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A tropical cyclone (TC) Vayu developed over the Arabian Sea during June, 2019. It followed a northward
track from southeast Arabian Sea to northeast Arabian Sea close to Gujarat coast during 10–12 June 2019
as a very severe cyclonic storm. It skirted south Gujarat coast by recurving west-northwestwards during
13th–14th June and again made a northeastward recurvature on 16th June towards Gujarat coast.
However, it weakened over Sea on 17th. There was large divergence among various models in predicting
the track of TC Vayu leading to over warning for Gujarat state and also delay in dewarning leading to
evacuation of people from coastal region. Hence, a study has thus been taken up to analyze the performance of various numerical weather prediction (NWP) models in forecasting the track of TC Vayu so as
to Bnd out the reason for above limitation of NWP models. Results suggest that there is a need to relook
into the existing multi-model ensemble (MME) technique which outperforms individual models in track
forecasting. There is also a need to improve the individual deterministic model guidance so as to suitably
represent the interaction between mid-latitude westerlies with the TC and steering anticyclone
by improving the initial and boundary conditions through augmented direct and remotely sensed
observations over the Arabian Sea and their assimilation in NWP models.
Keywords. Tropical cyclone; track; recurvature; steering; NWP model; MME.

1. Introduction
Tropical cyclones (TCs) are one of the most
disastrous weather events causing extensive damage to life and property. Thus, monitoring and
prediction of TCs is very important to mitigate the
associated disaster. A low pressure area (LPA)
formed over southeast Arabian Sea (AS) and
adjoining areas on 09th June, 2020. Under
favourable environmental conditions, it concentrated into a depression, deep depression and then
into a cyclonic storm (CS) ‘VAYU’ on 10th June,
2019 over east-central and adjoining southeast AS.

Moving northwards, it intensiBed into a severe
cyclonic storm (SCS) on 11th June and into a very
severe cyclonic storm (VSCS) on the same day over
the east-central AS. It then moved north-northwestwards skirting Gujarat coast till 13th June and
then westwards. It weakened into an SCS in the
early morning of 16th June, 2019 over northeast
AS. It gradually started recurving northeastwards
from evening of 16th June and weakened into a CS
in the same night over northeast AS. Thereafter,
it moved east-northeastwards and weakened into
a DD in the morning of 17th June and into
a depression in the same afternoon over the
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northeast AS. It further moved east-northeastwards and weakened into a well marked low pressure area over northeast AS and adjoining
Saurashtra and Kutch in the midnight of 18th June
(RSMC, New Delhi 2019a). Details of the classiBcation of low pressure systems are given in standard operation procedure (SOP) for cyclone
warning services (IMD 2013). The observed track
of the system during 10th–17th June is presented
in Bgure 1. Typical satellite imagery from INSAT3D when the TC was closest to Gujarat coast is
presented in Bgure 2.
India Meteorological Department (IMD) issued
landfall forecast for Gujarat coast till 1500 UTC of
12th based on numerical weather prediction
(NWP) model guidance. It led to evacuation and
other precautionary measures by Government of
Gujarat. However, the TC Vayu skirted Gujarat
coast on 12th June. IMD issued the warning that
TC Vayu would skirt Gujarat coast based on 1800
UTC observations of 12th. Thus, there was higher
landfall error and accordingly over-warning for
Gujarat coast regarding the landfall. Also, there
was over-warning in terms of heavy rain and strong
winds for Gujarat coast. This over-warning led to
evacuation of people from the coastal areas of
Gujarat.
However, based on frequency of total TCs, total
severe TCs, actual/estimated maximum wind,
probable maximum storm surge associated with
the TCs and probable maximum precipitation for
proneness to the cyclone hazard were calculated for
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all the districts of India (Mohapatra et al. 2012a;
Mohapatra 2015). The cyclone monitoring and
prediction for Gujarat coast becomes very sensitive
as Gujarat falls under ‘high’ category of cyclone
hazard proneness as per their classiBcation of
cyclone hazard prone districts.
The operational forecast issued by IMD for Vayu
was based on observations available from various
coastal observatories, buoys, ships, satellites, radar
and the Numerical Weather Prediction (NWP)
model guidance (IMD 2013). For short range
forecasting (up to 24 hrs) IMD used synoptic, statistical, satellite, radar and model guidance. NWP
guidance is mainly used for 24–120 hour forecasts.
Consensus forecasts from all or part of the
numerical forecast tracks, synoptic and statistical
guidance were utilized to issue oDcial forecast
(IMD 2013).
There has been continuous improvement in track
forecasts by IMD (Mohapatra et al. 2013; Mohapatra and Sharma 2019) due to modernization of
IMD (Mohapatra et al. 2012b). The average track
forecast errors of IMD over the North Indian Ocean
(NIO) during 2014–2018 were 81, 128, 180 km,
respectively, for 24-, 48-, 72-hour forecasts (Heming et al. 2019; Mohapatra and Sharma 2019)
against 123, 241 and 315 km, respectively, for 24-,
48-, 72-hr forecasts during 2009–2013. Comparison
of the forecast performance of individual NWP
models and the MME shows that the MME outperforms the individual models (Heming et al.
2019). The oDcial forecast accuracy is similar to

Figure 1. Observed track of VSCS Vayu over east-central and adjoining southeast Arabian Sea during 10–17 June, 2019.
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Figure 2. Typical satellite imagery for VSCS Vayu over Arabian Sea at 0600 UTC of 13th June when the TC was closest to
Gujarat coast.

MME forecast accuracy. However, in case of TC
Vayu the track could not be predicted well in
advance by these models.
Considering all the above, a study has been
undertaken to analyze the performance of various
NWP models in predicting track of the TC Vayu.
Most of the models could not pick up the steering
mechanism correctly resulting into higher track
and landfall forecast errors operationally (RSMC,
New Delhi 2019a). Also, the study aims at analyzing various physical processes leading to this
typical track of the TC Vayu which could not be
captured well in advance by various NWP models.
The data and methodology followed for the study
are presented in section 2. The results are
presented and discussed in section 3 and broad
conclusions are presented in section 4.

2. Data and methodology
IMD follows a SOP for monitoring and forecasting
of TCs over the NIO (IMD 2003, 2013). Basically,
the forecast track results from a consensus
approach which relies on output from several
global and regional NWP models (Mohapatra
et al. 2013; RSMC, New Delhi 2019b). The NWP
models used in case of TC Vayu included Multi
Model Ensemble (MME), European Centre for
Medium Range Weather Forecasting (ECMWF),
United Kingdom Met ODce (UKMO), National
Centre for Environmental Prediction Global Forecast System (NCEP GFS), Japan Meteorological

Agency (JMA-25), IMD GFS, Hurricane Weather
Research and Forecast (HWRF), Weather Research
and Forecast (WRF), National Centre for Medium
Range Weather Forecasting (NCMRWF) UniBed
Model (NCUM), Global Ensemble Forecast System
(GEFS) and NCMRWF Ensemble Prediction System (NEPS) models. Details about these models are
available in the annual report on cyclonic disturbances (RSMC, New Delhi 2019b).
In this study, the performance of NWP models
and operational forecasts of IMD with respect to
track of TC Vayu has been analysed. For this
purpose, the best track parameters of TC Vayu
have been taken from RSMC, New Delhi. The
details about preparation of the best track
parameters is available in Mohapatra et al. (2012b)
and Sharma and Mohapatra (2017). The operational track forecast issued every six hours (00, 06,
12, 18 UTC) by RSMC, New Delhi for this TC have
been collected from IMD. Similarly, the NWP
model forecasts based on 00 and 12 UTC during the
life period of TC Vayu have been collected from
RSMC, New Delhi.
The track forecast error is calculated as the
vector displacement of the forecast position from
the actual position for different forecast lead periods. The lead periods for which track forecasts are
veriBed include 12, 24, 36, 48, 60, 72, 84, 96, 108,
120 hrs. The details of the methodology for calculation of vector displacement error or direct position error as the track forecast error is discussed by
Mohapatra et al. (2013). In the present study, the
track forecast errors of various NWP models and
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operational forecasts have been calculated following the same method. The results have been
compared and analysed.
The landfall forecast errors of different models
have been calculated and analyzed for different
lead periods. As there was no landfall, the landfall
error has been calculated based on the closest point
of the observed track from Gujarat coast. The
details about the landfall forecast veriBcation
methods adopted by IMD are presented by
Mohapatra et al. (2015).
To analyze the characteristics of the track of TC
Vayu, the steering winds have been analyzed based
on IMD GFS, UniBed model and ECMWF analyses. For this purpose, the winds at 850, 500 and 200
hpa levels are analyzed. The mean winds for different levels of atmosphere during the life period of
the TC Vayu are also analyzed based on the data
available from Cooperative Institute for Meteorological Satellite Studies (CIMSS) (http://tropic.
ssec.wisc.edu/tropic.php) and Cooperative Institute for Research in the Atmosphere (CIRA)
(http://rammb.cira.colostate.edu/products/tc˙
realtime/index.asp). To analyze the role of vertical
wind shear (VWS) on intensity changes and hence
the track changes of TC Vayu, the VWS data
available from CIRA has been utilized. Also the
VWS based on IMD GFS model are analysed to
Bnd out the utility of GFS model in predicting
track and intensity of TC Vayu.

3. Results and discussions
3.1 Track forecast by NWP models
Forecast tracks by different models based on 0000
and 1200 UTC during 10–16th June along with the
observed tracks are shown in Bgure 3. The track
forecast errors of different NWP models is presented in Bgure 4. It is seen that, the track forecast
error was minimum for MME for 24 and 48 hrs, for
NEPS for 72 hrs and for ECMWF for 96 and 120
hrs lead period. It was maximum for WRF for 24
hrs, JMA for 48 and 72 hrs and HWRF for 96 and
120 hrs lead period. According to Heming et al.
(2019) compared to individual deterministic models the performance of MME in predicting tracks of
TCs over the NIO is better with lowest track
forecast errors upto 72 hrs lead periods. In case of
VSCS Vayu, for all lead periods, the errors of IMD
MME were significantly less than the individual
model error up to 48 hrs only and less than the
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Mean Model Error for all lead periods (Bgure 4).
The 24-, 48-, 72-, 96- and 120-hr track forecast
errors of MME were 33, 60, 144, 219, 288, respectively. Thus it does not endorse fully the earlier
Bndings of Heming et al. (2019). The mean model
error is arithmetic mean of the DPE (Direct position error) of all the 10 models used for the purpose
whereas the MME is the weighted multiple
regression technique to Bnd forecast position
(lat./long.) based on forecast positions (lat./long.)
of Bve NWP models for a given lead period (Kotal
and Roy Bhowmik 2011). Heming et al. (2019)
have also shown that the performance of ECMWF
model is better with lowest error among the individual NWP models for the TCs over the NIO up
to 72 hrs lead period. Thus the present study
indicates that the performance of NWP models
varies from TC to TC as track forecast error of
ECMWF model is minimum only for 96- and
120-hr forecasts in case of TC Vayu.
Comparing the NWP model forecasts for different lead periods with the long period average
(Heming et al. 2019), the track forecast errors of
TC Vayu are higher than long period average for
72–120 hr lead period. It may be due to the fact
that the NWP models have still limitations in
predicting the recurving tracks. Considering WRF
model, Osuri Krishna et al. (2013) have shown that
the track forecast error of WRF model for the TCs
over the NIO is higher by about 15–20% in case of
TCs with recurving tracks as compared to
straight moving TCs. They have also shown that
the errors are higher in case of TCs over the AS
and also in case of TCs developing during the
pre-monsoon season including the month of June.
However, comparing individual models, the performance of ECMWF model has been better for
72–120 hrs lead periods in case of recurving TC
Vayu.

3.2 Operational track forecast by IMD
for TC Vayu
The observed track and the operational forecast
tracks based on 00 and 12 UTC during 10–13th
June are presented in Bgure 5. It is seen that the
forecast track indicated landfall over Saurashtra
coast of Gujarat initially based on the forecast
issued on 10th June. However, the forecast track
gradually shifted westwards and moved along the
Saurashtra coast based on 1200 UTC of 12th and
shifted away from the coast with eAect from 0000
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Figure 3. (a–l) Forecast tracks by different models based on 00 and 12 UTC during 10–15th June along with observed tracks.

UTC of 13th June 2019. The operational track
forecast errors for 12, 24, 48 and 72 hrs lead period
had been 35.2, 67.5, 125.9, and 264.9 km,

respectively (Bgure 6) against the average track
forecast errors of 55, 86, 132 and 178 km during
previous Bve years (2014–2018). Thus, the 72–96 hr
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Figure 4. Direct position error (DPE) of different NWP models in case of TC Vayu over Arabian Sea (10–17 June, 2017).

Figure 5. Observed track and operational forecast tracks based on 00 and 12 UTC during 10–13th June.

Figure 6. Operational track forecast errors and skill of IMD for VSCS Vayu as compared to long period average during
2014–2018.

track forecast error has been significantly higher
than the long period average like the NWP model
errors as discussed in previous section. It may be

due to the fact that the TC Vayu had a recurving
track and the track forecast errors are about
15–20% higher in case of recurving track than in
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Table 1. List of models predicting landfall over Gujarat and models predicting TC Vayu to skirt Gujarat coast.
Initial time of NWP
model run
10/00
10/12
11/00
11/12
12/00
12/12

UTC
UTC
UTC
UTC
UTC
UTC

Landfall predicting models

Skirting predicting models

ECMWF, UKMO, MME, HWRF
ECMWF, MME, HWRF
ECMWF, UKMO, MME, HWRF
MME, HWRF
NCEP GFS, IMD GFS, HWRF
NIL

NCEP GFS, JMA, IMD GFS, WRF VAR
UKMO, NCEP GFS, JMA, IMD GFS, WRF VAR
NCEP GFS, JMA, IMD GFS, WRF VAR
ECMWF, UKMO, NCEP GFS, JMA, IMD GFS, WRF VAR
ECMWF, UKMO, MME, JMA, WRF VAR
ECMWF, UKMO, MME, HWRF, NCEP GFS, JMA, IMD
GFS, WRF VAR

ECMWF: European Centre for Medium Range Weather Forecasting, HWRF: Hurricane Weather Research and Forecasting,
IMD GFS: India Meteorological Department Global Forecasting System, JMA: Japan Meteorological Agency, MME: MultiModel Ensemble, NCEP GFS, National Centers for Environmental Prediction Global Forecasting System, UKMO: United
Kingdom Meteorological ODce, WRF VAR: Weather Research and Forecasting (Variation Data Assimilation).

straight moving tracks (Mohapatra et al. 2013).
Mohapatra et al. (2013) have also shown that the
TC track forecast errors are higher over the AS and
also higher in the case of TCs developing during
pre-monsoon season. Similarly, the track forecast
skill of TC Vayu is about 50%, 57%, 57% and 39%
against the long period average (LPA) of 55%,
58%, 70%, and 74% during 2014–2018 for 12, 24, 48
and 72 hrs lead period, respectively (Mohapatra
and Sharma 2019). Due to the reasons discussed
above 72–96 hr forecast skill was significantly less.
Mohapatra (2012) have shown that the uncertainty
in track forecast is higher over the AS than in the
Bay of Bengal and also higher in pre-monsoon than
in post-monsoon season.
3.3 Landfall forecast by NWP models
As it can be seen from table 1, ECMWF model
predicted landfall till 0000 UTC of 11th. Thereafter
it indicated westward movement skirting Gujarat
coast based on initial conditions of 1200 UTC of
11th, 0000 and 1200 UTC of 12th. The UKMO
model predicted landfall over Gujarat coast based
on initial conditions of 1200 UTC of 10th, again
predicted landfall based on 0000 UTC of 11th and
skirting of coast based on 1200 UTC of 11th and
0000 and 1200 UTC of 12th. Thus the UKMO
model was inconsistent in prediction of the track
till 0000 UTC of 11th and became consistent indicating the TC to skirt Gujarat coast and move
westward based on 1200 UTC of 11th onwards.
Considering NCEP GFS, it was consistently predicting the TC to skirt Gujarat coast and move
westwards based on 0000 UTC of 10th to 1200 UTC
of 11th. Thereafter, as the TC was moving closer to

coast, it predicted landfall based on 0000 UTC of
12th. It again switched over to the earlier forecast of
skirting the coast based on 1200 UTC of 12th. Thus,
as the TC was moving closer to the coast, the NCEP
GFS model guidance became inconsistent. Considering IMD-GFS, it also predicted like NCEP GFS
and hence was not consistent as the TC was moving
towards the Gujarat coast.
Considering JMA, it predicted the TC to skirt
Gujarat coast based on 0000 and 1200 UTC of
10th, 11th and 12th. JMA though predicted consistently no landfall over Gujarat coast, its track
forecast was available only up to 84 hrs and the
initial position of the track was shifted to the south
of the best track position by about 2° latitude.
Similar was the case with WRF-VAR which provides forecast up to 72 hrs only. Comparing all
these individual models, all models indicated the
track to skirt the Gujarat coast based on initial
condition of 1200 UTC of 12th. By 0000 UTC of
12th, all models except GFS based models like IMD
GFS, NCEP GFS and HWRF indicated the TC
to skirt the Gujarat coast. Considering MME
technique of IMD, it was continuously indicating
landfall over Gujarat coast based on initial condition of 0000 UTC of 10th to 1200 UTC of 11th.
Commencing from initial condition of 0000 UTC of
12th, the MME being supported by majority of
individual constituent member models indicated
that the TC could skirt the coast. Thus, the
numerical guidance had moderate conBdence (60%
of the total models indicating skirting of the coast)
based on 0000 UTC of 12th and high conBdence
(100% of all the models indicating skirting of the
coast) based on initial conditions of 1200 UTC of
12th.
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Figure 7. (a) Landfall point forecast errors of NWP models and operational forecast considering the closest point of observed
track (20.69°N/69.71°E) from Saurashtra coast on 13th June 2019 as landfall point. (b) Average track forecast errors for
different individual models and the MME for all 10 recurving TCs (Phyan, Phet, Nanauk, Nilofar, Ashobaa, Chapala, Maha,
Pawan, Vayu and Kyarr) over the Arabian Sea during 2009–2019. (c) Track forecast error (km) for (i) 24-hr, (ii) 48-hr,
(iii) 72-hr, (iv) 96-hr and (v) 120-hr lead periods of different NWP models for all 10 recurving TCs (Phyan, Phet, Nanauk,
Nilofar, Ashobaa, Chapala, Maha, Pawan, Vayu and Kyarr) over the Arabian Sea during 2009–2019.

3.4 Operational landfall forecast of IMD
for TC Vayu
The Brst landfall forecast for the TC Vayu by IMD
was given at 1200 UTC of 10th June which was
based on NWP models with 0000 UTC initial
conditions of that day. This landfall forecast was
changed at 1800 UTC of 12th stating that the TC
would move northwestwards skirting Gujarat
coast.
As the individual model outputs along with
the MME guidance are available to the forecasters after about 06 hrs of initial conditions,
the skirting of the coast could have been predicted by the forecasters with moderate

conBdence in the forecast bulletin based on 0600
UTC of 12th and with high conBdence in the
forecast bulletin based on 1800 UTC of 12th.
Considering the high impact of the TC in case of
landfall, IMD issued skirting of the coast only
when there was high conBdence in the model
guidance, i.e., in the bulletin based on 1800
UTC of 12th June. The delay in guidance of
MME about the TC skirting the coast of
Gujarat was mainly because of the similar delay
in guidance by the GFS based models like
NCEP GFS and IMD GFS. It may be mentioned
here that IMD GFS and NCEP GFS are two
constituent members of the 5-member MME of
IMD (Kotal and Roy Bhowmik 2011).
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Figure 7. (Continued.)

The landfall point forecast error by various
NWP models based on 0000 UTC initial conditions
with respect to the closest point on observed track
from Gujarat coast is presented in Bgure 7(a). The
landfall point forecast error is minimum for IMD

GFS for 24- and 60-hr forecasts; for ECMWF for
36-, 48- and 72-hr forecasts among different
deterministic models. The landfall forecast error of
MME is less than individual models for 36- and
60-hr forecasts only. Thus unlike the track forecast
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Figure 8. IMD GFS (T1534) model winds at (i) 850, (ii) 500 and (iii) 200 hPa levels based on 0000 UTC of (a) 10th and (b) 11th
June, 2019. AC: Anticyclone.

errors, the landfall point forecast error in case of
MME was not consistently minimum for 24- to
72-hr forecasts. The landfall point forecast errors
by MME were less than the operational and all
models mean (excluding MME) forecast errors for
all lead period from 36 to 72 hrs lead period.
However, for 24-hr lead period, MME based errors
were more than the all models mean errors and also
operational forecast errors. For 24-, 48- and 72-hr
lead period, the errors based on MME were 113, 68
and 59 km against the operational errors of 93, 68
and 88 km, respectively. As the MME is delayed by

about 09 hrs from the initial run time of
constituent NWP models, 0000 UTC based MME
is used for forecast based on 1200 UTC. Thus for
better comparison, error of MME run based on
0000 UTC of the day is compared with operational
forecast based on 1200 UTC of the same day.
Considering these, the operational landfall forecast
error is almost same as MME forecast error. Thus
the skirting of TC Vayu could not be predicted
with higher lead period mainly due to similar limitations in track prediction of MME. It is needless
to mention that due to the historically better
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Figure 9. IMD GFS (T1534) model winds at (i) 850, (ii) 500 and (iii) 200 hPa levels based on 0000 UTC of (a) 12th and (b) 13th
June, 2019. AC: Anticyclone; WD trough: Trough in westerlies.

performance of MME for track prediction, it is
mainly followed by the forecasters to issue operational track and landfall forecasts.
Considering all the above, there is a need to
relook into the existing MME technique which
though outperforms individual models in track
forecasting and improve it by re-deBning the best
constituent members and their weightages based
on the past performance. There is also a need
to improve the individual deterministic model

guidance so as to suitably represent the interaction
between mid-latitude westerlies with the TC and
steering anticyclone by improving the initial and
boundary conditions through augmented direct
and remotely sensed observations over the AS and
their assimilation in NWP models.
To analyze the performance of MME for such
recurving tracks of other TCs in recent years over
the AS, the MME and individual model track
forecast errors of all the recurving TCs over the AS
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Figure 10. IMD GFS (T1534) model winds at (i) 850, (ii) 500 and (iii) 200 hPa levels based on 0000 UTC of (a) 14th and
(b) 15th June, 2019. AC: Anticyclone.

during the period 2009–2019 has been analysed.
During the period 2009–2019, there were 10
recurving TCs (Phyan, Phet, Nanauk, Nilofar,
Ashobaa, Chapala, Pawan, Maha,Vayu and Kyarr)
over the AS. The average track forecast errors of
the recurving TCs over the AS during this period
has been calculated. Comparing the average track
forecast errors of different models for these
recurving TCs, it is found that MME has the least
track forecast error (Bgure 7b). The MME track

forecast error is about 52, 82, 130, 191 and 247 km
for 24-, 48-, 72-, 96- and 120-hr, respectively.
However, considering the individual recurving
TCs, the MME error is minimum in case of 7 out of
10 (70%) TCs (Nilofar, Ashoba, Chapala, Maha,
Pawan, Vayu and Kyarr) for 24 hours, 5 out of 9
(55.5%) TCs (Nanauk, Nilofar, Pawan, Vayu and
Kyarr) for 48 hrs, 3 out of 9 (33.3%) TCs (Maha,
Pawan and Kyarr) for 72 hrs, 2 out of 7 (28.5%)
TCs (Maha and Nilofar) for 96 hrs and nil out of
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Figure 11. IMD GFS (T1534) model winds at (i) 850, (ii) 500 and (iii) 200 hPa levels based on 0000 UTC of (a) 16th and
(b) 17th June, 2019. AC: Anticyclone.

5 TCs for 120 hrs forecast (Bgure 7c). Thus the
consistency in MME based forecast decreases with
increase in lead period. Similar inconsistencies are
also seen with individual deterministic models.

3.5 The steering forces for the track of Vayu
The TC Vayu developed in the cross equatorial
Cow as it can be seen in the 850 hPa wind analysis

charts of IMD GFS model based on 0000 UTC of
10th June (Bgure 8). Initially, the system moved
nearly northwards till 0000 UTC of 13th under the
inCuence of the ridge at 20°N in association with
the anticyclone in middle and upper tropospheric
levels lying to the northeast of TC centre
(Bgure 8). During 10–13th, the TC was lying close
to the ridge, but to its south and was thus steered
nearly northwards till 0000 UTC of 13th (Bgure 9).
As the system moved to the north of 20°N on 13th,
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Figure 12. (a) Vertical wind shear of horizontal wind between (i) 200 and 850 hPa levels, (ii) 500 and 850 hPa levels and
(b) mean wind speed and direction between (i) 200 and 850 hPa levels, (ii) 500 and 850 hPa levels.

it came under the inCuence of middle and upper
tropospheric anticyclone over Arabian peninsula,
lying to the northwest of TC centre (Bgure 10). As
a result, the east-northeasterly winds prevailed
over the TC Beld at middle and upper tropospheric
levels, steering the TC west-northwestward till
1200 UTC of 16th (Bgure 11). However, during this
period the anticyclone over Arabian peninsula
gradually weakened and shifted southwards. At the
same time, a mid-latitude westerly trough in the
middle and upper tropospheric levels approached
the TC. It roughly ran along longitude 70°E to the
north of latitude 28°N (Bgure 11). Also, there was
an anticyclonic circulation at middle and upper
tropospheric levels over central India. Under the
inCuence of these two systems, west-southwesterly
winds prevailed over northwest Arabian Sea
steering the system east-northeastwards from 1200
UTC of 16th onwards. Under the inCuence of these

two systems, the vertical wind shear of horizontal
wind also increased over the region leading to further weakening of the system. The higher wind
shear ([20 knots) is unfavourable for intensiBcation of TC (Gray 1968).
From Bgure 12, the mean wind for both 850–500
and 850–200 hPa layers during 1200 UTC of 13th
June and 1200 UTC of 14th June, changed from
westerly to northeasterly. It led the VSCS to skirt
Gujarat coast. The closest point of the cyclone
from Gujarat coast was 20.69°N/69.71°E at 0900
UTC of 13th June. The cyclone recurved and
started moving northeastwards from 0000 UTC of
16th June onwards. This was mainly due to change
in the steering level from 850–200 to 850–500 hPa.
As we can see, the wind direction in the 850–200
hPa remained close to easterly from 1200 UTC of
14th to 0000 UTC of 16th June. It remained close
to westerly from 0000 UTC of 16th June onwards.
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Figure 13. IMD GFS based vertical wind shear speed of the layer between 200 and 850 hPa levels for 0000 UTC of (a) 10th,
(b) 12th, (c) 14th and (d) 16th June, 2019.

The wind direction in the layer 850–500 hPa
remained consistently westerly from 0600 UTC of
16th onwards. Comparing Bgure 12b(i–ii); both the
recurvatures are reCected in the mean wind of
850–200 hPa levels. Thereafter, the steering levels
changed to 850–500 hPa as it can be seen from
Bgure 12b(i) and b(ii) on 16th June after the
recurvature. The change in steering level on 16th
was mainly due to weakening of VSCS Vayu to CS
on 16th June resulting in reduction of vertical
extension of TC and hence the steering. The TC
Vayu reached its peak intensity on 12th June at

0900 UTC with maximum surface wind of 80 knots.
Thereafter it weakened gradually. The VSCS Vayu
weakened into an SCS at 0000 UTC of 16th and
into a CS at 1800 UTC of 16th. Then the TC Vayu
weakened into a deep depression at 0000 UTC of
17th and into a depression at 0900 UTC of same
day. The above mechanism between steering levels
and the intensity was also demonstrated in previous TCs over the NIO like TC Madi in 2013 over
the Bay of Bengal (Sabade and Mohapatra 2017).
The study by Linda et al. (2005) shows weakening of the TC starts after 12–36 hrs of the VWS
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reaching the value of 20 knots. The variability in
the response time of intensity change with respect
to VWS depends on the interaction of the TC
vortex with the environmental circulation features
like trough and ridge, etc. It is clear from the VWS
in the layer 850–200 hPa, that it exceeded 20 knots
at 0000 UTC of 15th June and the TC weakened
into an SCS at 00 UTC of 16th June. The VWS
started increasing from 20 knots at 18 UTC of 14th
June to about 40 knots at 1800 UTC of 15th June.
It gradually decreased during the subsequent period but remained higher than 20 knots. The VWS
in the layer 850–500 hPa remained 10–20 knots for
entire period of the TC. Therefore, it is clear that
higher VWS speed in the layer between 200 and
850 hPa levels was a major factor for weakening of
the TC Vayu over the sea.
To evaluate the performance of IMD GFS model
in predicting the VWS, the VWS of 200–850 hPa
levels are presented in Bgure 13. The model analysis indicates the VWS speed of about 30–40 knots
around the system centre on 10th. It reduced
gradually becoming 25–35 knots on 12th, 10–20
knots on 14th and rose thereafter becoming 40–50
knots on 16th June. Thus comparing the GFS
model based VWS speed with the CIRA based
VWS speed, it is found that the model could pickup
the trend in the variation of VWS during the life
period of TC Vayu. However, during the genesis
and growth stage during 10–12th June, the VWS
speed was overestimated by about 10 knots as
compared to VWS speed estimated by CIRA. The
increase in wind shear to 40–50 knots as estimated
by CIRA during 16th (weakening phase) was well
captured in the GFS based model diagnosis of
VWS speed. Hence the role of VWS in weakening
of TC Vayu could be well diagnosed by IMD GFS
model. But it failed to show the trend correctly
while the TC was moving close to Gujarat coast
during 12–13th June, 2019.
Thus the multiple interactions between the
wind Belds of TC Vayu, middle latitude westerlies and anticyclones over central India and
Arabian peninsula led to the unique track followed by TC Vayu and its weakening over the
sea. However, this interaction was initially not
detected by various models till 0000 UTC of
12th. From 1200 UTC of 12th, all models predicted that TC Vayu would skirt Gujarat coast.
Initially models predicted landfall over Gujarat
under the inCuence of anticyclone over central
India and failed to pick up the interaction with
anticyclone over Arabian peninsula. There is
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need to improve the individual deterministic
model guidance by suitably representing the
interaction between mid-latitude westerlies with
the TC and steering anticyclone by improving
the initial and boundary conditions through
augmented direct and remotely sensed observations over the AS and adjoining land areas and
their assimilation in NWP models (Mohanty
et al. 2010; Osuri Krishna et al. 2012a, b).
4. Conclusions
Following conclusions have been drawn from this
study:
(1) The skirting of Gujarat coast by TC Vayu due
to its west–northwestward recurvature on 13th
June 2019 from its previous nearly northward
track could not be predicted with higher lead
period mainly due to similar failure in track
prediction by MME technique of IMD. It is
needless to mention that due to the historically
better performance of MME for track prediction, it is mainly followed by the forecasters to
issue operational track and landfall forecasts.
The numerical guidance including MME had
moderate conBdence (60% of the total models
indicating skirting of the coast) based on 0000
UTC of 12th and high conBdence (100% of all
the models indicating skirting of the coast)
based on initial condition of 1200 UTC of 12th.
As the individual model outputs along with the
MME guidance are available to the forecasters
after about 06 hrs of initial conditions, the
skirting of the coast could have been predicted
by the forecasters with moderate conBdence in
the forecast issued based on 0600 UTC of 12th
and with high conBdence based on 1800 UTC
of 12th. Considering the high impact of the TC
in case of landfall, IMD issued skirting of
Gujarat coast by TC Vayu only when there
was high conBdence in the model guidance, i.e.,
based on 1800 UTC of 12th June 2019.
(2) The multiple interaction between the wind
Belds of TC Vayu, middle latitude westerlies
and anticyclones over central India and Arabian peninsula led to the unique track with two
recurvatures in its life cycle. However, this
interaction was initially not detected by various models till 0000 UTC initial condition
of 12th. From 1200 UTC initial condition of
12th, all models predicted that TC Vayu would
skirt Gujarat coast. Initially models predicted
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landfall over Gujarat under the inCuence of
anticyclone over central India and failed to
pick up the interaction with anticyclone over
Arabian peninsula. It could be attributed to
scarcity of observational data over the AS.
Thus the prediction of time and point of
recurvature in the track of TCs is still a
challenge for the NWP models and hence the
operational forecast.
(3) Comparing the average track forecast errors
of different models and MME for the recurving TCs during 2009–2019, the MME has the
minimum average track forecast error among
all the models. However, considering the
individual recurving TCs, the MME error is
minimum in case of 70% of TCs for 24 hours,
55% of TCs for 48 hours, 33% TCs for 72
hours, 29% of TCs for 96 hours, and no TCs
for 120 hours forecast. Thus, the consistency
in MME based forecast decreases with
increase in lead period. Similar inconsistencies are seen with individual deterministic
models.
(4) Hence, there is a need to look into the existing
MME and improve it by re-deBning the best
constituent members and their weightages
based on the past performance. There is also
need to improve the individual deterministic
model guidance by suitably representing the
interaction of mid-latitude westerlies with the
TC and steering anticyclone over either side of
the TC by improving the initial and boundary
conditions through augmented direct and
remotely sensed observations over the AS
and adjoining land areas and their assimilation
in NWP models.
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