclone ‘Phailin’ based on 0000 UTC of (a) 9 October 2013, (b) 10
October 2013, (c) 11 October 2013 and (d) 12 October 2013. The bold ‘C’ (in each panel) represents the location of the SLP minimum.
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Figure 15. Analyses of middle troposphere (600–400 hPa) relative humidity of cyclone Phailin based on 0000 UTC of (a) 9 October 2013, (b) 10 October 2013, (c) 11
October 2013 and (d) 12 October 2013. The bold ‘C’ (in each panel) represents the location of the SLP minimum.

Growth of cyclone Viyaru and Phailin
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4.6 Wind shear (mps) analysis (between 850
and 200 hPa levels)
Figure 16(a–d) shows, barring 13 May, from 0000
UTC of 12–15 May 2013, the area in the proximity of the centre of cyclone Viyaru (marked ‘C’),
within 1◦ around centre of the system, had strong
vertical wind shear (20–25 ms−1 ) while at 0000
UTC of May 13, it was 15 ms−1 . The magnitude
of vertical wind shear had also increased from 15
to 25 ms−1 during its northeastward recurvature of
movement from 13 to 15 May 2013.
Figure 17(a–d) shows that for the cyclone
Phailin, from 0000 UTC of 9–12 October 2013,
the wind shear around the centre was 15 ms−1 or
lower.
4.7 Vertical velocity (Pa/s) at 850 hPa
Vertical velocity analysis at 850 hPa from 0000
UTC of 12–15 May 2013 (ﬁgure 18a–d) shows that
the area near north of the centre of the cyclone
Viyaru (marked ‘C’) had a constant value of vertical velocity (8 Pa/s) conﬁned within half a degree
of cyclone centre. Vertical velocity did not evolve
during 12 –14 May 2013 but decreased to 4 Pa/s on
15 May 2013 and conﬁned mainly over the northern
region.
Vertical velocity analysis at 850 hPa of cyclone
Phailin shows that signiﬁcant evolution of vertical velocity had occurred during the period from 4
to 16 Pa/s from 0000 UTC of 9–12 October 2013
(ﬁgure 19a–d). Another important feature is that
the vertical velocity is gradually distributed uniformly from southwest region in the initial stage
to almost all around the system centre during the
process of intensiﬁcation.
5. Analyses of thermodynamic features
A number of divergences of various thermodynamic
features between cyclones Viyaru and Phailin
occurred during their lifecycle. First, the sea
level pressure (SLP) and 1000–500 hPa thickness
(gpm) gradually changed from concentric to nonconcentric for cyclone Viyaru during its lifecycle
(ﬁgure 4a–d), whereas the concentric feature was
maintained during the lifecycle of cyclone Phailin
(ﬁgure 5a–d). Second, diabatic heating decreased
in the lower troposphere, and was poor along with
ﬂuctuations in diabatic heating in the middle and
upper troposphere for cyclone Viyaru (ﬁgure 6a–d),
but there was strong development of diabatic
heating in the middle and upper troposphere for
cyclone Phailin during its lifecycle (ﬁgure 7a–d).
Third, the development of potential vorticity (PV)
in the lower and upper troposphere was low and

Figure 17. Vertical wind shear (mps) analysis (between 850 and 200 hPa levels) of cyclone Phailin based on 0000 UTC of (a) 9 October 2013, (b) 10 October 2013, (c) 11
October 2013 and (d) 12 October 2013. The bold ‘C’ (in each panel) represents the location of the SLP minimum.

Figure 16. Vertical wind shear (mps) analysis (between 850 and 200 hPa levels) of cyclone Viyaru based on 0000 UTC of (a) 12 May 2013, (b) 13 May 2013, (c) 14 May
2013 and (d) 15 May 2013. The bold ‘C’ (in each panel) represents the location of the SLP minimum.
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Figure 19. Analyses of 850 hPa vertical velocity (Pa/s) of cyclone Phailin based on 0000 UTC of (a) 9 October 2013, (b) 10 October 2013, (c) 11 October 2013 and (d) 12
October 2013. The bold ‘C’ (in each panel) represents the location of the SLP minimum.

Figure 18. Analyses of 850 hPa vertical velocity (Pa/s) cyclone Viyaru based on 0000 UTC of (a) 12 May 2013, (b) 13 May 2013, (c) 14 May 2013 and (d) 15 May 2013.
The bold ‘C’ (in each panel) represents the location of the SLP minimum.

Growth of cyclone Viyaru and Phailin
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quasi-static for cyclone Viyaru, but there was a
burst of PV in both the lower and upper troposphere for cyclone Phailin. Furthermore, the
east–west vertical cross sections of the PV proﬁles
(ﬁgure 12a–d) and strong vertical wind shear of
horizontal wind also indicate a shear-induced vertical tilt (westward) of PV of the cyclone Viyaru and
it was vertical and over the system (ﬁgure 13a–d)
for Phailin. Fourth, there was a penetration of drier
air into the core of southeast region and it replaced
moist air from almost half of the region of the middle troposphere (ﬁgure 14c–d) of cyclone Viyaru,
whereas, high relative humidity was distributed
uniformly (ﬁgure 15b–d) almost all around the
centre of Phailin during its lifecycle.
Finally, the structures of SLP, 1000–500 hPa
thickness (gpm), PV column, moisture distribution and vertical velocity at 850 hPa indicate
that axisymmetrization of structure occurred for
cyclone Phailin and the cyclone Viyaru had lack of
axisymmetry in its structure.
Deep cumulus convection is essential for the formation and intensiﬁcation of the tropical cyclone
vortex. In the early phases of the TC lifecycle, it
is often localized to small horizontal regions in the
TC vortex, and in this sense it can be considered
asymmetric with respect to the TC circulation. It
eventually takes the form of an annular ring or a
spiral band in the intense phases.
Diabatic heating is generated principally from
the latent heat release during atmospheric convection. PV is generated by diabatic heating. Conzemius Robert and Montgomery (2010)
showed that PV structure reﬂects the diabatic
heating structure in a convective region and rapid
cyclogenesis is almost entirely a consequence of the
diabatically produced PV anomaly (Martin and
Otkin 2004). Therefore, the structure of potential
vorticity ﬁeld is used to diagnose the lifecycle of
this unusual cyclone.
It has been shown (Gray 1968; Merrill 1988) that
the vertical shear of horizontal wind has a negative
inﬂuence on the intensiﬁcation of TCs. A common
explanation of the eﬀect of vertical wind shear is
that the heat of condensation released at upper
levels is advected in a diﬀerent direction relative
to the low-level cyclonic circulation and therefore
the ‘ventilation’ of heat away from the circulation
inhibits the development of the storm (Gray 1968).
DeMaria (1996) showed that the tilt of the upper
and lower level PV reduces the convective activity
and thus inhibits storm development.
The vertical shear-induced convective asymmetry in the inner core region is considered to be negative to TC intensiﬁcation (Elsberry et al. 1992).
Flatau et al. (1994) demonstrated in their work
that the vortex tilting is lowered by the presence of
diabatic heating by upward advection of high PV

at the core. Frank and Ritchie (2001) attributed
the weakening of the TC to the outward mixing
of high values of PV by the vertical shear-induced
asymmetry in the upper troposphere, resulting in
a loss of the warm core at upper levels and weakening of the storm. Dengler and Keyser (2000) found
that the penetration of dry air in the mid-levels
and regions of boundary-layer convergence reduces
the intensity of the storm embedded in uniform
environmental ﬂows.
The adiabatic, inviscid mechanism of axisymmetrization (McCalpin 1987; Melander et al. 1987;
Sutyrin 1989) has also been proposed to explain
vortex intensiﬁcation. Asymmetric heat sources
that evolve over time cause vortex weakening
(Nolan et al. 2007) and axisymmetrization of the
convective structures are responsible for vortex
intensiﬁcation (Montgomery et al. 2009; Sang et al.
2009).
These ingredients and their consequences are displayed in ﬁgures 4–21. Figures 20(a–d) and 21(a–
d) show the Kalpana-I satellite imagery with cloud
top temperature (CTT) indicating convection for
Viyaru and Phailin respectively. In the early phases
of the lifecycle (ﬁgure 20a) of Viyaru, the convection was weak (CTT –50◦ C) and localized to southwest regions in the TC vortex. Subsequently, the
convection developed (CCT –80◦ C) in the northwest regions, but not in the southeast regions
(ﬁgure 20b–d), which is concurrent with the moisture built up in the northwest regions and dry air
incursion in the southeast regions (ﬁgure 14a–d).
In this sense it can be considered asymmetric with
respect to the TC circulation, which maintained
during its lifecycle. Whereas, in the early phases
of the lifecycle (ﬁgure 21a) of Phailin, the convection was weak (CTT –60◦ C) and localized to
southern regions in the TC vortex, and in this
sense it can be considered asymmetric with respect
to the TC circulation. It eventually intensiﬁed to
deep convection (CCT –80◦ C) and took the form
of a symmetric circular shape (ﬁgure 21b–d) with
respect to the TC circulation in the intense phases.
The strong convection occurred in a region of high
PV (ﬁgure 11b–d) accompanied with high 850-hPa
vertical ascent (ﬁgure 19b–d). The intense convective activity was associated with the concurrence of the stronger vertical upward motion at 850
hPa and high moisture symmetrically distributed
(ﬁgure 15b–d) around the centre of Phailin. The
vertical distribution of PV (ﬁgure 13b–d) also
shows that there was a concurrence of intensiﬁcation of Phailin and evolution of PV, and nonintensiﬁcation of Viyaru associated with quasi-static PV
evolution (ﬁgure 12a–d). Thus, the principal features such as diabatically-generated PV with core
of maximum in the upper troposphere, uniform
distribution of high moisture and axisymmetriztion
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Figure 20. Kalpana-I satellite imagery with cloud top temperature (o C) indicated by solid lines (a) valid at 0000 UTC 12
May 2013. The bold ‘C’ (in each panel) denotes position of SLP minimum of Viyaru. (b) As for (a) except for 0000 UTC
13 May 2013. (c) As for (a) except for 0000 UTC 14 May 2013. (d) As for (a) except for 0000 UTC 15 May 2013.

of convective structure aﬀected the vertical ascent
and associated intensiﬁcation of cyclone Phailin
and converse features of thermodynamic parameters are associated with the nonintensiﬁcation of
cyclone Viyaru.
6. Summary and conclusions
The dynamics of an unusually nonintensifying
cyclone Viyaru and a rapid intensifying cyclone
Phailin have been investigated with the aid of
potential vorticity diagnostics and various thermodynamic parameters. The cyclone Viyaru travelled
about 2150 km in more than 120 hours over the sea
(Bay of Bengal) and having attained the cyclonic
storm (CS) intensity did not intensify further. On

the contrary, the cyclone Phailin over the Bay of
Bengal intensiﬁed into very severe cyclonic storm
(VSCS) within about 48 hours from its formation
as depression.
A number of variances of evolution of thermodynamic features of cyclone Viyaru and Phailin
occurred during their lifecycle. First, the sea level
pressure (SLP) and 1000–500 hPa thickness (gpm)
gradually changes from concentric to nonconcentric for cyclone Viyaru during its lifecycle but the
concentric status is maintained during the lifecycle
of cyclone Phailin. Second, the poor and ﬂuctuating diabatic heating in the middle and upper
troposphere and cooling in the lower troposphere
for cyclone Viyaru and strong development of diabatic heating in the middle and upper troposphere
for cyclone Phailin during its lifecycle. Third,
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Figure 21. Kalpana-I satellite imagery with cloud top temperature (o C) indicated by solid lines (a) valid at 0000 UTC 9
October 2013. The bold ‘C’ (in each panel) denotes position of SLP minimum of Phailin. (b) As for (a) except for 0130 UTC
10 October 2013. (c) As for (a) except for 0200 UTC 11 October 2013. (d) As for (a) except for 0000 UTC 12 October 2013.

the development of potential vorticity (PV) in the
lower and upper troposphere was low and quasistatic for cyclone Viyaru, and a burst of PV evolution occurred in both the lower and upper troposphere for cyclone Phailin. The vertical proﬁle of
PV tilted due to strong vertical shear of horizontal wind of the cyclone Viyaru and it was vertical
and over the system for Phailin. Fourth, there was
a penetration of drier air into the core of southeast region and it eventually replaced moist air
from almost half of the region of the middle troposphere of cyclone Viyaru, whereas, high moist condition was maintained and distributed uniformly
almost all around the centre of Phailin during
its lifecycle. Finally, the evolution of structures of
SLP, thickness (gpm), PV column, moisture distribution and vertical velocity at 850 hPa shows

that axisymmetrization of structure occurred for
cyclone Phailin during its lifecycle and the cyclone
Viyaru had lack of axisymmetry in its structure.
These divergent features conspired to produce the
converse characteristic of the two cyclones.
The analysis revealed that the intensiﬁcation
of the cyclone Phailin and nonintensiﬁcation
of cyclone Viyaru occurred through a contrast
evolution of convective features. The signiﬁcant evolution of diabatically-generated lower and
upper tropospheric positive PV dominated the
rapid intensiﬁcation of Phailin. The analysis also
reveals that the evolution of PV generated through
latent heat release was directly above the surface
cyclone and had strengthened due to axisymmeric
structure of convective features which in turn
aﬀected the vertical ascent and associated surface
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cyclogenesis. On the contrary, quasi-static PV evolution due to poor and ﬂuctuating diabatic heating,
penetration of dry air in the middle troposphere,
and asymmetric structure limited the intensiﬁcation of cyclone Viyaru. However, all the above contrast features may vary in terms of their structure
and magnitude and may not occur simultaneously
for all cases and is likely to be case dependent.
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