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TR — AR Hg (3FER-GHR; OND) @ 3R g #Ae@wR (NI0) 3R R &7 & Gomer &
@rEr (BoB) # 31f& diadr & seorsfeadi ashardl (TCs) & 3cU & oI S SIam &1 2010 & 2020 &
el afada Alsar W UG Ihardstdd & FHEAT F YATeAcHAE ATATRd 37afd gaigHeT (ERF)
I &a W gat i 9§ §| ECMWF J2T CFSvl IIfddha dAfgel I 3R ashdideiaa & @Ha=T &
JaTelcHe TOFdTRG 3aT9 qalfA (ERF) &1 3RA a¥ 2010 & FdR & YIH A% & G 9 Jas
TehaTcll B ‘STl & JRbEITT fAsurea & @Y g3 U1l a¥ 2015 H @heT 3RT R AR AR domrer
& WS Afed Tehard kg A o Hel HIfQ aeafde waa ERF fAwuifea fee amw 9

HRA A Ot faHmT gRT 2017 # URTelAlcHs ERF & foU CFSv2 ITAT Alsel o) fpar mr
3R zEd YR W IR @ae & o afddg oRadt ¥ affear, smaRarn s gaa 3usgor goar
ACI-TR ANRF 3MeaT & AIH ¥ ST OeRhger Refler (GPP) & aomar & St & aor
24-30 €Y, 2017 & ‘W' ThAT ¥ SHDT TAETOT AT =T ATl I whard F AAS H bASA Th
HAE & ofls §AY & WA ERF H GPP &1 Hell Hifd qaiegaaa fapar arm)

3ed GPP (IGPP) & 30T a¥ 2019 & fram o T &, o #emmer 3R qfd =t &=t 3 g
AT ST AT ¥ IGPP & ATHAS H GPP i HfAeIAr dUT AT &MHASAT G 1 el B FUTad
@ T §, W Aeride @ Qreardel @ AU JAT 1000 3R 500 hPa & HET A wHbET faera
ATUH (fe) % &T F HMNRAT o 11 g3 s g & fAw 850 3R 200 hPa & dra Feaier 3wy
@ 100 3R 200 fF.A. & T Th FoapR &7 H AGA Tur Ea AT ST &1 AT IFRA B
AHAS H THS gRT UAH JAT g wae & gaiga F gomel H scufy aur ufdid FJmt & oIgEr @
THF SA-F HT AN AS & Fhd QAT ATl 3R EOR # gghaid '[F@9T T ARG F gfel de 1 3R
$EF AN @ 27 A, 2020 H URFE AT & YR W U7 A% & Q@A A 3T e § uEd
T forar arar anl IGPP # i i wshard 91, 21-24 AR &b ENI A, 22-26 AR F N fAAR’
qar 30 JaR § 5 GER F A QA 3R e 2020 F A racgrEl B scufa H qalgHAT B H
ERF & THEI Bl ST a1 Al e 1 Wi & seorsfeddy ashard f seufa # #ASAT Sfor
AU (MJO) & FHecaqul HfFT # S U HRA FHgd e fasmr grr MIO & adeE aur
QdiefATe, seUTshfeadiy Tehara et fava 3nfe S 3ew AUESt & WY gdTellcHS IGPP & ST
foRar S @I & aUT UcAd IEAR D & WG & (AU TehaTdeldd HHEAAT A3 SN R S @ ¥

ABSTRACT. The post monsoon seasons (October-December; OND) are known to produce tropical cyclones
(TCs) of severe intensity over the North Indian Ocean (NIO) and particularly over the Bay of Bengal (BoB). The
evolution of operational extended range forecast (ERF) of cyclogenesis probability during 2010 to 2020 based on
dynamical models have been discussed. The ERF of cyclogenesis probability based on ECMWF and CFSv1 dynamical
models had a modest beginning in 2010 with reasonable performance in case of severe cyclonic storm ‘Jal’ formed
during the first week of November. The 2015 cyclone season with active Arabian Sea and inactive BoB was also very
well captured in the real time ERF.

IMD implemented CFSv2 coupled model for operational ERF in 2017 and based on it the Genesis Potential
Parameter (GPP) is calculated for four weeks by using the dynamical variables like vorticity, divergence, vertical wind
shear & mid-level relative humidity and was tested for the ‘Ockhi’ cyclone of 24-30 November, 2017. The GPP in case
of ‘Ockhi’ cyclone was well predicted in the ERF, however, with a lead time of only one week.
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The Improved GPP (IGPP) is used since 2019, which can be applied both over the Ocean and the land region. In
the case of IGPP the vorticity and middle tropospheric humidity terms of GPP have been retained but the thermodynamic
term is modified as the scaled and averaged equivalent potential temperature (6e) between 1000 and 500 hPa. The
vertical shear between 850 and 200 hPa is scaled and averaged over an annular region between 100 and 200 km radii for
each grid point. In case of Super cyclone “Amphan” it indicated the genesis of the system in “Week 1” and “Week 2”
forecast and also its re-curvature northeastward like the observed track. The cyclone “Nisarga” over the Arabian Sea and
its track towards western coast of India was well captured in week 1 forecast based on Initial Condition of 27 May, 2020.
The IGPP also showed reasonable skill in ERF in predicting the genesis of three intense cyclones viz., ‘Gati’ during
21-24 November, ‘Nivar’ during 22-26 November and ‘Burehi’ during 30 November to 5 December and the two
depressions of October, 2020. Considering the significant role of Madden Julian Oscillation (MJO) in BoB TC genesis,
IMD is making use of the operational IGPP along with other parameters like current and forecast MJO, Tropical Cyclone
Heat Potential etc and the value-added cyclogenesis probability outlook is being issued for two weeks on every Thursday.

Key words — Tropical cyclone, Extended range forecast, Bay of Bengal, North Indian Ocean, Coupled model,

Genesis potential probability.

1. Introduction

The extensive coastal belt of India covering more
than 7000 km is very vulnerable to the cyclonic storms.
Initially it forms over the north Indian Ocean (NIO) as
low-pressure areas with maximum sustained surface wind
of < 17 kts and then intensify into depressions (maximum
sustained surface wind is between 17-33 kts) and
sometime become tropical cyclones (when the surface
wind > 33 kts). For the tropical cyclones (TCs) only it has
the bimodal peaks with one peak during pre-monsoon
season from Mar-May and the other peak is during the
post-monsoon season (October to December; OND)
(Pattanaik, 2005). The strong winds, heavy rains and
storm surges due to TCs are the factors lead to loss of life
and property. The cyclonic storms over the Bay of Bengal
(BoB) after the landfall can cause severe damages to life
and property over many countries of south Asia
surrounding the BoB. The highest population density with
low socio-economic conditions in combination with the
shallow coastal plain over the south Asian countries in the
vicinity of the BoB has resulted in several land falling
cyclones becoming devastating natural disasters. The
strong winds, heavy rains and large storm surges associated
with tropical cyclones are the factors that eventually lead
to loss of life and property. Heavy rains associated with
cyclones are another source of damage. The combination
of a shallow coastal plain along with a thermodynamically
favourable environment allow TCs to impart high surface
winds, torrential rains and significant wave heights (wave
setup plus storm surge) as these systems move inland. In
addition, the world’s highest population density coupled
with low socio-economic conditions in the region has
resulted in several land-falling TCs becoming devastating
natural disasters (Mohapatra et al., 2013).

With the improvement in numerical model and use
of wide ranges of non conventional data in the
assimilation system of the model there has been
considerable improvement in the forecast skill of tropical
cyclones particularly in the short range up to 72 hrs
(references). This provides the likelihood of TC genesis

during next 72 hrs In India, many studies have
demonstrated the utility of TCs forecasts up to 3 days
using Global and regional models (Sikka, 1975; Mohanty
and Gupta, 1997; Pattanaik and Rama Rao, 2009, etc.).
There have been some earlier studies (Roy Bhowmik,
2003; Pattanaik et al., 2003) to define the Genesis
Parameter (GP) based on some dynamical variables, viz.,
low-level vorticity, low level divergence and vertical wind
shear. Both the studies have indicated a clear-cut
differentiation between developing (system intensified
into a cyclone) and non-developing (dissipated prior to
cyclonic storm) over the Bay of Bengal in terms of
magnitude of the dynamical parameters. Roy Bhowmik
(2003) observed that a low-pressure system with GP value
around 20 x 102 at T. No. 1.5 has the potential to
intensify into a severe cyclonic storm. Subsequent study
by Kotal et al. (2009) used the genesis potential parameter
(GPP), which is defined as the product of four variables,
namely vorticity at 850 hPa, middle tropospheric relative
humidity, middle tropospheric instability and the inverse
of vertical wind shear and found that the composite GPP
value is around three to five times greater for developing
systems than for non-developing systems. However, the
forecasting of genesis of tropical cyclone and associated
rainfall in the extended range time scale (about 2 weeks in
advance) has not been addressed adequately, although, it
is very useful in many respects. There have been limited
works done in the area of predictability of NIO TCs using
the latest generation of global numerical weather
prediction systems in the extended range. Very few
studies have been devoted to assessing the performance of
ensemble prediction systems for tropical cyclones. A
recent study by Belanger et al. (2010) have shown some
skill in forecasting tropical cyclones using dynamically
based ensemble products from ECMWF monthly forecast
system (Vitart, 2004). They have shown that the forecast
system can capture large-scale regions that have a
higher or lower risk of TC activity on the intra-
seasonal time scale. Their study also found that the
predictability of TC activity is sensitive to the phase
and intensity of the Madden-Julian Oscillation
(MJO) at the time of model initialization. Fu
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Fig. 1. IMD’s operational extended forecast system based on CFsv2 coupled model implemented in 2016

and Hsu (2011) using a conventional atmosphere-ocean
coupled system initialized with NCEP FNL analysis has
successfully predicted a tropical cyclogenesis event in the
northern Indian Ocean with a lead time of two weeks.

As a part of the daily operational mandate, India
Meteorological Department (IMD) issues a daily tropical
weather outlook, which assesses the possibility of tropical
depression development in the Bay of Bengal and the
Arabian Sea. With the genesis of a depression IMD begins
issuing TC forecast advisories for valid for 72 hrs (IMD,
2003). The forecasting of genesis of tropical cyclone and
associated rainfall in the extended range time scale (about
2 weeks in advance) is also very useful for applications in
disaster risk reduction (Pattanaik et al., 2013; Pattanaik &
Mohapatra, 2014). IMD has started using the dynamical
models outputs for forecast of cyclogenesis in the
extended range time scale since 2010 (Pattanaik et al.,
2013b; Pattanaik & Mohapatra, 2014). With operational
implementation of coupled modeling system for ERF the
genesis forecast of tropical cyclone has also improved
over the time. In the present paper the evolution of
operational ERF for tropical cyclogenesis for north India
Ocean during last one decade has been presented.

2. Dynamical ERF System of IMD for cyclogenesis
The evolution of operational ERF system for

monsoon forecast during its inception in 2008 has been
discussed in a review paper by Pattanaik et al. (2019). As

discussed in the paper the dynamical model outputs
available from various modeling centres like the NCEP’s
CFS version 1 (CFSvl), JMA’s ensemble prediction
system and European Centre for Medium Range Weather
Forecasting (ECMWF) monthly forecast system etc were
used initially since 2008 for preparing operational multi-
model ensemble (MME) products for various applications.
The MME based products were used for the preparation of
real time ERF in IMD during the period from 2010 to
2016.

In 2016 IMD has implemented coupled modeling
system for operational ERF, which is based on NCEP
CFSv2 coupled model (Saha et al., 2014). It runs once in a
week on every (Wednesday) and the forecast is generated
for 4 weeks starting from subsequent Friday to Thursday
and so on (Fig. 1). The oceanic component is the GFDL
Modular Ocean Model V.4 (MOM4). The operational
suite of models consists of (i) CFSv2 at T382 (= 38 km)
(if) CFSv2 at T126 (= 100 km) (ii7) GFSbc (bias corrected
SST from CFSv2) at T382 and (iv) GFSbc at T126 with 4
members each (Total 16 members). This is based on the
Ensemble Prediction System (EPS) of IITM developed by
Abhilash et al. (2014, 2015). For 2016 operational
forecast the hindcast run is performed for 13 years
(2003 to 2015) and the year 2018 is added into
hindcast run for the forecast of 2019 and so on. This ERF
system has the capability of predicting active-break cycle
of monsoon which can be used for various applications.
The performance of ERF forecast for 2017 and 2018
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Figs. 2(a-e). (a) Cyclonic storms of post monsoon season from October-December, 2010. The dark black lines indicate severe cyclone “Jal”.
(b) Observed 850 hPa mean wind during SCS “Jal” (1-7 November, 2010). (c) Same as ‘a’ but for mean relative
vorticity (1 x 107 sec™) (d) Same as “a’ but for mean divergence (1 x 10 sec™) and (e) Same as “a’ but for mean vertical wind shear
(W200-W850) in kts. (Source : Pattanaik et al., 2013)
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Figs. 3 (a-h). (a) 2 MAve 850 hPa forecast based on 28 October (days 5-11 forecast) mean winds during SCS “Jal” (1-7 November,
2010). (c), (e) and (g) same as ‘a’ but for mean relative vorticity (1 x 107 sec'l) mean divergence (1 x 10 sec™) and
mean vertical wind shear (W200-W850) in kt (b), (d), (f) and (h) same as ‘a’, ‘g’ but for days 12-18 forecast
based on 21 October, 2012. (Source : Pattanaik et al., 2013)
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TABLE 1

Dynamical parameters like vorticity and divergence from the forecast fields in case of SCS “Jal”

Week 1 (days 5-11) forecast Based on 28 October

Week 2 forecast (days 12-18) Based on 21

) Mean and valid for 1-7 November, 2010 October and valid for 1-7 November, 2010
Dynamical Parameters and (Area : 80° E-90° E, 5-15° N) (Area : 80° E-90° E, 05-15° N)
Anomaly
ECMWF NCEP 2MAVE ECMWF NCEP 2MAVE
850 hPa max_vor Mean 5.52 4.36 4.94 3.42 3.47 3.36
1x 107 sec”!
(B 10%sec™) 4 omaly 433 3.81 4.05 2.00 281 232
850 hPa min_div Mean -3.02 -0.72 -1.65 -1.57 -0.60 -0.88
(1x10% sec™!)
Anomaly -3.03 -0.58 -1.57 -1.42 -0.48 -0.80

monsoon has been published in a recent paper by
Pattanaik ef al. (2020). Another report highlighting
verification of ERF forecast skills for monsoon,
cyclogenesis, heat wave, cold wave etc for the entire year
2017 is published by IMD, which is also available online
(http:/nwp.imd. gov.in/ERF_Report 2017.pdf).

3. Evolution of operational ERF of tropical
cyclogenesis in IMD during 2010-2019

3.1. ERF of cyclogenesis during 2010 & 2011

Based on the available dynamical models outputs
the forecasting of genesis of tropical cyclone and
associated rainfall in the extended range time scale
(about 2 weeks in advance) for applications in disaster
risk reduction had a modest beginning in IMD in 2010,
where it started using the dynamical models outputs from
various models for forecast of cyclogenesis in the
extended range time scale (Pattanaik et al., 2013;
Pattanaik & Mohapatra, 2014). As shown in Fig. 2(a)
obtained from the cyclone e-Atlas (IMD, 2012) the severe
cyclonic storm (SCS) ‘Jal’ during 1* week of November,
2010 was first observed as a low pressure area over
the south Andaman Sea and neighbourhood on
2" November, gradually intensified into a SCS on
6" November and crossed north Tamil Nadu-
south Andhra Pradesh coasts on 7" November and caused
lot of damage in Tamil Nadu and south Andhra Pradesh
coast associated with not only strong wind but also due to
heavy rainfall due to the cyclone. To see the
observational features of SCS ‘Jal” the weekly mean
variables during the period from 1-7 November, 2010
[Figs. 2(b-e)] shows very prominent low level
cyclonic circulation over the southern Bay of
Bengal with associated cyclonic vorticity more than
20 x 10°® sec’. The horizontal convergence at 850
is also found to be around 9 x 10° sec” in the weekly
mean along with low to moderate (10 to 15 kts) vertical
wind shear.

As shown by Pattanaik ef al. (2013) the genesis of
the cyclone “Jal” was very much captured in the two
models’ average (2MAve) of CFSvl and ECMWF with
two weeks lead time. It shows cyclonic circulation over
the Tamil Nadu coast and adjoining coastal Andhra
Pradesh region during 1-7 November even in the forecast
valid for 12-18 days based on the initial condition of 21
October and for days 5-11 forecast based on 28 October,
2010 [Figs. 3(a&b)] like that of observed patterns shown
in [Fig. 2(b)]. The corresponding low level vorticity
forecast at 850 hPa based on 2MAve also indicated
cyclonic vorticity of about 40 x 10° sec’ near Tamil
Nadu in days 5-11 and days 12-18 forecasts
[Figs. 3(c&d)]. The positive cyclonic vorticity in the
2MAve forecast field is also associated with negative
divergence as shown in [Figs. 3(e&f)]. The 2MAve
forecast vertical wind shear during days 5-11 and days 12-
18 forecast valid for the period “Jal” (1-7 November) as
shown in [Figs. 3(g&h)] is almost matching with the
observed vertical wind shear shown in Fig. 2(e).
Quantitatively the dynamical parameters like vorticity and
divergence from the forecast fields in case of SCS “Jal”
obtained from CFSvl, ECMWF and 2MAve models are
given in Table 1. Table 1 provides the values of maximum
low-level vorticity (highest positive value for cyclonic
vorticity; max_vor) and minimum low level convergence
(highest convergence; min_div) over the area bounded by
90° E-100° E, 15° N-25° N for the individual model
from ECMWF and NCEP CFSvl along with the ensemble
average (2MAve).

The mean of the two model forecast appears to be
better option in order to reduce the uncertainty. The
forecast from individual model and 2MAve shows a value
of max_vor and its anomaly of about 4 x 107 sec’
associated with min div and its anomaly exceeding
-1.5 x 107 sec™" in the 2MAve forecast. In addition to the
max_vor and min_div the wind shear is also very small
about 10 to 15 kts as shown in Figs. 3(g&h). Thus, the
study indicated that even in the ERF time scale the
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Fig. 4. Tracks of the systems over North Indian Ocean during 28 October - 10 November, 2015

cyclogenesis potential probability can be defined for a
developing cyclone. Like in case of 2010 cyclone season
the cyclogenesis probability forecast up to 2 to 3 week
time scales during 2011 post-monsoon season is also
discussed by Pattanaik and Mohapatra (2014). These
studies have indicated that the MME based ERF could
very well predict the genesis of the system and associated
rainfall distribution due to the cyclones. These studies
have indicated that the forecast threshold values of
dynamical parameters like the low-level vorticity, low-
level circulation, vertical wind shear etc. can be defined like
it is done in the medium range time scale for developing
system, which can intensify into a tropical cyclone.

3.2. ERF of cyclogenesis during 2015 cyclone
season
3.2.1. Cyclonic disturbances during October-

December, 2015 over North Indian Ocean

The post-monsoon season of 2015 from October to
December witnessed active Arabian Sea with two
Extremely Severe Cyclonic Storm (ESCS) and one Deep
Depression (DD), whereas, the BoB witnessed only one
DD, viz., (i) DD over the Arabian Sea (9-12 October);
(it) ESCS “Chapala” over the Arabian Sea (28 October -
4 November); (iii) ESCS “Megh” over Arabian Sea (5-10
November) and (iv) DD over the BoB (8-10 November).
Thus, the period from 28 October -10 November was very
active with two cyclones and one depression and the
observed track for the same can be seen in the Fig. 4. The
life cycle of these systems are :

The ESCS 'Chapala' formed from a low-pressure
area over southeast Arabian Sea which concentrated into a
depression in the morning of 28" October. It moved north-
northwestwards and gradually intensified into an ESCS in
the morning of 30" and crossed Yemen coast on 3™
November as a VSCS. The ESCS 'Megh' formed over the
east-central Arabian Sea on Sth morning from a low-level
circulation over Lakshadweep and neighborhood. It moved
westwards/west-south-westwards and intensified into a
cyclonic storm and gradually intensified into a VSCS on
7™ and rapidly intensified into an ESCS on 8" The peak
intensity of the system was maintained for a short period
and weakened gradually into a DD on 10™. During the
weakening period of ‘Megh’ in the Arabian Sea another DD
is formed during 8-10 November, 2015 over southwest
BoB close to north Tamil Nadu and Sri Lanka coasts and
made the landfall on 9™ evening. Due to its proximity to
the coast throughout the day, it caused exceptionally
heavy rainfall over north Tamil Nadu on 9" November.

3.2.2. ERF of genesis of systems during 28 October-
10 November, 2015

As shown in Fig. 4 during the period from 28"
October to 10™ November, 2015 two cyclonic storms
(Chapala during 28 October-4 November) and “Megh” (5-
10 November) formed over the Arabian Sea and one
depression (8-10 November) formed in the BoB. The ERF
of low-level mean wind based on the initial condition of
21 October, 2015 indicates low-level cyclonic circulation
over south-central Arabian Sea in week 1 forecast valid
for the period from 23-29 October, 2015 [Fig. 5(a)]. The
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Figs. 5(a-c). Ensemble forecast of 850 hPa mean wind based on 21
October, 2015 and valid for (a) 23-29 October, (b) 30

October-5 November and (c) 6-12 November, 2015

week 2 forecast valid for the period 30 October-5
November also indicates presence of low-level cyclonic
circulation over the south-west Arabian Sea [Fig. 5(b)].
Thus, the week 1 and week 2 forecasts clearly indicated
the possibility of cyclogenesis over the Arabian Sea and it

may be mentioned here that the systems ESCS ‘Chapala’
and ESCS ‘Megh’ had formed over the Arabian Sea
during this period (Fig. 4). It is further seen that the week
3 forecast valid for the period 6-12 November, 2015 as
shown in Fig. 5(c) also indicated low-level cyclonic
circulation over the south-west Bay of Bengal close to
Chennai coast, which is consistent with the formation of
the DD over the region.

Further, to quantify the genesis potential the other
dynamical parameters are calculated. The forecast low-
level vorticity (1 x 10° Sec”) based on the initial
condition of 21* October, 2015 and valid for three weeks
from 23 October to 12 November is shown in Figs. 6(a-c).
The corresponding vertical wind shear (W200 - W850) for
the three weeks is also seen in Figs. 6(d-f) respectively.
As seen from Figs. 6(a-c) the vorticity maximum of values
greater than 4 x 10” Sec” is noticed during week 1 and
week 2 forecasts over the south-central and south-west
Arabian Sea valid for the week from 23-29 October and
30 October-5 November, 2015 respectively. The vertical
wind shear forecasts [Figs. 6(d-f)] for three weeks based
on the initial condition of 21 October, 2016 also indicates
low to moderate shear (5 to 10 knots) over the region of
maximum vorticity thereby conducive for the formation of
a system over the Arabian Sea during the week from
23-29 October and 30 October-5 November and over the
Bay of Bengal during the period from 6-12 December,
2016 coinciding with the three systems shown in Fig. 4.

3.3. ERF of Very Severe Cyclonic Storm, Ockhi
(29 November — 6 December, 2017)

3.3.1. ERF of Genesis Potential Parameter (GPP)

In order to quantify the dynamical and
thermodynamical parameters for the TC genesis forecast
the GPP index has been calculated from the ERF model
outputs. The GPP is being used by IMD operationally for
the medium range forecast model (Kotal ef al., 2009;
Kotal & Bhattacharya, 2013). As shown by them the GPP
consist of low-level relative vorticity (§ at 850 hPa), shear
parameter (S) is vertical wind shear between 200 and 850
hPa, humidity parameter (M) obtained from scaled middle
tropospheric relative humidity (RH) (700-500 hPa) and
middle tropospheric instability (I) between 850 and 500
hPa constitutes the GPP defined as:

Gpp = BIOMXT 050 0.M >0 and1>0 (1)
=0 Sif £850 <O,M <0 and1<0
where, M = w and I = (T850—T500)
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Fig. 7. Observed track of the Very Severe Cyclonic Storm (VSCS) ‘Ockhi’ during 29 Nov - 6 Dec, 2017

3.3.2. Genesis Potential Parameter (GPP) during
VSCS “OCKHI”

The GPP based on operational ERF is tested for the
VSCS “Ockhi”. The “Ockhi” originated from a low
pressure area over southwest Bay of Bengal. Under
favourable environmental conditions, it concentrated into
a Depression over southwest Bay of Bengal off southeast
Sri Lanka coast in the morning of 29™ November (Fig. 7).
Moving westwards, it crossed Sri Lanka coast after some
time. Continuing it’s westward movement, it emerged in
Comorin Area in the evening of 29™ and intensified into a
DD in the early hrs of 30™ It further moved
northwestwards intensified into CS in the morning of
30™ November, into a SCS over Lakshadweep area in the
early morning of 1* December and VSCS over southeast
Arabian Sea to the west of Lakshadweep in the afternoon
of 1* December. It then moved northwards and reached its
peak intensity in the morning of 4" December. It then
moved north-northeastwards and weakened gradually and
crossed South coast of Gujarat as a low pressure area in the
early morning of 6", ‘Ockhi’ was the most intense tropical
cyclone in the Arabian Sea since Cyclone ‘Megh’ in 2015.
It was the third and the strongest storm over north Indian
Ocean during 2017. Cyclone ‘Ockhi’ is noted for its very
unusual track. It originated from a low pressure area over
southwest Bay of Bengal and ended over south coastal
Gujarat and neighbourhood and had a track length of
about 2540 km.

For the genesis of VSCS ‘Ockhi’ the ERF of low
level wind based on the initial conditions of
22" November and 29" November, 2017 are considered.

As seen in Figs. 8(a-f) the week 1 and week 2 forecast of
low level mean wind [Figs. 8(a&b)] based on the initial
condition of 22" November, 2017 indicates cyclonic
circulation off the Sri Lanka coast in week 1 forecast valid
for 24-30 November, 2017 which extends westward into
the Arabian Sea in week 2 forecast valid for the period
from 1-7 December, 2017. The corresponding wind
anomaly forecasts for week 1 and week 2 indicated
anomalous cyclonic circulation off the Sri Lanka coast
during 24-30 November and anomalous trough associated
with east-west trough extending from southeast Arabian
Sea to southwest Bay of Bengal [Figs. 8(c&d)]. The ERF
based on the initial condition of 29™ November, 2017 and
valid for week 1 (1-7 December) forecast as shown in
Figs. 8(e&f) indicated cyclonic circulation over the
southeast Arabian Sea both in the mean wind and anomaly
wind respectively. Thus, the ‘Ockhi’ cyclone genesis was
reasonably captured in the model based on 22" November
and was slightly better with the IC of 29" November,
2017.

The GPP of cyclogenesis probability is also
calculated based on equation 1 in the operational ERF and
is shown in Figs. 9(a&b). As seen from Fig. 9(a) the
forecast for week 1 indicate GPP more than 70% over the
Sri Lanka coast based on the initial condition of
22™ November and valid for the period from 24-30
November, 2017. The week 2 forecast valid for the period
from 1-7 December, 2017 indicated GPP of about 40%
(mainly over the Bay of Bengal). Based on 29" November
initial condition the GPP was between 30% to 50% over
the southeast Arabian Sea and over the western part of
Bay of Bengal [Fig. 9(b)]. Thus, the GPP over the Bay of
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Figs. 8(a-f). (a) and (b) Based on 22™ November initial condition the forecast mean wind for two weeks valid for (24-30 November) and
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Figs. 9(a&b). (a) Based on initial condition (IC) of 22™ November, 2017 the GPP (genesis potential
probability) of cyclogenesis for two weeks valid for 24 November-7 December and
(b) Same as ‘a’ but with IC of 29 November, 2019

Bengal off Sri Lanka coast during the period from
24-30 November, 2017 based on 22" November initial
condition was reasonably indicated in the week 1 forecast
near the Sri Lanka coast. However, the week 1 forecast
based on 29" November indicated the re-curvature of
‘Ockhi’ in the Arabian Sea. Thus, it is apparent that one
more initial condition between 22™ & 29 November, 2017
would have given slightly better analysis of the ERF as
the cyclone was formed on 30 November, 2017.

4. Extended range forecast of cyclogenesis during
2020 with new GPP

4.1. Improved Genesis Potential Parameter (IGPP)

In order to improve the GPP, which can be used both
during cyclone as well as monsoon depression even over

the land region the GPP as defined by Kotal ef al. (2013)
has been improved and here after it is called as IGPP
(Improved GPP or IGPP) as defined by (Ganesh et al.,
2020). In the case of IGPP the vorticity and middle
tropospheric humidity terms of GPP have been retained.
However, the thermodynamic term is modified as the
scaled and averaged equivalent potential temperature (&e)
between 1000 and 500 hPa so as to include the effect of
sea surface temperatures, surface heat fluxes and also to
include the effect of middle tropospheric warming due to
latent heat release associated with conditional instabilities
or positive feedbacks associated with cyclogenesis. The
vertical wind shear between 850 and 200 hPa is scaled and
averaged over an annular region between 100 and 200 km
radii for each grid point to highlight the effect of
background shear and scaled according to the Genesis
Potential Index (GPI) defined earlier (Emanuel, 1986;
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Figs. 10(a&b). (a) Observed track of the Super Cyclone (Su)
‘Amphan’ during the period 16-21 May, 2020 and
(b) Observed track of Severe Cyclonic Storm ‘Nisarga’
during the period from 29 May to 1 June, 2020

Free et al., 2004). The GPI is a climatological index using
potential intensity, relative humidity (H) at 600 hPa,
absolute vorticity (£) at 850 hPa and vertical wind shear
(V) between 850 and 200 hPa scaled and defined as GPI.
Thus,

Thermodynamic term, I = M 2)
2
Scaled as; T =% 3)

Mean middle tropospheric relative humidity ; MRH
= (RHygo+ RHs00)/2

(MRH —40)

20 “4)

Scaled as (Gray, 1975), H=

Relative vorticity at 850 hPa, V = g5, x10° (5)

Scaled magnitude of vertical wind shear (200-
850 hPa) (Vgnear) averaged over an annular region (Chen
and Fang, 2012) between 100 and 200 km from each grid
point;

S=(1+.1Vypear) > (6)

Thus, IGPP is defined as:

IGPP = VXHXTxS , where, V>0, H>0, T>0, S>0
= 0, otherwise (7

4.2. Improved Genesis Potential Parameter (IGPP)
for cyclone ‘Amphan’ & ‘Nisarga’

The improved GPP (IGPP) initially developed at
IITM (Ganesh et al., 2020) has been implemented in IMD
recently, which is being used operationally for the
cyclogenesis potential probability. Over the Bay of Bengal
the Super Cyclonic Storm (SuCS) “Amphan” initially
formed as a Low Pressure Area over southeast Bay of
Bengal and adjoining south Andaman Sea, in the morning
of 13™ May, 2020. It gradually intensified into a
depression, cyclonic storm and finally into a Super
Cyclone around noon of 18" May, 2020, which can be
seen from the observed track [Fig. 10(a)]. The SuCS
“Amphan” over Northwest Bay of Bengal moved north-
northeastwards and crossed West Bengal - Bangladesh
coasts as a VSCS in the afternoon of 20™ May, 2020. IMD
predicted accurately the landfall point and time, track and
intensity as well as associated adverse weather like wind,
rainfall and storm surge due to SuCS ‘Amphan’.

Another Severe Cyclonic Storm ‘Nisarga’ over
Arabian Sea was also very unusual formed during the first
week of June 2020, which can be seen from the observed
track shown in Fig. 10(b). The severe cyclonic storm,
‘Nisarga’ originated from a Low Pressure Area which
formed over southeast & adjoining east-central Arabian
Sea and Lakshadweep area in the early morning of
31" May, 2020 and concentrated into a depression over
east-central and adjoining southeast Arabian Sea in the
early morning of 1% June, intensified into DD over east-
central Arabian Sea in the early morning and into cyclonic
storm in the noon of 2™ June, 2020. It moved northwards
till evening of 2™ June and gradually recurved
northeastwards and intensified into a severe cyclonic
storm in the early morning of 3™ June, 2020. Continuing
to move northeastwards, it crossed Maharashtra coast as a
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Figs. 11(a&b). The 850 hPa forecast wind anomaly for 2 weeks with initial conditions of (a) 6™ May and (b) 13™ May, 2020

SCS on 3" afternoon. It further weakened into a
depression over western parts of Vidarbha and
neighbourhood in the early morning and into a well
marked low pressure area over central parts of Madhya
Pradesh in the evening of 4™ June.

The operational ERF system of IMD was used to
provide the cyclogenesis potential probability. The ERF of
850 hPa wind anomalies clearly indicated the presence of
anomalous cyclonic circulation indicating the formation of
a system over the Bay of Bengal during the period from
15-21 May, 2020 both with week 1 and week 2 lead time
based on the initial conditions of 6™ [Fig. 11(a)] and
13™ May [Fig. 11(b)], 2020 respectively. The IGPP is also
calculated based on the real-time ERF by considering all
16 ensemble members separately. In the present case the
IGPP is modified as discussed above. The real time IGPP
for two weeks based on ERF of 6" May, 13™ May and
27" May initial conditions are shown in Figs. 12(a-c)

respectively to see the cyclogenesis forecasts for ‘Amphan’
and also the ‘Nisarga’. It indicated the genesis of the system
‘Amphan’ and also its re-curvature northeastward in
“Week 17 and “Week 2” forecast based on ICs of 13 and 6
May, 2020 [Fig. 12(a&b)]. Thus, the ERF had predicted
the genesis of the system and also indicated that the
system would intensify further and move initially north-
northwestwards and re-curve north-northeastwards
thereafter towards the North Bay of Bengal without
crossing eastern coastal states of India like Tamil Nadu,
Andhra Pradesh and Odisha. Considering the huge damage
potential of a cyclone this early information about the
genesis of the Super Cyclone ‘Amphan’ could save huge
loss of life and property by mitigating the disaster through
early warning and by taking other appropriate measures
by the disaster managers to reduce the gravity of damage.
The cyclone ‘Nisarga’ over the Arabian Sea and its track
towards Maharashtra coast was also well captured in
week 1 forecast based on IC of 27 May, 2020 [Fig. 12(¢c)].
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4.3. Improved Genesis Potential Parameter (IGPP)
during post monsoon season of 2020

The post-monsoon season of 2020 witnessed five
cyclonic systems including 3 cyclonic storms, viz., VSCS
‘Gati’ over Arabian Sea (21-24 November), VSCS ‘Nivar’
over Bay of Bengal (22-26 November), Cyclonic Storm
‘Burevi’ over Bay of Bengal (30 November-5 December),
Deep Depression over the Bay of Bengal during 11-14
October and another Depression over the Bay of Bengal
during 22-24 October. The observed tracks of these
systems are shown in Fig. 13(a) for Arabian Sea system
“Gati” and in Fig. 13(b) for Bay of Bengal systems. The
tracks of three cyclonic storms, viz., VSCS ‘Gati’ during
21-24 November, VSCS ‘Nivar’ during 22-26 November
and CS ‘Burehi’ during 30 November-5 December
formed in the month of November, 2020 is shown

in Figs. 13(a&b). The VSCS ‘Gati’ crossed Somalia coast
on 22 November and the VSCS ‘Nivar’ crossed Tamil
Nadu & Puducherry coasts on 25" November with
estimated wind speed of 120 kmph. The CS ‘Burevi’ on
the other hand was a slow moving system, remained
practically stationary for nearly 36 hours over Gulf of
Mannar close to Ramanathapuram district. The cyclonic
storm, ‘Burevi’ originated as a Low Pressure area in the
equatorial easterly wave over South Andaman Sea and
adjoining areas of Southeast Bay of Bengal & Equatorial
Indian Ocean on 28™ November, 2020, which became a
well marked low pressure area over Southeast Bay of
Bengal & adjoining areas of South Andaman Sea and
Equatorial Indian Ocean on 29™. It crossed Sri Lanka
coast close to north of Trincomalee on 2™ December,
2020 as a Cyclonic.

As shown in Fig. 13(b) the DD over the BoB crossed
north Andhra Pradesh coast on 13" October morning,
continued to move west-northwestwards and weakened
into a Depression over Telengana around noon of the
same day. It moved west-northwestwards as a Depression
across Telangana and North Interior Karnataka to
Mabharashtra till evening of 14" October. The DD had
impacts over Odisha, Andhra Pradesh, Telangana,
Karnataka & Maharashtra in terms of heavy to extremely
heavy rainfall and squally winds. The other depression
during 22-24 October [Fig. 13(b)] crossed West Bengal &
adjoining Bangladesh coasts on 23™ October as a
Depression. Further moving north-northeastwards, it
weakened into a well marked low pressure area over
central Bangladesh & neighbourhood on 24™ October.
The system caused heavy rainfall over many parts of
eastern coastal states of India, Bangladesh and
northeastern states of India.

The two weeks forecast of IGPP based on the initial
conditions of 6, 13 and 20 October is shown in
Figs. 14(a-c). The IGPP based on the IC of 6™ October has
captured the genesis and its movement over the land
region during 11-14 October very well [Fig. 14(a)]. It
moved across Maharashtra and emerged as a well marked
low pressure area over east-central Arabian Sea off
Maharashtra coast on 16" morning. (Subsequently it re-
intensified once again into a Depression over the Arabian
Sea and moved away westwards during 17-19 October).
The week 1 forecast based on 13™ October also captured
very well the genesis and its movement into the east-
central Arabian Sea, which can be seen from Fig. 14(b).
The week 2 forecast IGPP valid for the period 22-28
October based on 13™ October also captured the genesis
of the second system during 22-24 October with moderate
probability [Fig. 14(b)], which was very well captured
with high probability in the week 1 forecast based on the
IC of 20" October shown in Fig. 14(c).
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The relationship between TCs genesis and MJO phases during (a) pre-monsoon and (b) post-monsoon season from 1974 to

2019 (excluding 1978). The black dots represent the cyclogenesis days. The circle in the center with amplitude 0.75
represents days with weak MJO activity. (c) Represents the statistics from ‘a’ and ‘b’ during MJO phases from P1 to P8 and

weak MJO conditions

In order to see the performance of cyclogenesis of
three cyclonic storms formed in the month of November-
December 2020 as shown in Figs. 13(a&b), the two weeks
forecast of IGPP based on the initial conditions of 18
November, 25 November and 2 December, 2020 is shown
in Figs. 15(a-c), which clearly captured the genesis
forecast of these systems. The IGPP based on the IC of
18™ November clearly indicated the active Arabian Sea
associated with probability of cyclogenesis exceeding
70% in week 1 forecast based on IC of 18 November as
shown in Fig. 15(a). The Fig. 15(a) also indicated active
cyclogenesis probability (exceeding 60%) over the
southern BoB in week 1 forecast valid for the period 20-

26 November, which coincides with the period of VSCS
‘Nivar’. The IGPP forecast for two weeks based on IC of
25 November [Fig. 15(b)] also captured the genesis of
‘Nivar’ with high probability (> 60%) in week 1 forecast
valid for the period from 27 November to 3 December. At
the same time the week 2 forecast valid for 4-10
December indicated moderate probability (about 40%)
over the Bay of Bengal for the cyclone ‘Burehi’ as shown
in Fig. 15(b). But the probability of cyclogenesis increases
to more than 60% in its week 1 forecast during the period
4-10 December (period of cyclone ‘Burehi’ as shown in
Fig. 15(c). Thus, it indicated that the IGPP performed
very well with regard to the genesis of both the cyclonic
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Figs. 17. Extended Range forecast of MJO phase and intensity for 4
weeks based on the initial condition of 18 November, 2020

storms as well as depression over land region and the
Ocean region. However, the probability and intensity of
the systems are not having very uniform relationship.

5. Operational ERF of cyclogenesis for two weeks

As discussed in earlier sections the operational ERF
based on coupled models are able to capture the
cyclogenesis potential probability over the north Indian
Ocean for two weeks with reasonable accuracy, although
the IGPP probability varies from 40% to 80% and is not
very linear with respect to the intensity of the system.
Further the IGPP is only based on the dynamical and
thermodynamical variables from the model and the
cyclogenesis probability even depends on many other
physical parameters of which, MJO is most relevant.
Mohapatra and Adhikary (2011) have examined the
relationship of MJO with the cyclogenesis and further
intensification over the NIO and found that the MJO index
in phase 3 and 4 (east equatorial Indian Ocean and
adjoining maritime continent as defined by Wheeler and
Hendon, 2004) is significantly linked with cyclogenesis
(formation of depression) in about 37% of the cases in the
NIO during October-December. There is no relationship
between genesis and MJO index in other phases. The
frequency of genesis is negligible (about 10%) when the
MJO with amplitude of < 0.5 lies in the favourable phase
of 3 and 4 during October-December. The probability of
intensification increases with increase in amplitude of
MIJO in the favourable phase. A comprehensive paper by
Bhardwaj et al. (2019) discussed extensively the
association of MJO with TC over Bay of Bengal during

the two peak TC periods, ie., April-June (AMJ) and
October-December (OND) by using the data from 1974 to
2015. They have shown that the TC activity is
significantly enhanced (suppressed) over the BoB when
the convectively active MJO phase is positioned over the
Indian Ocean and the Maritime Continents (Western
Hemisphere & Africa). The genesis locations and tracks
are also modulated by the MJO. These modulations in TC
activity are mainly triggered by the MIJO-driven
alterations of large-scale oceanic and atmospheric
conditions. Overall, the combination of more convective
activity, higher relative humidity (RH), lower sea level
pressure (SLP), increased cyclonic vorticity, upper-level
easterly winds and reduced vertical wind shear (VWS)
provide favorable conditions for TC formation and
intensification in the BoB in P2-P5. Conversely, in phases
P7-P8, reduced convective activity, lower RH, higher
SLP, anomalous upper-level westerly winds and higher
VWS suppress TC activity over the BoB. As shown by
them normalized accumulation cyclone energy (ACE) and
Probability Dissipation Index (PDI) wvalues are
significantly higher in P2-P4 and lower in P7-P8. The
MJO does not show a significant modulation of TC
formation in OND; however, it does significantly
modulate the duration of TCs and their ACE and PDI
values. ACE and PDI values during OND are significantly
enhanced in P2, P4-P5 and suppressed in P1, P7-P8.

The phase amplitude diagram constructed with the
RMMI1 and RMM2 indices of MJO during AMJ and OND
season has been prepared for the period from 1974 to
2019 (excluding 1978) and is shown in Figs. 16(a&b)
respectively. The black dots represent the cyclogenesis
days. The circle in the center with amplitude 0.75
represents days with weak MJO activity. As it is seen
from Fig. 16(a) during AMJ, TC formation is significantly
enhanced and suppressed over the BoB in P3-P4 (47%)
and P8, respectively with 13% of TC formed even during
weak MJO conditions (Magnitude, 0.75). Further the
Fig. 16(c) indicates that during AMJ 67% of TC genesis
occurred in MJO phases from P2 to P5 (Indian Ocean and
maritime continent). Slightly different pattern is seen
during OND season with relatively weaker influence of
MJO on TC genesis with 28% of TC formed even during
weak MJO conditions followed by 27% in P4-P5 and 24%
in P2-P3 constituting 51% from P2-P5 (Indian Ocean and
maritime continent). Thus, MJO plays a major role in TC
genesis over the BoB. Considering this the operational
ERF forecast of cyclogenesis is issued by IMD for two
weeks on every Thursday based on the cyclogenesis
probability forecast along with MJO forecast and other
parameters. The MJO forecast based on 18" November,
2020 is shown in Fig. 17, which indicates MJO is on P2
(eastern Indian ocean) and subsequent forecasts for two
weeks indicated it to enter into P3 and P4, which has the
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higher climatological probability of TC genesis as shown
in Figs. 16(b&c) in post monsoon season.

Considering the significant role of MJO in the north
Indian Ocean in TC genesis, IMD uses the operational
IGPP along with other parameters like current and
forecast MJO, Tropical Cyclone Heat Potential etc and
prepare value added cyclogenesis outlook for two weeks
on every Thursday as its operational forecast.

6. Conclusions

The present generation coupled models are capable
of providing useful guidance in the extended range for the
tropical cyclogenesis potential for about two weeks’ time
in advance. The ERF of TC genesis and associated rainfall
distribution associated with ‘Jal’ cyclone based on
combination of coupled models’ outputs had a modest
beginning in IMD in 2010. The genesis of TC in terms of
higher vorticity, higher convergence and lower vertical
wind shear were well captured in the dynamical models
(ECMWF and CFSvl) for week 1 and week 2 forecasts,
which shows reasonable skill for week 1 and week 2
forecasts. Thus, the preliminary study indicated that the
models have the potential to provide advance information
for the prospects of a genesis of tropical cyclone. The
2015 cyclone season during Oct-Dec witnessed subdued
cyclogenesis over the Bay of Bengal with only one deep
depression and very active over the Arabian Sea. The ERF
based on the CFSv2 coupled model could indicates useful
guidance about the genesis of two extremely severe
cyclonic storms “Chapala” and “Megh” over the Arabian
Sea and depression over the Bay of Bengal with a lead
time of about one to two weeks.

With the implementation of operational coupled
modelling system in IMD, it started preparing the ERF of
Genesis Potential Parameter (GPP) every week since 2017
by wusing the dynamical variables like vorticity,
divergence, vertical wind shear and mid-level relative
humidity and was tested for the ‘Ockhi’ cyclone of 24-30
November, 2017. The cyclogenesis probability over the
Bay of Bengal off Sri Lanka coast during the
‘Ockhi’ period based on 22™ and 29" November initial
conditions (ICs) were reasonably well captured in week 1
forecasts about its genesis near the Sri Lanka coast and
also its re-curvature in the Arabian Sea towards
western coastal state of India. However, the week 2
forecasts with both ICs were not very realistic leading to
very short lead time.

In 2019 IMD used improved GPP (IGPP) based on
(Ganesh et al., 2020), which can be used both over the
Ocean and land region. In the case of IGPP the vorticity
and middle tropospheric humidity terms of GPP have been

retained but the thermodynamic term is modified as the
scaled and averaged equivalent potential temperature (&e)
between 1000 and 500 hPa so as to include the effect of
sea surface temperatures, surface heat fluxes and also to
include the effect of middle tropospheric warming due to
latent heat release associated with conditional instabilities
or positive feedbacks associated with cyclogenesis. The
vertical shear between 850 and 200 hPa is scaled and
averaged over an annular region between 100 and 200 km
radii for each grid point. In case of Super cyclone
“Amphan” of 16-21 May, 2020 it indicated the genesis of
the system in “Week 17 and “Week 2” forecast and also
its re-curvature northeastward like the observed track. The
cyclone “Nisarga” over the Arabian Sea during first week
of June and its track towards Maharashtra coast was also
well captured in week 1 forecast. The IGPP also showed
reasonable skill during the Post-monsoon season of 2020
in predicting the genesis of three cyclones VSCS ‘Gati’
during 21-24 November, VSCS ‘Nivar’ during 22-26
November and CS ‘Burehi’ during 30 November-
5 December and the two depressions of October.

It is also seen that MJO phase and amplitude has a
strong relationship with TC genesis over the BoB with TC
formation is significantly enhanced during April-June (67%)
and October-December (51%) in MJO phases from P2 to
PS5 (Indian Ocean and maritime continent). Considering
the significant role of MJO in BoB TC genesis IMD uses
the operational IGPP along with other parameters like
current and forecast MJO, Tropical Cyclone Heat
Potential etc. and prepared value added cyclogenesis
probability for two weeks on every Thursday.
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