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Two extremely severe cyclonic storms (ESCSs) Phailin and Hudhud developed over the Bay of Bengal
(BoB) during October 2013 and 2014 and crossed the east coast of India near Gopalpur (Odisha) and
Visakhapatnam (Andhra Pradesh) at 1700 UTC of 12th October 2013 and 0700 UTC of 12th October
2014, respectively, causing immense loss of property. Considering the devastating eAect associated with
the typical characteristics of the two tropical cyclones (TCs) and their occurrence during same period of
the post-monsoon season, a study has been undertaken to compare the vital parameters including location, movement, intensity, size, etc., of these TCs. The results of this study can be utilized for better
understanding and prediction of structural characteristics of TCs over the north Indian Ocean (NIO) and
hence the associated adverse weather like heavy rain, gale wind and storm surge. The higher intensity,
higher rate of intensiBcation, longer duration in very severe cyclonic storm (VSCS) or higher stage, lower
rate of decay after landfall and larger size were the typical characteristics in the case of TC Phailin leading
to its higher damage potential in terms of accumulated cyclone energy (ACE) and hence higher loss in
terms of power dissipation index (PDI) as compared to TC Hudhud.
Keywords. Tropical cyclone; Bay of Bengal; maximum sustained wind; quadrant wind; accumulated
cyclone energy; power dissipation index; track; intensity.

1. Introduction
During 2013 and 2014, two extremely severe
cyclonic storms (ESCSs) developed over the Bay of
Bengal (BoB) in the 2nd week of October and
crossed the east coast of India on the same day, the
12th October (Regional Specialised Meteorological
Centre (RSMC), New Delhi, 2014, 2015). A
cyclonic disturbance over the north Indian Ocean
(NIO) is called as depression (D), when the associated maximum sustained surface wind speed
(MSW) is 17–27 knots (9–14 mps), deep depression
(DD) if MSW is 28–33 knots (15–17 mps), cyclonic

storm (CS) if MSW is 34–47 knots (18–24 mps),
severe cyclonic storm (SCS) if MSW is 48–63 knots
(25–32 mps), very severe cyclonic storm (VSCS) if
MSW is 64–89 knots (33–46 mps), ESCS if MSW is
90–119 knots (47–61 mps) and super cyclonic storm
(SuCS) if MSW is C120 knots (62 mps) (Mohapatra et al. 2021). The ESCS Phailin developed from
a low-pressure area over Tenasserim coast on 6th
October 2013, reached maximum intensity of 115
knots at 0300 UTC of 11th October and crossed
Odisha and adjoining north Andhra Pradesh coast
near Gopalpur (Odisha) at 1700 UTC of 12th
October 2013 (RSMC, New Delhi 2014). The ESCS
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Hudhud also developed from a low-pressure area
over Tenasserim coast and adjoining North Andaman Sea on 6th October 2014, reached maximum
intensity of 100 knots at 1800 UTC of 11th October
and crossed Andhra Pradesh coast over Visakhapatnam between 0630 and 0730 UTC of 12th
October 2014 (RSMC, New Delhi 2015). Both the
tropical cyclones (TCs) exhibited similarities w.r.t.
area of genesis and nature of track.
The number of deaths was limited to 21 and 46
in association with TCs Phailin and Hudhud,
respectively (RSMC, New Delhi 2014 and 2015)
because of accurate early warning by India Meteorological Department (IMD). Five days in
advance, forecast of landfall point and time was
given accurately in both the cases. The consistent
remarkable improvement in track and landfall
forecasts (Mohapatra et al. 2013a, b, c, d, 2015;
Mohapatra 2015a; Mohapatra and Sharma 2019)
and appreciable improvement in intensity forecast
(Mohapatra et al. 2013e) have improved the conBdence of disaster managers in early warning system. This has enabled the disaster managers to
precisely decide area of evacuation and enforce
other mitigation measures to reduce loss of lives
(Mohanty et al. 2015). However, both the TCs
caused immense damage to property. The area
aAected was more for Phailin than Hudhud
(RSMC, New Delhi 2015 and 2015). Overall damage due to TC Phailin in 2013 was 4.26 billion USD
(2013) (https://en.wikipedia.org/wiki/Cyclone˙
Phailin) and due to TC Hudhud in 2014 was 3.58
billion USD (2014) (https://en.wikipedia.org/
wiki/Cyclone˙Hudhud).
The damage which depends on both intensity
and structure of TC is ever increasing. Considering
this, IMD started issuing TC vital parameters from
VSCS Giri in October 2010 (Sharma and Mohapatra 2013). Sharma and Mohapatra (2017) have
suggested a standard operation procedure (SOP)
for preparation of best estimates of TC vital
parameters like MSW, estimated central pressure
(Pc), pressure of outermost closed isobar (Po),
pressure drop at the centre (DP) deBned as Pc Po,
radius of maximum wind (RMW), radius of
outermost closed isobar (ROCI), radial extent of 28
knots (kt) wind (R28), radial extent of 34 kt wind
(R34), radial extent of 50 kt wind (R50) and radial
extent of 64 kt wind (R64) from the centre in four
geographical quadrants of TC. In quadrant based
form, the ‘wind radii’ products represent the estimated maximum horizontal extent from the circulation center of a particular sustained wind
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speed, viz., 34, 50 and 64 kt (referred as R34, R50
and R64) in each of four quadrants, viz., northeast
(NE), southeast (SE), northwest (NW) and
southwest (SW).
According to Chavas et al. (2017), the economic
damages are better predicted by variations in the
central pressure than by peak storm wind speed, as
the central pressure is essentially an integrated
measure of the wind Beld that combines maximum
wind speed and storm size; the latter is known to be
a critical factor in damage potential, particularly
due to storm surge. Indeed, the central pressure is a
single well-estimated quantity that is simpler than
energy-based measures of the wind Beld that
require accurate wind speed data over the entire
storm. Chavas et al. (2017) showed that there are
basically three size parameters, viz., RMW, R34
and ROCI which are associated with the damage
potential of a TC. Carrasco et al. (2014) concluded
that the initial size of the vortex, as measured by
the RMW, played a substantial role in its subsequent intensiBcation rate. If the initial vortex was
too large, then no subsequent intensiBcation
occurred. The TC impacts (wind, rainfall and
storm surge damage) are related to measures of the
kinetic energy derived from the surface wind
structures. The damage potential of a TC which is
measured as accumulated cyclone energy (ACE) is
directly proportional to the square of the MSW.
Similarly, the loss due to a TC which is measured
as power dissipation index (PDI) is directly proportional to the cube of the MSW (Bell et al. 2000;
Emanuel 2005). Disaster managers who prepare for
the impact of a landfalling TC may use the TC
vital parameters as guidance as to where the most
severe wind or surge damage may occur. On the
other hand, an insurer may want quantitative
damage estimates. It is needless to mention that
the entire east and west coast of India are prone to
damages due to TC activity (Mohapatra et al.
2012; Mohapatra 2015b), though TC hazard
proneness varies from district to district along the
coast. The accuracy of TC structure forecast
including R34, R50 and R64 forecast is not very
satisfactory due to inherent limitation in determining the internal structure in the absence of
aircraft reconnaissance over the NIO. Hence, there
is a need for better understanding of structural
characteristics of TCs over the NIO with respect to
damages so as to provide impact-based forecast of
TCs more accurately.
Considering all these, a study has been undertaken to compare the characteristic features of TCs
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Phailin and Hudhud based on the above-mentioned
TC vital parameters developed by IMD so as to
Bnd out the possible causes for higher damaging
impact of TC Phailin compared to that due to TC
Hudhud. It will also help in improving physical
understanding of TCs developing over the NIO and
hence in improving the forecasting and warning
services.
2. Data and methodology
Currently, in addition to routinely analysing
position (and uncertainty), the intensity in terms
of MSW (3-min mean) and mean sea level pressure
(MSLP), size and structure in terms of (R28, R34,
R50 and R64) are also analysed by IMD. The
ROCI, Po, Pc, DP deBned as Po Pc, RMW and the
vertical depth/extent of the TC (deep/medium/
shallow) are estimated every 6 hrs based on 00, 06,
12 and 18 UTC from the stage of depression
onwards, if the system is expected to intensify into
a TC. The best estimates of the above-mentioned
TC vital parameters are determined based on
consensus derived mainly from the direct and
indirect observations following the SOP as discussed by Sharma and Mohapatra (2017) and IMD
(2013). In this study, the TC vital parameters for
TC Phailin (08–14 October, 2013) and Hudhud
(07–14 October, 2014) based on the SOP have been
compared and analysed. The data for these
parameters with respect to TCs Phailin and Hudhud are collected from various sources including
• Surface observations from coastal observatories,
island stations, ships and buoys and coastal
observations from WMO/Economic and Social
Commission for Asia and the PaciBc (WMO/
ESCAP) Panel member countries available
through global telecommunication system
(IMD 2013).
• Satellite observations including various geostationary and polar-orbiting satellites in visible,
infrared and microwave bands. The satellites
include INSAT-3D, Meteosat and the products
available from US Navy National Research
Laboratory (NRL), Co-operative Institute for
Meteorological Satellite Studies (CIMSS) and
Co-operative Institute for Research in the
Atmosphere (CIRA), USA websites (Bhatia
and Sharma 2013).
• Dvorak T. No. estimates (Dvorak 1984) available from Satellite Division of IMD, Satellite
Services Division of National Oceanic and

•
•
•

•
•

•

Atmospheric Administration (NOAA), USA,
Sat Fix bulletin of Joint Typhoon Warning
Centre (JTWC), USA, and Automated Dvorak
Technique estimates (Velden et al. 2006) from
CIMSS.
Multi-platform satellite-derived winds from
CIRA (KnaA et al. 2011).
Radar imageries and products from IMD
(Raghavan 1997 and 2013).
IMD Global Forecast System (GFS) model
analysis and cyclone speciBc Hurricane Weather
Research and Forecast (HWRF) model-based
wind and temperature analyses. The details of
these models which are run in IMD operationally
are available in RSMC, New Delhi 2015.
Climatology of structure of TCs over NIO
(Mohapatra and Sharma 2015).
The 6-hourly, mass-weighted deep-layer mean
wind speed in two layers (200–850 hPa) and
(500–850 hPa) in the area within 0–600 km from
the TC centre has been collected from NOAANational Environmental Satellite Data and
Information System (NESDIS)-CIRA portal
(https://rammb-data.cira.colostate.edu/tc˙
realtime/index.asp). The balanced 3-D wind
Beld derived from the Advanced Microwave
Sounder Unit (AMSU) temperature retrievals is
used by CIRA to estimate the mass-weighted
mean wind speed in these layers on operational
basis and Brst guess from NCEP GFS is used by
CIRA for this purpose. Six-hourly best track
positions for both the TCs, Phailin and Hudhud
have been taken from best-track estimates of
RSMC, New Delhi 2014 and 2015 to Bnd out the
average track length, translational speed and life
period of various stages of TC and life period
over sea and land. The six-hourly average track
length and translational speed have been calculated from the great circle distance between the
initial and the Bnal location of TC during every
six hourly periods. Detailed procedure is available in Chinchole and Mohapatra (2017). The
correlation coefBcient (CC) between MSW and
mean wind speed in the layer (200–850 hPa) has
been calculated to Bnd out the relation between
layer mean wind speed and the MSW.
The eye and other structural characteristics of
both the TCs have been compared and analysed
based on the INSAT and passive microwave
(PMW) imageries, Radar as well as the HWRF
model analysis. For this purpose, the microwave
imageries from Tropical Rainfall Measuring
Mission (TRMM), NOAA-19 and F-15-18 series
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in 85–91 GHz band from US Navy NRL website
during the life period of TC Phailin and Hudhud
have been collected.
The comparative analysis of intensity of TC,
Phailin and Hudhud is carried out by comparing
MSW in different stages of their life periods. Also,
three-dimensional wind and temperature based on
HWRF model and IMD GFS model has been
analysed to understand the comparatively higher
intensity in the case of Phailin. Details about these
models are available in RSMC, New Delhi 2014 and
2015.
The pressure gradient (PG) is another measure
of intensiBcation and weakening. The average PG
has been deBned as DP/ROCI. It represents the
average PG between the centre of TC and the
location of the outermost closed isobar (OCI).
Though, it can represent the general evaluation of
intensity, it does not represent the actual intensity
of the TC as the intensity (MSW) depends upon
the PG between the centre and the wall cloud
region. We also calculated the rate of intensiBcation in terms of MSW and DP for different stages
during the life period of TCs Phailin and Hudhud.
Rate of deepening and Blling was calculated in
terms of change in Pc per hr for different stages
during their life cycles.
In this study, the size of TC has been analysed
based on RMW, ROCI and R34. The R34 and
RMW for both the TCs have been calculated based
on the data collected from CIRA multisatellite
based winds for every 6 hrs and compared. The
spatial structural characteristics of these TCs have
been compared based on the multi-satellite winds
at surface level. The R34 is the average of R34 in
four geographical quadrants, viz., NE, SE, SW and
NW. The values of R34 in different geographical
quadrants are collected from CIRA. If one or more
of the quadrants has 0 as its value, it is not included in the average. For example, if the values are
70, 40, 0, and 40 nm in northeast, southeast,
northwest, and southwest sectors, respectively,
then the R34 would be 50 nm instead of 37 nm. In a
similar manner, we also calculated mean R50 and
R64 for different geographical quadrants and the
TC as a whole. The linear CC of MSW with RMW/
ROCI/R34 in four geographical quadrants have
been calculated and analysed to Bnd out the relation of intensity with structure parameters of both
the TCs. The RMW, ROCI and R34 at the time of
landfall are analysed to Bnd out the comparative
impact of wind during landfall.
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Merrill (1984) deBned the ROCI as the average
of the distances to the north, east, south, and west
from the cyclone centre to the closed isobar having
the highest value. In this study, the ROCI has been
calculated in the similar manner for every 6 hrs.
The linear CC of MSW with ROCI in four geographical quadrants have been calculated and
analysed.
The ACE and PDI for both the TCs are calculated and compared with long period median values
and ranges of ACE and PDI of VSCS and above
intensity storms (C64 knot) based on the data of
1990–2013. To anlayse and compare the damaging
potential due to rainfall, the areas of occurrence of
24 hrs accumulated heavy rainfall (C7 cm) during
the landfall of TCs Phailin and Hudhud based on
merged rain gauge and GPM satellite-based rainfall data developed by IMD and National Centre
for Medium Range Weather Forecasting
(NCMRWF), India have been analysed and compared (Mitra et al. 2014). The realised storm surge
and coastal inundation on the day of landfall in
association with TCs Phailin and Hudhud (RSMC
New Delhi 2014 and 2015) have also been compared and analysed.
The track and intensity forecast errors of
numerical weather prediction (NWP) models and
oDcial forecast of IMD for 24, 48 and 72 hrs lead
periods in the case of TCs Phailin and Hudhud
have been calculated and analysed. To determine
the difBculty in track forecast, the track forecast
errors from CLIPER model (Climatology and
Persistence) for both the TCs have been calculated and analysed for the same lead periods.
CLIPER model calculates the track forecast based
on climatology and persistence and is used
worldwide, as a reference model to verify the
operational forecast and to determine the track
forecast difBculty in an Ocean basin (Nayak and
Mohapatra 2013). The landfall point and time
forecast errors of TCs Phailin and Hudhud have
been taken from RSMC New Delhi (2014 and
2015). The along-track errors (ATE) and crosstrack errors (CTE) of both the TCs have been
calculated based on IMD’s forecast and best track
data for various lead periods to analyse their
contribution in landfall point and time forecast
errors. The intensity forecast error by persistence
method for TCs Phailin and Hudhud has been
calculated and analysed as a reference to determine the difBculty in intensity forecast of these
two TCs and the performance of NWP models
and operational intensity forecast.
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3. Results and discussion
The comparative analysis of track, translational
speed, life period, intensity, structure and eye
characteristics of TCs Phailin and Hudhud and
forecast performance of NWP models and oDcial
forecast of IMD are presented and discussed in
sections 3.1–3.7.

3.1 Track and translational speed
The characteristic features of TCs Phailin and
Hudhud with respect to track and intensity are
compared and presented in table 1 and Bgure 1. TC
Phailin and Hudhud exhibited similar tracks.
However, the track length was higher in the case of
Hudhud by about 380 km (table 1).
The 6-hourly average translational speeds of
TCs Phailin and Hudhud are shown in Bgure 2.
The mean wind speed for the layer 200–850 hPa
during the life cycle of TCs Phailin and Hudhud is
presented in Bgure 3. The comparison of Bgures 2
and 3 shows the agreement of mean wind speed in
the layer 200–850 hPa with the mean translational
speed for both the TCs in CS or higher intensity
stage. However, comparing the direction of mean
wind in the layer 200–850 hPa with direction of
movement of these two TCs (Bgures 1 and 3), it is
found that the mean wind direction for this layer is
not in agreement with actual direction of movement of the TCs always. Especially, it could not
respond well to the actual direction of movement
during the period of transition from northwestward
to north-northwestward/northward movement of
TC, Hudhud after the landfall on 12th October,
2014.
Considering the entire life cycle, TCs Phailin
and Hudhud moved with an average speed of 4.7
and 4.0 mps, respectively (table 2) against the
climatological average 6-hourly speed of 4.3 mps of
TCs (from D to D) over the BoB (Chinchole and
Mohapatra 2017). Thus, the average translational
speed of Phailin was higher than normal and also
higher than that of Hudhud. It can be seen from
table 2 that before landfall, TC Phailin moved
faster than TC Hudhud for all stages except DD
and CS stages. Before landfall, the average translational speed of TCs Phailin and Hudhud was 4.3
and 3.4 mps, respectively. After landfall, TC
Phailin also moved faster than TC Hudhud during
TC stages (CS, SCS and VSCS stages) and slower
during D/DD stages. The average translational

speed after landfall of TC Phailin (5.7 mps) was
higher than that of TC Hudhud (4.8 mps). The
correlation of MSW with translational speed indicates significant inverse relationship in the case of
TC Hudhud, while there was no such relationship
in the case of TC Phialin (table 3).
3.2 Life period
The life period (D to D) of TCs Phailin and
Hudhud was 147 and 174 hrs, respectively
(table 1). Thus, the life period was higher for
Hudhud by about 27 hrs due to longer track length.
According to Kumar et al. (2017) based on the data
of 1990–2013, the average life period (D to D) of
CS, SCS and VSCS or higher intensity storms
during post-monsoon season is 90, 100 and 110 hrs,
respectively. Hence, the life period of Phailin and
Hudhud was higher than normal by 37 and 64 hrs,
respectively. Considering the duration of CS or
higher stages only, it was 18 hrs higher in the case
of Hudhud as compared to that of Phailin. The
duration of VSCS to VSCS stages was however
significantly higher for Phailin, being 66 hrs
against 48 hrs for TC Hudhud. The duration of
lifetime maximum intensity (LMI) was significantly higher being 38 hrs in the case of TC Phailin
as compared to 13 hrs for TC Hudhud. The duration of TC intensity over land was 19 hrs in the
case of TC Phailin as compared to 13.5 hrs in TC
Hudhud. Thus, longer life period in the stage of
VSCS or higher intensity by about 18 hrs, longer
duration of LMI by about 25 hrs and longer duration of TC intensity over land by 5.5 hrs in the case
of Phailin as compared to TC Hudhud could be
attributed to higher damages and losses due to TC
Phailin as compared to TC Hudhud.
3.3 Intensity
The intensity of TCs Phailin and Hudhud has been
discussed in terms of Pc, Po, DP, MSW and PG in
the following subsections:

3.3.1 Central pressure (Pc), pressure
of outermost closed isobar (Po), pressure
drop (DP) and pressure gradient (PG)
The comparative analysis of Pc, Po and DP during
life cycle of TCs Phailin and Hudhud is shown in
Bgure 4 and table 4. From Bgure 4(a), the minimum Pc in Phailin was 940 hPa from 06 UTC of

21
Eastern India (Andhra Pradesh, Odisha, West Bengal, Sikkim,
Jharkhand, Bihar, East U.P.), Nepal, Bhutan and Bangladesh
4.26 billion USD (2013)

13.7

46
Eastern India (Andhra Pradesh, Odisha, Chattisgarh, East
U.P.) and Nepal
3.58 billion USD (2014)

7.2

2547 km
9.2

49 hrs and 30 min

42 hrs
2168 km
13.4

174 hrs
114 hrs
81 hrs
48 hrs
123 hrs 30 min
13 hrs and 30 min

147 hrs
96 hrs
72 hrs
66 hrs
110 hrs
19 hrs

D: depression, DD: deep depression, CS: cyclonic storm, SCS: severe cyclonic storm, VSCS: very severe cyclonic storm, ESCS: extremely severe cyclonic storm, MSW: maximum
sustained wind speed, Pc: central pressure, TC: tropical cyclone.

18

16
17

15

13
14

950 hPa at 0000 UTC of 12th October
100 knots
13 hrs

Developed from a low pressure area over Tenasserim coast
and adjoining north Andaman Sea on 6th October
0300 UTC of 7th October, 2014
0300 UTC of 8th October
Straight, west-northwestwards to north-northwestwards
Visakhapatnam around 0700 UTC of 12th October
Recurved northwards
100 knots at 1800 UTC of 11th October
54 hPa at 0000 UTC of 12th October

TC Hudhud

940 hPa at 0300 UTC of 11th October
115 knots
38 hrs

Developed from a remnant circulation from south China Sea over
Tenasserim coast on 6th October
0300 UTC of 8th October, 2013
1200 UTC of 9th October
Straight, west-northwestwards to north- northwestwards
Gopalpur, Odisha around 1700 UTC of 12th October
Recurved northwards
115 knots at 0300 UTC of 11th October
66 hPa at 0300 UTC of 11th October

TC Phailin

Page 6 of 29

Total loss in USD

Genesis time
Time of intensiBcation into TC
Nature of track before landfall
Landfall point and time
Nature of track after landfall
MSW and time of occurrence
Maximum pressure drop (hPa)
And time of occurrence
Lowest Pc and time of occurrence
MSW at the time of landfall
Duration of maximum wind
Duration of different stages:
(a) D to D
(b) CS to CS
(c) SCS to SCS
(d) VSCS to VSCS
(e) Total duration over Sea
(f) Duration of TC intensity (VSCS/
ESCS, SCS and CS) over land
(g) Total duration over land (VSCS/
ESCS, SCS, CS, DD and D)
Track length (km)
Accumulated cyclone energy (ACE)
(9 104 knots2)
Power dissipation index (PDI)
(9 106 knots3)
Number of human deaths
Area aAected

2
3
4
5
6
7
8

9
10
11
12

Genesis area

SpeciBcation

1

Sl.
no.

Table 1. Characteristic features of TCs Phailin and Hudhud.
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Figure 1. Tracks of TC Phailin (08–14 October 2013) and TC Hudhud (07–14 October 2014). (Source: IMD eAtlas (https://
www.rmcchennaieatlas.tn.nic.in/login.aspx?ReturnUrl=%2f)).

Figure 2. Six-hourly average translational speed (mps) of TCs Phailin and Hudhud. D: depression, DD: deep depression, CS:
cyclonic storm, SCS: severe cyclonic storm, VSCS: very severe cyclonic storm, ESCS: extremely severe cyclonic storm, TC:
tropical cyclone.

11th Oct to 1700 UTC of 12th Oct 2013 (for about
36 hrs), whereas for Hudhud, minimum Pc was
954 hPa from 00 to 06 UTC of 12th Oct 2014 (for
about 6 hrs).
There was gradual intensiBcation in the case of
Hudhud, while Phailin experienced rapid intensiBcation from 00 UTC of 10th to 00 UTC of 11th
Oct (Bgure 4a). The Pc decreased rapidly in Phailin
from 996 hPa at 00 UTC of 10th to 946 hPa at 00
UTC of 11th Oct (50 hPa fall in Pc in 24 hrs). It
continued to fall further to 940 hPa at the time of
landfall. Rapid intensiBcation ensued in Phailin as
it tracked over a region of low VWS speed (5–10
knots) during 00 UTC of 10th to 11th Oct (RSMC

New Delhi, 2014). The Po was almost the same
(1006–1008 hPa) in both Hudhud and Phailin as
both the TCs developed over the same Ocean basin
and during the same period of the year.
After landfall, Hudhud showed rapid weakening,
as the Pc increased sharply by 32 hPa within 6 hrs
of landfall. However, for Phailin, the Pc increased
gradually from 940 hPa at 12 UTC of 12th to 956
hPa at 18 UTC of 12th, registering an increase of
16 hPa within 6 hrs of landfall. Hudhud weakened
from ESCS stage to a DD in 13.5 hrs, while Phailin
weakened from ESCS to DD in 19 hrs. This is
predominantly due to the fact that after landfall
Phailin tracked over the deltaic region with
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Figure 3. Mean wind speed and direction for the layer 200–850 hPa during life cycle of (a) TC Phailin and (b) TC Hudhud.
(Source: https://rammb-data.cira.colostate.edu/tc˙realtime/index.asp.)
Table 2. Six-hourly translational speed during various stages of development of TCs Phailin and Hudhud.
Translational speed of
TC Phailin (mps)
Stages of development
D
DD
CS
SCS
VSCS/ESCS
Average entire life (D to D)
Climatological speed of VSCS category
for entire life (D to D)

Translational speed of
TC Hudhud (mps)

Before landfall

After landfall

Before landfall

After landfall

4.6
3.1
3.6
5.1
4.6
4.7
4.3

5.2
3.3
8.4
7.3
5.0

2.9
3.2
4.8
2.6
3.0
4.0
4.3

6.3
6.0
4.1
4.1
3.1

D: depression, DD: deep depression, CS: cyclonic storm, SCS: severe cyclonic storm, VSCS: very severe cyclonic storm, ESCS:
extremely severe cyclonic storm.

abundant moisture supply. The TC, Hudhud passed through an orographically dominant area of
north Andhra Pradesh and south Odisha after
landfall. The longer duration for decay of Phailin
after landfall can also be attributed to its higher

intensity at the time of landfall apart from the role
of land surface process as discussed above.
According to Bhowmik et al. (2005), higher the
intensity at the time of landfall, longer is the time
of decay and vice-versa.
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Table 3. Correlation coefBcient (CC) of MSW with RMW, ROCI, R34 in different geographical
quadrants, mean wind speed in the layer 200 to 850 hPa and translational speed.
TC Phailin
Sl. no.

No. of
cases

CC between MSW (knots)

1
2
3

RMW (km)
ROCI (km)
R34 (km)

5
6

Mean wind speed (knots)
Translational speed (mps)

NE
SE
SW
NW
200–850 hPa

20
20
17
17
17
17
20
20

CC
0.9
0.5
0.9
0.8
1.0
1.0
0.1
0.1

TC Hudhud
No. of
cases
21
21
19
19
19
19
21
21

CC
0.9
0.6
0.9
0.9
0.9
0.7
0.6
0.5

CC: Correlation coefBcient; MSW: maximum sustained wind speed; RMW: radius of maximum
wind; ROCI: radius of outermost closed isobar; R34: radius of 34 knots wind; NE: northeast; SE:
southeast; SW: southwest; NW: northwest, CC significant at 95% conBdence level is highlighted.

The maximum DP of 66 hPa continued for
Phailin for 30 hrs and DP of 54 hPa continued just
for 6 hrs in Hudhud (Bgure 4b). During rapid
intensiBcation period from 10th morning to 11th
morning, the DP changed from 10 to 51 hPa/day
(table 4). In the case of Hudhud, there has been
gradual change in DP throughout the life cycle.
There was slow intensiBcation up to SCS stage and
rate of intensiBcation increased thereafter in both
the cases (table 5). Rate of deepening was 0.53
hPa/hr in Phailin against 0.37 hPa/hr in Hudhud
during intensiBcation from CS to SCS stage. During intensiBcation from SCS to VSCS/ESCS stage,
the rate of deepening was 2.12 hPa/hr for Phailin
against 0.85 hPa/hr for Hudhud. Average rate of
deepening for Phailin was 0.9 hPa/hr against 0.4
hPa/hr for Hudhud. After landfall, the rate of Blling from VSCS to SCS stage in Phailin was 5.10
hPa/hr against 6.80 hPa/hr in Hudhud, indicating
the fact that Phailin weakened at a slower rate
than Hudhud. The average rate of Blling in Phailin
was 2.4 hPa/hr against 2.7 hPa/hr in Hudhud.
According to National Hurricane Centre (NHC),
USA (http://www.nhc.noaa.gov/aboutgloss.shtml),
it is said to be rapid deepening and explosive
deepening, if the estimated central pressure (ECP)
of a TC falls at the rate of 1.75 hPa/hr or 42 hPa in
24 hrs and 2.5 hPa/hr for 12 hrs or 5 hPa/hr for at
least 6 hrs. Thus, there was explosive deepening in
the case of Phailin during 10th October morning to
11th October morning.
The comparative analysis of PG at the centre of
TCs Phailin and Hudhud is presented in
Bgure 4(c). In the case of TC Phailin, there was
steep increase in PG from 1.9 hPa/100 km at 12
UTC of 9th Oct to 6.6 hPa/100 km at 06 UTC of

10th Oct. It increased to maximum of 15 hPa/
100 km at 06 UTC of 11th. In the case of Hudhud,
the PG increased gradually from genesis to landfall, suggesting no rapid intensiBcation of the system. It was 14 hPa/100 km at 0600 UTC of 12 Oct.
2014. However, after landfall the drop in PG for
Hudhud was sharper than Phailin suggesting rapid
weakening of Hudhud as compared to Phailin.
In terms of Pc, DP and PG, it was seen that
Phailin was more intense (with 10 hPa lower Pc
and 12 hPa lower DP as compared to Hudhud),
followed rapid intensiBcation (fall of 50 hPa in 24
hrs), maintained its peak intensity for longer
duration (38 hrs as compared to 13 hrs for Hudhud)
and also had TC intensity for longer duration after
the landfall due to slow weakening (5.1 hPa/hr
from ESCS to SCS stage against 6.8 hPa for Hudhud). All these could be attributed to more disastrous nature of Phailin as compared to Hudhud.
3.3.2 Maximum sustained surface wind (MSW)
In the case of Phailin, the MSW increased from 45
knots at 0000 UTC of 10th to maximum of 110
knots (57 mps) at 0000 UTC of 11th (Bgure 5)
indicating rapid intensiBcation of the system during the period. A TC is said to be rapidly intensifying if the MSW increases by 30 knots or more in
24 hrs (Kaplan and DeMaria 2003). It reached its
peak intensity of 115 knots (59 mps) at 0300 UTC
of 11th. It maintained its peak intensity for 38 hrs.
It endorses the Bndings of Musgrave et al. (2012)
that there is slow intensiBcation up to 50 knots (25
mps) in incipient stage and TC intensiBes and
grows in size more rapidly in deepening stage up to
120 knots (60 mps). After landfall, its intensity
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Figure 4. (a) Central pressure (Pc) and pressure of outermost closed isobar (Po), (b) pressure drop at centre (DP) and (c)
pressure gradient (PG) of TCs Phailin and Hudhud. D: depression, DD: deep depression, CS: cyclonic storm, SCS: severe cyclonic
storm, VSCS: very severe cyclonic storm, ESCS: extremely severe cyclonic storm, TC: tropical cyclone.

decreased from 115 knots (59 mps) at 1700 UTC of
12th to\17 knots (low pressure area stage) at 0900
UTC of 14th October in 40 hrs. During Hudhud,
the MSW increased gradually and reached maximum of 100 knots (51 mps) at 1800 UTC of 11th
and maintained its intensity till 0700 UTC of 12th.
After landfall, it decreased from 100 knots at 0700
UTC of 12th to\17 knots (low pressure area stage)
at 1200 UTC of 14th October (in 42 hrs). The
duration of maximum wind (100 knots) was about

13 hrs. After landfall, the decrease in MSW by 40
knots took 7 hrs in Phailin against 4 hrs in the case
of Hudhud, indicating slower weakening of Phailin
as compared to Hudhud.
The east-west cross-section of wind and temperature from HWRF model analysis at 1200 UTC of 12th
October, 2013 for TC Phailin and 0000 UTC of 12th
October, 2014 for TC Hudhud (Bgure 6a–b) indicated
that the MSW at the time of landfall was about
125–135 knot and 95–105 knot in northeast sector for

Page 11 of 29 233

J. Earth Syst. Sci. (2021)130:233
Table 4. Pressure drop, MSW and rate of intensiBcation in case of TCs Phailin and Hudhud.
TC Phailin
Feature at
0300 UTC
of date
7th Oct
8th Oct
9th Oct
10th Oct
11th Oct
12th Oct
13th Oct
14th Oct

TC Hudhud

Rate of intensiBcation
Rate of intensiBcation
MSW
MSW
Category DP (hPa) (knots) DPc/day DMSW/day Category DP (hPa) (knots) DPc/day DMSW/day
–
D
DD
SCS
VSCS
VSCS
SCS
D

–
3
5
15
66
66
15
3

–
25
30
55
115
115
55
25

–
–
2
10
51
0
51
12

D
CS
SCS
SCS
VSCS
VSCS
DD
D

–
–
5
25
60
0
60
30

3
7
16
16
34
54
6
3

25
35
55
60
80
100
30
20

–
4
9
0
18
20
48
3

–
10
20
5
20
20
70
10

D: depression, DD: deep depression, CS: cyclonic storm, SCS: severe cyclonic storm, VSCS: very severe cyclonic storm, DP:
pressure drop at centre, DPc: change in estimated central pressure, DMSW: change in maximum sustained wind, –: Not
applicable.

Table 5. Rate of deepening/Blling during life cycle of TCs Phailin and Hudhud.
TC Phailin
Feature
D to DD
DD to CS
CS to SCS
SCS to VSCSmax
After landfall:
VSCS to SCS
SCS to CS
CS to DD
DD to D
Average rate of deepening
(D to VSCSmax)
Average rate of Blling
(VSCSmax to D)

TC Hudhud

Change in
Pc (hPa)

Rate of deepening/
Blling (hPa/hr)

Change in Pc (hPa)

Rate of deepening/
Blling (hPa/hr)

2
2
8
51

0.11
0.17
0.53
2.12

2
2
9
36

0.22
0.13
0.37
0.85

51
5
4
3

5.10
1.66
0.33
0.33
0.9

34
5
2
7

6.80
1.66
0.33
0.88
0.4

2.4

2.7

D: depression, DD: deep depression, CS: cyclonic storm, SCS: severe cyclonic storm, VSCSmax: very severe cyclonic storm
maximum intensity, Pc: estimated central pressure.

TCs Phailin and Hudhud, respectively. Considering
the model wind as instantaneous wind, the 3 min
average MSW was about 105 knot for TC Phailin and
90 knots for TC Hudhud at the time of landfall.
Operationally estimated MSW at the time of landfall
was 115 knot and 90 knot for TCs Phailin and Hudhud, respectively. Thus, HWRF model could simulate the maximum intensity at the time of landfall for
both the TCs. The comparison of spatial distribution
of winds at 850, 500 and 200 hPa levels representing
lower, middle and upper tropospheric levels indicate
that the vertical extension was higher for Phailin at
the time of landfall (Bgure 7). Also, the upper

tropospheric westerlies were stronger for TC Hudhud
as compared to that of Phailin leading to relatively
higher VWS (RSMC New Delhi 2014 and 2015) and
lower intensity in the case of Hudhud. Thus, both the
models could simulate that Phailin was stronger as
compared to Hudhud.
3.4 Eye characteristics
3.4.1 Eye diameter
The eye characteristics of TCs Phailin and Hudhud
have been analysed using 85–91 GHz microwave
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Figure 5. Maximum sustained wind speed (MSW) of TCs Phailin and Hudhud. D: depression, DD: deep depression, CS: cyclonic
storm, SCS: severe cyclonic storm, VSCS: very severe cyclonic storm, ESCS: extremely severe cyclonic storm, TC: tropical
cyclone.

Figure 6. HWRF model based wind and temperature proBle (a) east–west cross-section and (b) north–south cross-section at
(i) 1200 UTC of 12th October, 2013 for TC Phailin and (ii) 0000 UTC of 12th October, 2014 for TC Hudhud. HWRF: Hurricane
Weather Research Forecast, TC: Tropical cyclone.
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Figure 7. IMD GFS winds (in knot) at (a) 850 hPa, (b) 500 hPa and (c) 200 hPa based on (i) 1200 UTC of 12th October, 2013
for TC Phailin and (ii) 0000 UTC of 12th October, 2014 for TC Hudhud. GFS: Global forecast system model, TC: Tropical
cyclone.

imageries (Bgure 8). Typical radar imageries from
DWR Visakhapatnam showing eye characteristics
of TCs Phailin and Hudhud are presented in
Bgure 9(i and ii). The salient features of the eye in
TCs Phailin and Hudhud are presented in tables 6
and 7, respectively. In both the cases, it can be seen
that spiral banding was the precursor to the eye
formation endorsing the earlier Bndings of Vigh and
RozoA (2012). According to Vigh and RozoA (2012),

out of 62 TCs that displayed banding over the north
Atlantic Ocean, 51% later developed an eye. In the
case of TC Phailin, the eye developed around 1800
UTC of 9th October with a diameter of about 18
km. According to Vigh et al. (2012), 75% of the eyes
emerge with diameters below 25 nm (46 km). At this
time, the TC was associated with Pc of 998 hPa,
DP of 8 hPa and MSW of 40 kt. The lowest
brightness temperature was about 270 K. It is in
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Figure 8. (a) Typical microwave imageries showing eye characteristics of TC Phailin at (i) 1203 UTC of 11th, (ii) 2154 UTC of
11th, (iii) 0208 UTC of 12th (iv) 1700 UTC of 12th October, 2013. (b) Typical microwave imageries showing eye characteristics
of TC Hudhud at (i) 0045 UTC of 11th, (ii) 1157 UTC of 11th, (iii) 0031 UTC of 12th, and (iv) 0650 UTC of 12th October, 2014.
TC: tropical cyclone.

conformity with Vigh and RozoA (2012), as the eye
might have been Brst seen at lower level with temperature of –3C corresponding to *5 km height.
The diameter of the eye gradually decreased thereafter and became minimum around 0200 UTC of
11th October. It then remained almost same till
1200 UTC of 11th. Thus, the eye diameter decreased
from initial size during the rapid intensiBcation of
Phailin. Barnes and Barnes (2014) have found that
the intensiBcation of TCs is preceded by a reduction
in the eye area. The eye continued to be visible till
13th morning, though it got distorted gradually

after the landfall. In the case of Hudhud, eye was
clearly seen around 0600 UTC of 8th October with a
diameter of 44 km corresponding to Pc of 996 hPa,
DP of 8 hPa and MSW of 40 kt. It was also Brst seen
at lower levels (at about 5 km) conBrming to Vigh
and RozoA (2012). Vigh and RozoA (2012) analysed
the statistics of Atlantic TC eye formation during
1989–2012 and found that the TCs tend to form an
eye detectable by aircraft (and presumably by microwave imagery) at a central pressure of 991±9 hPa,
at an analysed best track intensity of 30±8 ms 1
(58±16 knots) (statistics are median value at eye
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Figure 8. (Continued.)

formation along with interquartile range). Thus,
the Pc, DP and MSW at the time of formation of eye
in the case of Hudhud and Phailin were in agreement
with the Bndings of Vigh and RozoA (2012) for
Atlantic TCs. For Phailin, the eye appeared after 6
hrs of CS intensity (C34 knots) and for Hudhud, it
appeared after 3 hrs of CS intensity. Once genesis
occurs, TCs tend to form an eye within 48 hrs of
reaching tropical storm strength with MSW of 34
knots and more (Vigh and RozoA 2012). Thus, the
eye appeared very early in both the cases of Phailin
and Hudhud. According to them, storms rapidly
intensify at the time of eye formation. For TCs
Phailin and Hudhud, there was a change of 25 and
20 knots from 9th to 10th and 8th to 9th,

respectively (time of appearance of eye). Thus,
though it was not rapid intensiBcation as per definition (30 knots in past 24 hrs), there was increased
rate of intensiBcation at the time of eye formation
in both the cases. Comparing the average eye diameter, it was smaller for Phailin by 26 km. Weatherford
(1984) found that the average satellite-observed
diameter of the TC eye is about 55–85 km. Eyes
with diameter less than 55 km are considered as
small and those more than 85 km are considered to
be large. Thus both the TCs Phalin and Hudhud
had small eye and it was smaller for Phailin.
The eye diameter at the time of landfall was about
6.6 and 11 km based on microwave satellite imagery,
20.0 and 55 km based on radar and 33 and 44 km
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Figure 9. (a) Imageries from Doppler Weather Radar, Visakhapatnam, India showing eye characteristics during TC Phailin at
(i) 1211, (ii) 1430, (iii) 1540 and (iv) 1650 UTC of 12th Oct. 2013. (b) Imageries from Doppler Weather Radar, Visakhapatnam,
India showing eye characteristics during TC Hudhud at (i) 1740, (ii) 2040, (iii) 2340 UTC of 11th and (iv) 0251 UTC of 12th Oct.
2014. TC: tropical cyclone.

based on HWRF model analyses, respectively, for
Phailin and Hudhud indicating that TC Phailin was
stronger than TC Hudhud. Considering HWRF
model analysis, the concentric eye extended up to
300 hPa level in Phailin. Thereafter, the eye diameter
extended gradually. In the case of Hudhud, the
diameter of eye was uniform only up to 500 hPa level,
thereafter, it increased with tilting in westward
direction. Considering the eye diameter, at 300 hPa it
was about 25 km higher for TC Hudhud as compared
to TC Phailin. All these observations indicated that
TC Phailin was stronger than TC Hudhud.

3.4.2 Eye temperature
Durden (2013) found that the pressure altitude of
the maximum temperature anomaly varies between

760 and 250 hPa and there is a positive correlation
between the maximum anomaly level and storm
intensity, size, upper-level divergence, and environmental instability. The temperature anomaly is
deBned as the difference between the observed
temperature in the TC eye and a reference temperature representative of the conditions either outside
or in the absence of the TC. Considering this, the eye
temperature anomaly at representative 300 hPa
level based on HWRF model analyses have been
determined by comparing the eye temperature with
the temperature outside the TC. The east-west cross
section of wind and temperature of HWRF model at
1200 UTC of 12th October, 2013 and 0000 UTC of
12th October, 2014 (Bgure 6a(i and ii)) indicated
that both in the case of TCs Phailin and Hudhud, the
eye was about 13C warmer than surroundings
at 300 hPa level. The north–south cross section
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Figure 9. (Continued.)

(Bgure 6b(i and ii)) indicated that the eye was warmer by about 10C than surroundings at 300 hPa
level in the case of both the TCs. According to
Durden (2013), an average anomaly of at least 4 K is
needed for even the weakest storms. Using the proportionality of pressure drop to average anomaly
(roughly a factor of 5), an average temperature
anomaly of 13 K would correspond to a 65 hPa
pressure drop, which was the case for Phailin, but
not in the case of Hudhud. Durden (2013) has also
shown that this relation is stronger in weaker TC
than the stronger TCs.

3.5 Structure
The structure of TCs Phailin and Hudhud has been
analysed in terms of ROCI, RMW and R34, R50
and R64 in four geographical quadrants. The
results are discussed in sections 3.5.1–3.5.3.

3.5.1 Radius of outermost closed isobar (ROCI)
The comparative analysis of ROCI during the life
cycle of TCs, Phailin and Hudhud as per IMD’s
operational analysis is shown in table 8,
Bgure 10(a). It is seen that throughout its life cycle,
Phailin had larger ROCI as compared to Hudhud.
In TC Phailin, maximum ROCI of 700 km was
observed at 1200 UTC of 12th Oct (about 5 hrs
prior to landfall) and it decreased to 330 km after
landfall at 1200 UTC of 13th Oct (CS stage ) in 24
hrs. However, for Hudhud, maximum ROCI of 400
km was observed at 0000 UTC of 12th Oct (about 7
hrs prior to landfall) and it decreased to 330 km
after landfall at 1800 UTC of 12th Oct (CS) in 12
hrs. The average ROCI of both TCs Phailin
and Hudhud was statistically different at 95%
conBdence level (table 8).
IMD GFS model-based isobaric analysis at 1200
UTC of 12th October, 2013 (Bgure 10b(i)) prior to
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landfall of TC Phailin indicated that TC Phailin
had ROCI of about 520 km prior to landfall.
However, at 0000 UTC of 12th October 2014, IMD
GFS based isobaric analysis indicated that TC
Hudhud had ROCI of about 330 km prior to
landfall (Bgure 10b(ii)). Further, it can be seen that
the pressure gradient is higher in NE quadrant in
both cases though the gradient is more in the case
of Phailin (Bgure 10b). It resulted in higher wind
and R34 in NE quadrant. Thus both the isobaric
analyses based on IMD-GFS model and observational data show higher ROCI during landfall in
the case of Phailin than in Hudhud.

3.5.2 Radius of maximum wind (RMW)
The comparative analysis of RMW during the life
cycle of TCs Phailin and Hudhud is presented in
Bgure 11. The average RMW for Phailin was lower
than that for Hudhud. There was drastic contraction of RMW prior to eye formation in both the cases
as shown in Bgure 11 endorsing earlier Bndings of
Vigh and RozoA (2012). Once the eye formed, RMW
continued to contract slowly and uniformly in the
case of Phailin and the contraction ceased altogether for some time and then continued slowly for
Hudhud similar to the Bndings of Vigh and RozoA
(2012). According to Vigh and RozoA (2012), the
RMW contracts from a median RMW value of 80
km at 35 knots to *45 km at 55 knots. For intensities of 65 kt and above, the rate of RMW contraction slows considerably. RMW fell sharply from
40 km at 0000 UTC of 10th to 20 km at 0000 UTC of
11th during rapid intensiBcation of the system and it
reached the minimum of 15 km at 0600 UTC of 11th
for Phailin. RMW remained at its lowest till 0600
UTC of 12th indicating maintenance of same
intensity and increased thereafter gradually. At the
time of landfall, the TC Phailin had RMW of 25 km
(at 1500 UTC of 12 Oct. 2013) as shown in Bgure 11.
The RMW of Phailin started increasing from 0600
UTC of 12th and there was an increase in RMW to
25 km at 1500 UTC of 12th just before landfall. After
landfall, the RMW increased gradually and reached
maximum of 100 km after 24 hrs of landfall. With
respect to Hudhud, the RMW decreased gradually
and became the minimum of 25 km at 0000 UTC of
12th. It maintained so till 0600 UTC of 12th (for 6
hrs) and then increased sharply by 100% during
next 6 hrs, suggesting gradual intensiBcation till
landfall and rapid weakening thereafter. The rapid
increase in RMW associated with rapid decrease in
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intensity of Hudhud may be due to its movement
over rugged terrain (Eastern Ghats) unlike the case
of Phailin which moved over a relatively plain
region. Thus the RMW just prior to landfall was
about 30 km and 39 km based on multi-satellite
estimates (Bgure 11) in the case of TCs Phailin and
Hudhud, respectively.
Considering the initial stages of development of
TC, the RMW was significantly less in the case of
Phailin (by more than 50%) than in Hudhud.
According to Carrasco et al. (2014), based on data
of 1990–2010, TCs experiencing RI start with a
significantly smaller size than those not undergoing
RI. Cyclones not experiencing RI are approximately 10 nmi larger than cyclones undergoing RI
when using RMW and mean R34 as the initial size
parameters. In contrast, when using ROCI as the
size parameter, there is only a negligible difference
in size between the non-RI and RI cases.
The RMW was \90 km throughout the life
period of TC Phailin till landfall. For Hudhud, it
was higher during initial stage (till its intensiBcation into SCS). Carrasco et al. (2014) concluded
that the initial size of the vortex, as measured by
the RMW, played a substantial role in its subsequent intensiBcation rate. If the initial vortex is too
large, then no subsequent intensiBcation occurs.
According to Carrasco et al. (2014), it is difBcult
for RI to occur after about 90 km for RMW.
According to Stern et al. (2015), as a TC
intensiBes, strengthened eyewall convection induces
counter downdrafts and thus increase the warming
in the eye which in turn contributes to decrease in
central pressure (Willoughby 1998). As a result,
contracting pressure gradient around the maximum
wind allows the wind to rise and move inward from
the RMW, leading to contraction of eye and eyewall.

3.5.3 Radii of 34 knots winds (R34)
The wind radii (R34) in different geographical
quadrants (NE, SE, SW and NW) of TC Phailin
and Hudhud are shown in Bgure 12(a–d) and the
average R34 is shown in Bgure 12(e). The R34 was
higher in NE followed by NW sector due to
northeast monsoon Cow. The northwestward
movement of TCs also contributed towards
increased R34 in northeast sector for both the TCs
(RSMC New Delhi Report 2014 and 2015). The
R34 was higher for Phailin during VSCS stage and
higher R34 also persisted for longer duration for all
the quadrants. Previous studies demonstrated that
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Table 6. Eye characteristics of TC Phailin (8–13 October, 2013).
Satellite
Date/time (frequency in
(UTC)
GHz)
09/1335

TRMM (85)

09/1810

TRMM (85)

10/0212

F-18 (91)

10/1108

F-16 (91)

10/1324

F-18 (91)

10/2343
11/0159
11/10 56
11/1203

F-16
F-18
F-16
F-17

11/2154
11/2330
12/0038
12/0208
12/1151
12/1700

F-15 (85)
F-16 (91)
F-17 (91)
TRMM (85)
F-17 (91)
TRMM (85)

(91)
(91)
(91)
(91)

Eye characteristics
Eye is not clearly seen. Wall cloud region is well deBned in SE/NE sectors. Wall
cloud most intense in east-central part
Well deBned primary eye. Shape-elliptical. Wall cloud well deBned in SE/NE and
converging in NW/SW sectors
Irregular but closed eye. Closed wall cloud but stronger in eastern sector. Diameter
of eye reduced significantly
Closed and elliptical eye. Closed eyewall in all sectors. Wall cloud most intense in
NE sector. Size of eye decreased further. BT of eye is 250 K
Closed and elliptical eye. Closed eyewall in all sectors. Wall cloud most intense in
SW sector. BT of eye is 230 K
Closed and elliptical eye. BT of eye is 230 K
Closed and circular eye. Wall cloud most intense in Southern sector
Closed and circular eye. NE sector of eyewall is more intense. Size of eye increased
Closed and circular eye. The area of intense convection extended to NW and SW
sectors also
Circular eye. Eyewall opening in NE sector. Size of eye increased
Circular eye. Eyewall opening in NE sector
Circular eye. Eyewall opening in NE sector and some parts of NW sector
Circular eye. Eyewall opening in northern sector
Irregular eye. Eyewall only in southern sector
Eye over land. Eyewall is covering the eye completely. Size of eye increased

Eye diameter
(degree)
–
0.15
0.06
0.05
0.05
0.05
0.03
0.04
0.04
0.11
0.07
0.07
0.06
0.06
0.06

BT: brightness temperature, SE: southeast, NE: northeast, NW: northwest, SW: southwest.

the size of a TC wind Beld can vary with Ocean
basin, time of the year, latitude, Pc, stage of
development and environmental pressure (Atkinson 1971; Frank and Gray 1980; Cocks and Gray
2002; Kimball and Muelakar 2004; Mohapatra and
Sharma 2015). The Ocean basin, time of year,
latitude and environmental processes being the
same in both the cases, the variation in size of these
two TCs can be attributed to difference in Pc and
stage of development. Comparing average wind
radii (R34), there was also rapid increase in wind
radii during VSCS stage of Phailin from 10th
morning to 11th morning (rapid intensiBcation
stage). From 00 UTC of 11th to landfall, wind radii
were almost the same (270–290 km) as the TC was
in mature stage and thereafter it decreased gradually. With respect to Hudhud, the wind radii
(R34) increased steadily prior to landfall, being 190
km at the time of landfall and then decreased
sharply.
Comparing R34 in NE quadrant, in the case of
Phailin, there was no significant difference in R34
on intensiBcation from CS to SCS. On intensiBcation from SCS to VSCS, R34 increased gradually to

180 km at 0600 UTC of 10th and then there was
sudden increase in R34 to 300 km at 1800 UTC of
10th, suggesting rapid increase in size in association with rapid intensiBcation of the system.
Thereafter, it reached maximum of 330 km at 1800
UTC of 11th and maintained it till landfall. Climatologically, the average size of CS, SCS and
VSCS categories of TCs over the BoB during
post-monsoon season is 106, 119 and 189 km,
respectively (Mohapatra and Sharma 2015).
According to KnaA et al. (2014), propensity of
large TCs increases when TCs form during seasons
that are characterized by enhanced low-level vorticity and when TCs move towards the environment characterized by increasingly baroclinic,
especially after peak in intensity and prior to
recurvature. TC tends to grow more as they
intensify. The increase in size (R34) of TC Phailin
may thus be attributed to the processes mentioned
by KnaA et al. (2014) as TC Phailin also increased
its size after peak in intensity and prior to recurvature. The TC was moving towards the environment characterised by increasingly baroclinic
process due to trough in westerly winds lying to the
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Table 7. Eye characteristics of TC Hudhud (7–14 October, 2014).
Date/time
(UTC)

Satellite
(frequency in
GHz)

07/2009
07/2344

NOAA 19 (89)
F17 (91)

08/0538

GCOM W1 (89)

08/1018

F16 (91)

08/1322

F18 (91)

08/2254

F16 (91)

09/0159
09/0556
10/0945
11/0035

F18 (91)
TRMM (85)
TRMM (85)
TRMM (85)

11/0045
11/1157
12/0031

F17 (91)
F17 (91)
F17 (91)

12/0650

GCOMW1 (89)

12/1108

F16 (91)

Eye characteristics
Eye is not seen. Formation of curved bands
Eye is not seen. Wall cloud forming in southern and NW sector. Intense
convection seen in southern sector
Eye is clearly seen. Wall cloud region well deBned in southern sector. Intense
convection seen in southern sector
Eye is irregular. Eye wall continue to organize. Wall cloud region is well deBned
in southern sector. Intense convection in SW sector
Eye is elliptical. Eye wall continue to organize. Wall cloud region is well deBned
in SE sector. Intense convection in SE sector
Eye is elliptical. Eye wall continue to organize. Wall cloud region is well deBned
in southern sector. Intense convection in SE sector
Elliptical eye. Intense convection in southern sector
Irregular eye
Irregular eye. Intense convection in southern sector
Regular and elliptical eye. Eyewall opening in NW sector. Eye is 75% covered
by eyewall
Circular eye. Eye is 85% covered by eyewall
Eye is 50% covered by eyewall. Eyewall widened in western sector
Irregular eye. Eyewall is wide in NW sector. Eye is 80% covered by eyewall.
Eyewall is open in NE sector
Regular/Circular eye.
Eye is 80% covered by eyewall. Eyewall open in NE sector
No eye

Eye diameter
(degree)
–
–
0.04
0.13
0.12
0.15
0.17
0.22
0.23
0.09
0.07
0.09
0.18
0.1
-

BT: brightness temperature, SE: southeast, NE: northeast, NW: northwest, SW: southwest.

west during 10th to 12th October (Mohapatra and
Sharma 2015). In the case of Hudhud, from CS to
SCS there was slow increase in R34. During VSCS
stage, the wind radii increased sharply and reached
maximum of 320 km at 0000 UTC of 12th October
in northeast quadrant. However, after landfall, the
R34 decreased more rapidly in Hudhud than in
Phailin. The comparison of R34, R50 and R64 in
each geographical quadrant around the centre of
TC Phailin and Hudhud indicates that R64 was
significantly higher in northwest quadrant in the
case of Hudhud than in Phailin (table 8). Thus,
the mean R34 and R50 was almost same in both
the TCs and R64 was smaller in the case of Phailin
by about 8 km than that of Hudhud.
During genesis stage, the R34 was less with
regard to Phailin. Kimball and Muelakar (2004)
have shown that R34, R50 and R64 tend to be
smaller in size for intensifying TCs. From a theoretical perspective, according to Carrasco et al.
(2014), it is difBcult for RI to occur after about 260
km for mean R34. For both RMW and R34 size
parameters, these thresholds lie near the boundary
separating the medium and large cyclones,

suggesting that once the TC has a large RMW
and/or mean R34, it is rare for it to undergo RI.
Though the mean R34 was less than 260 km
throughout till landfall in the case of Hudhud, the
rapid intensiBcation did not occur. It all indicates
that considering the size parameters, the rapid
intensiBcation of Phailin was associated with lower
RMW in the initial stage as well as during rapid
intensiBcation stage and lower R34 (\260 km)
during rapid intensiBcation stage and initial genesis stage (\100 km). The RI ceased when R34
exceeded 260 km at about 0600 UTC of 11th Oct.
2013.
From HWRF model analysis at the time of
landfall, it can be found that the depth and area of
stronger winds (C34 knots) were significantly
higher with respect to Phailin than in Hudhud
(Bgure 6). The extension of core wind (MSW of 64
knots or more) extended up to about 120 hPa in the
NE sector for Phailin against about 150 hPa for
Hudhud. The diameter of surface gale wind (MSW
of 34 knots or more was about 4.5 and 3.6 in
east–west and north–south direction respectively
in the case of Phailin as compared to 3 and 2.2 in
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Table 8. Comparison of structure parameters in case of TCs Phailin and Hudhud.
TC Phailin

TC Hudhud

Parameter

N

Mean

SD

N

Mean

SD

Average RMW (km)
RMW minimum (km)
RMW maximum (km)
Average ROCI (km)
ROCI minimum (km)
ROCI maximum (km)
R34 (km)

20
–
–
20

41
15
100
484
330
700
241
214
188
208
132
117
108
118
69
59
55
60

26
–
–
105

21
–
–
21

30
–
–
52

76
70
65
63
34
31
27
25
15
14
12
11

19
19
19
19
14
14
14
14
8
8
8
8

71
25
124
344
280
400
223
208
199
223
124
116
111
124
71
67
65
71

R50 (km)

R64 (km)

NE
SE
SW
NW
NE
SE
SW
NW
NE
SE
SW
NW

17
17
17
17
13
13
13
13
11
11
11
11

64
62
63
64
27
28
28
27
10
11
11
10

N: Number of observations; RMW: Radius of maximum wind; ROCI: Radius of outermost closed isobar; R34: radius of 34 knots
wind; R50: radius of 50 knots wind; R64: radius of 64 knots wind; NE: northeast; SE: southeast; SW: southwest; NW: northwest;
km: kilometer, SD: Standard deviation, ( ): Not applicable.
Mean values significantly different at 95% conBdence level are highlighted.

the case of Hudhud. Willoughby (1979) and
Shapiro and Willoughby (1982) proved that the
temperature (height) of the clouds in the central
region of the TC shows the strength of the updraft,
which is part of secondary circulation. Colder
(taller) clouds are associated with a more intense
secondary pattern. Thus, smaller size of eye in both
the cases suggested that both the systems were
intense and relatively Phailin had higher intensity.

3.6 Adverse weather and damage potential
The comparative analysis of death and damage due
to TCs Phailin and Hudhud indicates that TC
Phailin was more disastrous than TC Hudhud
(table 1). The death and damage were mainly due
to gale wind, heavy rain and storm surge. The
IMD-NCMRWF merged rain gauge and GPM
satellite-based 24 hr accumulated rainfall on the
day of landfall, i.e., ending at 0300 UTC of 13th
October, 2013 and 0300 UTC of 13th October, 2014
in association with TCs Phailin and Hudhud,
respectively, is presented in Bgure 13a(i and ii). In
the instance of both the TCs, the area of heavy
to very heavy rainfall was southwest–northeast

oriented, as both the systems exhibited near
northwards recurvature after the landfall. However, TC Phailin caused heavy rainfall (C7 cm)
over an area of 6.059104 km2 approximately in
Odisha during 0300 UTC of 12th October to 0300
UTC of 13th October, 2013. On the other hand, TC
Hudhud caused heavy rainfall over an area of
3.639104 km2 approximately in north coastal
Andhra Pradesh and adjoining south Odisha during 0300 UTC of 12th October to 0300 UTC of 13th
October, 2014. Thus, TC Phailin caused heavy
rainfall over a larger area (about 40% more) as
compared to TC Hudhud. It led to Cooding over
larger area in the case of Phailin (RSMC New Delhi
2014, 2015).
The multi-satellite based derived surface winds
prior to landfall based on 1200 UTC of 12th
October, 2013 and 0000 UTC of 12th October, 2014
(Bgure 13b(i and ii)) in the case of TCs Phailin and
Hudhud indicate that the TC size (R34) associated
with TC Phailin, covered an area of 19.39104 km2
over the coastal region extending from north
Andhra Pradesh to southeast Bangladesh. However, for TC Hudhud, it covered an area of 13.3
9104 km2 extending from north Andhra Pradesh to
north Odisha coast. Thus, the area aAected by gale
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Figure 10. (a) ROCI (km) in case of TCs Phailin and Hudhud and (b) IMD GFS mean sea level pressure analysis based on
1200 UTC of 12th October, 2013 of TC Phailin and 0000 UTC of 12th October, 2014 of TC Hudhud. ROCI: radius of outermost
closed isobar, D: depression, DD: deep depression, CS: cyclonic storm, SCS: severe cyclonic storm, VSCS: very severe cyclonic
storm, ESCS: extremely severe cyclonic storm, TC: tropical cyclone, GFS: Global forecast system model, TC: tropical cyclone.

Figure 11. Radius of maximum wind (RMW) of TCs Phailin and Hudhud. D: depression, DD: deep depression, CS: cyclonic
storm, SCS: severe cyclonic storm, VSCS: very severe cyclonic storm, ESCS: extremely severe cyclonic storm, TC: tropical
cyclone, RMW: radius of maximum wind.
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Figure 12. Radius of 34 knots wind (R34) in (a) NE, (b) SE, (c) SW, (d) NW quadrants and (e) average R34 of TCs Phailin
and Hudhud. D: depression, DD: deep depression, CS: cyclonic storm, SCS: severe cyclonic storm, VSCS: very severe cyclonic
storm, ESCS: extremely severe cyclonic storm, TC: tropical cyclone, NE: northeast, SE: southeast, SW: southwest.
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Figure 13. (a) IMD-NCMRWF rain gauge and GPM satellite based merged 24 hrs accumulated rainfall (cm) ending at 0300
UTC of (i) 13th October, 2013 and (ii) 13th October, 2014 in association with TCs Phailin, 2013 and Hudhud, 2014, respectively,
(b) surface wind distribution around the centre of (i) TC Phailin at 1200 UTC of 12th October, 2013 and (ii) TC Hudhud at 0600
UTC of 12th October, 2014.

winds (MSW C 34 knot) associated with Phailin
was about 30% higher than that of Hudhud.
The maximum storm surge of height about 2–2.5
m above the astronomical tide was observed in the
coastal areas of Ganjam district of Odisha and the
coastal inundation was reported maximum up to
1 km in the low lying areas of Ganjam district
(RSMC New Delhi 2014). In the case of TC
Hudhud, storm surge of height about 1.4 m was
observed at Visakhapatnam, Andhra Pradesh
(RSMC New Delhi 2015; Murty et al. 2017) with
very limited inundation due to lower intensity
apart from relatively steep slope of the coast.
Thus, about 40% higher area of heavy rainfall
and 30% higher area of gale winds and 1 m higher

storm surge during TC Phailin led to higher
damages and losses as compared to that of Hudhud.
The comparative analysis of ACE and PDI of TCs
Phailin and Hudhud is presented in table 1. The
ACE was 13.49104 kt2 and 9.29104 kt2 for TCs
Phailin and Hudhud, respectively. The median
value of ACE in the post-monsoon season over the
BoB during the period 1990–2013 is 5.2 9104 kt2 in
the case of very severe TCs (C64 kt) with the range
varying between 2.19104 kt2 and 13.49104 kt2.
The PDI for TCs Phailin and Hudhud was
13.79106 kt3 and 7.29106 kt3, respectively. The
median value of PDI in the post-monsoon season
over the BoB during the period 1990–2013 for very
severe TCs category is 3.3 9106 kt3 with the range
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Figure 14. (a) Track and (b) intensity forecast errors by various NWP models in comparison to operational errors of IMD for
TCs Phailin and Hudhud.

varying between 1.29106 kt3 and 13.79106 kt3.
Thus, in both the TCs, the ACE and PDI were
higher than the median value of TCs over BoB in
the post-monsoon season during the period
1990–2013. It is further seen that ACE and PDI
values for Phailin were 50% and 90% more than
that for Hudhud. Comparing with past data, the
ACE and PDI were the highest for Phailin during
the period 1990–2013. The higher ACE and PDI in
Phailin may be attributed to higher intensity and
longer duration at maximum intensity of VSCS/
ESCS stage as discussed in previous section
(table 1).
3.7 Performance of NWP models in track
and intensity forecast of TCs Phailin
and Hudhud
During 2013, IMD utilised various global and
regional models for track, intensity and landfall
forecast of TCs including GFS T 574L64

(horizontal resolution of 23 km), NCMRWF
UniBed Model (horizontal resolution of 25 km),
Weather Research Forecast model (horizontal
resolution of 27 km), HWRF model (horizontal
resolution of 9 km), IMD Multi Model Ensemble
(MME) with constituents as WRF, GFS (IMD),
GFS (NCEP), USA, UK Meteorological ODce
(UKMO) model and Japan Meteorological Agency
(JMA) model for track prediction and HWRF,
Statistical Cyclone Intensity Prediction (SCIP),
Rapid IntensiBcation (RI) index and decay models
for intensity prediction. However, during 2014 in
addition to WRF, GFS (IMD), GFS (NCEP),
UKMO and JMA, European Centre for Medium
Range Weather Forecasts (ECMWF) model was
included in MME for track prediction. A comparative analysis of the track and intensity forecast
errors by various NWP models during TC Phailin
and TC Hudhud is presented in Bgure 14. Considering the track forecast errors (direct position
errors), it is seen that for all lead periods up to

233

Page 26 of 29

J. Earth Syst. Sci. (2021)130:233

Table 9. Comparison of oDcial forecast errors and skills of IMD in case of TCs Phailin and Hudhud.
TC Phailin
Sl. no.
1
2
3
4
5
6
7
8
9

Parameter
Lead period hrs
Operational track (km)
CLIPER (km)
Along track (km)
Cross track(km)
Landfall point(km)
Landfall time (hrs)
Operational intensity
(knots)
Persistence in intensity (knots)
R34 (nm)
NE
SE
SW
NW
Mean

Forecast error

TC Hudhud
Skill

24
84
133
66
36
13
+3
14.9

48
101
263
76
61
11
+3
18.7

72
131
412
108
64
6
1
11.1

39
65
68
64
54
52

84
18
90
65
16
38

133

Forecast error

24
37.0

48
61.6

72
68.2

62.1

77.9

91.7

26
55
48
7
8

89
19
55
89
68

24
63.4
175
45
45
20
0
8.9

48
78.0
382
38
59
4
4
10.7

72
84.9
644
35
73
2
1
15.3

18
37
37
28
47
37

19
56
57
41
66
55

23

Skill
24
63.8

48
79.6

72
86.8

55.5

58.8

40.0

31
15
52
58
38

97
13
51
56
29

R34: radius of 34 knots wind; NE: northeast; SE: southeast; SW: southwest; NW: northwest; hrs: hours, km: kilometer, nm:
nautical mile, SD: Standard deviation, ( ): Data not available, +ve Landfall time error indicate delayed prediction and ve
Landfall time error indicate delayed prediction.

72 hrs, the mean track forecast errors by various
models were higher in the case of TC Phailin than
TC Hudhud. The mean model error for TCs
Phailin and Hudhud was 98 and 70 km for 24 hrs,
143 and 124 km for 48 hrs and 164 and 160 km for
72 hrs lead period, respectively. However, both
TCs followed the climatological tracks. As such,
the performance and relative merits of numerical
models shall be assessed when a future real time
system with looping/southward moving/erratic
track is fully captured with time precision and
location accuracy. Considering the oDcial track
forecast errors of IMD (table 9), it was 84 and 63.4
km for 24 hrs, 101 and 78.0 km for 48 hr and 131
and 85 km for 72 hrs for TC Phailin and Hudhud,
respectively. Thus, the oDcial track forecast errors
were less than the mean model errors in both the
cases. It may be mentioned here that the oDcial
track forecast is based on the objective consensus
derived from the IMD MME and modulated by
subjective consensus based on the knowledge,
experience and expertise of forecasters. Considering the track forecast error by CLIPER, the reference model, it was 133 and 175 km for 24 hrs
forecast for Phailin and Hudhud, respectively. The
track forecast difBculty is measured by the magnitude of error in track forecast based on CLIPER
model (Mohapatra et al. 2013d; Mohapatra 2015a).
Higher the CLIPER error, higher is the track
forecast difBculty. Thus, the track forecast difBculty level was higher in Hudhud than in Phailin.

However, the operational track forecast errors were
less in Hudhud and its forecast was more skillful. It
is mainly attributed to improved NWP modelling
in 2014 as compared to 2013 with better data
assimilation and introduction of ECMWF as a
constituent member of IMD MME.
The landfall point forecast errors in the case of
TC Phailin (Hudhud) were 13(20) km, 11(4) km
and 6(2) km for 24, 48 and 72 hrs lead period,
respectively. The landfall time forecast errors of
TC Phailin (Hudhud) were +3(0) hrs, +3(–4) hrs
and –19(–1) hrs for 24, 48 and 72 hrs lead period,
respectively (RSMC New Delhi 2014 and 2015)
(table 9). The ATE (table 9), in the case of TC
Phailin (Hudhud), was 66 (45) km, 76(38) km and
108(35) km for 24, 48 and 72 hrs lead period,
respectively. Similarly, the CTE in the case of TC
Phailin (Hudhud) for 24, 48 and 72 hrs lead period
was 36(45) km, 61(59) km and 64(73) km, respectively. It indicates that ATEs were more as compared to CTEs in the case of Phailin and almost
same for 24 hrs and less for 48 and 72 hrs lead
period in the case of Hudhud. Further, there is no
significant difference in the CTEs in both the TCs
and are significantly less leading to more accurate
landfall point forecast.
In the case of intensity prediction, mean model
errors were higher for TC Phailin than TC Hudhud. The mean absolute errors of model in intensity forecast for TCs Phailin and Hudhud were 22
and 08 kt for 24 hr, 36 and 05 kt for 48 hr and 30
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and 11 kt for 72 hr lead period, respectively.
Accordingly, the oDcial mean absolute errors in
intensity forecast of IMD were 14.9 and 8.9 knots
for 24 hr, 18.7 and 10.7 knots for 48 hrs and 11.1
and 15.3 knots for 72 hrs for TC Phailin and
Hudhud, respectively (table 9). The intensity
forecast difBculty can be measured by calculating
the intensity forecast errors by persistence method.
Higher the intensity forecast errors based on persistence method, higher is the intensity forecast
difBculty. The intensity forecast error by persistence was 39 and 18 knots for 24 hrs forecast in the
case of Phailin and Hudhud, respectively. Thus,
the intensity forecast difBculty was higher for
Phailin as compared to Hudhud. The higher oDcial
and model intensity forecast errors in the case of
Phailin could be attributed to rapid intensiBcation
which could not be predicted by the existing NWP
and dynamical statistical models (RSMC New
Delhi 2014). However, the operational intensity
forecast errors of IMD were significantly less than
the NWP model errors with respect to TC Phailin
based on value addition to NWP model guidance
using synoptic knowledge by the forecasters. The
near-reality forecasts by IMD in recent years are
based on proven numerical model outputs and
surface and remote sensing observations utilising
human expertise. More so, when the TC is within
the radar surveillance, radar-based inference takes
precedence over all other tools to improve the
model forecast. The analysis further indicates that
the NWP models need improvement in forecasting
the intensity, especially the rapid intensiBcation.

4. Conclusions
Following broad conclusions are drawn from the
above results and discussion.
The damage potential in terms of ACE and loss
in terms of PDI were higher in Phailin than in
Hudhud by 50% and 90%, respectively. About 40%
higher area of heavy rainfall and 30% higher area of
gale winds and 1 m higher storm surge in the case
of TC Phailin led to higher damages and losses as
compared to that of Hudhud.
Higher damage potential of TC Phailin was
mainly due to higher intensity, and longer duration
in VSCS/ESCS stage. It was also due to lower rate
of decay after landfall and larger size of TC in
the case of Phailin as compared to Hudhud. The
maximum intensity was 115 knots with pressure
drop of 66 hPa for Phailin against 100 knots with
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pressure drop of 54 hPa for Hudhud. The duration
of VSCS to VSCS stages was significantly higher
for Phailin (66 hrs) against 48 hrs for TC Hudhud.
The average rate of deepening in Phailin was 0.9
hPa/hr against 0.4 hPa/hr in Hudhud and average
rate of Blling in Phailin was 2.4 hPa/hr against 2.7
hPa/hr in Hudhud. TC Phailin maintained the
intensity of cyclonic storm for 19 hrs after landfall
as compared to 13.5 hrs for TC Hudhud. For
Hudhud, the PG increased slowly from genesis to
landfall, suggesting no rapid intensiBcation of the
system, unlike that of Phailin.
There was rapid weakening (100 knots at the
time of landfall up to 35 knots in 14 hrs) in the case
of Hudhud unlike slow weakening in the case of
Phailin (115 knots at the time of landfall up to 35
knots in 19 hrs). The rapid decrease in intensity of
Hudhud may be attributed to movement of TC
Hudhud over rugged terrain of Eastern Ghats
unlike the case of Phailin which moved over a relatively plain region. The higher intensity of TC
Phailin was associated with low VWS speed, while
slow movement and moderate VWS speed was
associated with the intensiBcation of TC Hudhud.
Considering the wind distribution, the higher
winds in NE sector followed by NW sector were
seen in both the TCs, as both developed during
northeast monsoon period and in the same month
itself. The 34 knots wind radii (R34) was higher for
Phailin during VSCS stage and at the time of
landfall. Also, the higher wind radii persisted for
longer duration. The average R34 and RMW were
270 and 39 km, respectively, for Phailin against 190
km and 30 km for Hudhud. The R34 and RMW
were less at the initial stage of TC Phailin as
compared to that of Hudhud indicating possibility
of higher intensiBcation in the case of Phailin.
Both the TCs Phailin and Hudhud exhibited the
formation of eye initially at lower levels (at about
500 hPa) at the stage of CS each with the MSW of
40 knots and Pc of 998 and 996 hPa, respectively.
Comparing the average eye diameter, it was
smaller for Phailin by about 26 km, indicating
higher intensity of Phailin.
The introduction of DWR in recent years has
enabled IMD to have accurate monitoring of track
and intensity of TCs at least 24 hrs prior to landfall. It has helped to improve the TC vital
parameters required for creating/relocating TC
vortex in the NWP models and hence the NWP
model forecast accuracy as demonstrated in the
case of TCs Phailin and Hudhud. Also, there
has been tremendous improvement in NWP
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capabilities of IMD for TC prediction with introduction of new NWP models of higher resolution
and better data assimilation, introduction of MME
and ensemble prediction system. As demonstrated
in TCs Phailin and Hudhud, the NWP models
helped forecasters to provide accurate operational
forecast with higher lead period (up to 5 days) in
these two TCs. Though the track forecast difBculty
was higher for Hudhud as compared to Phailin, the
errors were less in Hudhud and its forecast was
more skillful due to improvement in NWP modelling in 2014. The intensity forecast difBculty was
higher for Phailin as compared to Hudhud due to
rapid intensiBcation which could not be predicted
by the dynamical and statistical models of IMD.
Though the intensity forecast errors were higher in
NWP models in the case of Phailin, the operational
forecast errors of IMD were less due to subjective
value addition through synoptic guidance. Hence,
there is scope to improve NWP models and the
operational intensity forecast, especially rapid
intensiBcation forecasting through improvement in
NWP models.
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