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Abstract
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Summary

OnMay 23 221 a Very Severe Cyclonic StorfdSCS YAAS developedver the Bay
of Benga (BoB) that hit the Odisha coast to the south of Balasore with maxsunatained
wind speed (MSW) of 75 kts dday 26, 221. Cyclone wagontinuouslymonitored in
the realtime and forecasts were generated usirgpmbination ofatelliteobservations
statistcal and dynamical models at Space Applications C€8#€/ISRO), Ahmedabad.
Postlandfall effects of cyclone on coastal zone aesburces, agricultural crop&grest
regions,inland water inundation, and ocean primary productiwigye analysed using-in
situ observations, satellite data and numerical models. Theofokatellite data in
understanding different processes relatedytmone has beehrought out in this report.
Accurate predictions of cyclogenesis, intensification landfall as well as the prediction
of ocean state helped in saving many lives, duappropriate measures by disaster

management authorities.

The genesigpotential parameter (GPP) using NCEFS data showed thegnatures of
tropical cyclogenesis in BoB oklay 20. Once declared as a tropical storm by IMD,
prediction of cyclone track and intensity were made at $8idgin-house dynamical
numerical modelling system comprising of SA&grangian Advection Model and
Hurricane Weather Research Forecast (HWRF) model. Thesemegbredictions were
validated using observations from India Meteorolodixgbartment. Th24 hou leadtime
prediction error in landfall position andtime was about 19 km and 6 hour (early),
respectively. Apart from this, cyclone structypakameters and rapid changes in the inner
core of TCwere estimated using INSABD data.The surface wind speatkrived from

SMAP satellite was also analyzed to steglglonewind asymmetry.

Since thecyclogenesis takes place owereans, the ocean heat and associeggdres are
importantparameters for cyclone predictioMgarm (positive) SST anomaly (-°2) was
observed in the central Bay of Bengal in the observations from INEA@nd GHRSST.
Correspondingly there was high positive TCHP anon(alQkJ/cr) seen in the satellite
data assimilative numerical ocean model outpResattime in-housesimulationsfrom

Advanced Circulation Model (ADCIRC) and Simulating wave nearshore (SWAN)
\'%



predicted high storm surge and severe inundation in thdyiogy areas of Sundarbans
Thesesimulations were validated using the tide gauge data at Dharma port. The wave
model WAVEWATCH-III prediced high cyclonic wave height up to 5.6m.

Precipitation duringraaswas wellcaptured by FE rainfall algorithm based on INSAT

3D satellite measurementbropical cyclone TC) rain structure was captured well from
genesis to dissipatioligh-intensty rain was recordedn 25th and 26th May 2021, when
YAAS achieved its Overy Theeraidal estimatescwerni ¢
validated using surface based rain gauge observationthoeerstates (Odisha, Jharkhand

and West BengalHeavy rain from Yaas created flolke situation in the coastal districts

of Orissa and West Bengal. It also impaciédrkhand, Bihar and Eastern parts of Uttar
Pradesh.

In this report various hydrologicabspects are also analyzed with the helpeohote
sensing dataset with the aim of potenigigntification of most vulnerable areas for flood.
Thecyclone inducedlood inundation probabilityvas derivedy making use of Hhouse
developed SACHYDRO hydrological mod&urfacemundation after Cyclee Yaas in the
Eastern Coast of Indimas mapped usingentinell, C band SARlataat a 10 nresolution.
AMSR2 36GHz MPDI based flood index mapsre generated for Cyclone Yaas during
27-28 May 2021 Sentinei2 multispectral datasetere analysed tonderstandhe changes

in the turbiditydue to cyclone.

Remote sensing based data analysis was carried out to study the upwelling and impact of
cyclone on Ocean biological productivity in central BoB and off Odisha coast using OCM

2 data. It was observdtat ypwelling velocityduring cyclone Yaas wa&6 m/dayand
dropped tdess than 1 m/day in the post landfall weBBT data analysis showddcrease

of up to 1.8C. A localizedpatch 0f200-250 percenenhanced chlorophyll concentration

was observed ne&hilka, which extended offshore up to 100 km, whicdubsequently
dissipated and thus absent8rday composite image of-2 June2021. This increased
chlorophyll concentration was observed left of theck in 8day composite imagand
extenaed from coast to offshore waters anappears to be in the direction of surface

currents.Thermocline displacement of up to 24m was observed along cyclone track.
Vi
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Thedamagdo agricultural crops and forest regidne tocycloneYAAS was assessed

the coastal regionsf Odisha and Wedengal usingnicrowave and optical sensatata.
The systematic data from optical Mx aBAR instruments in the form of Analysis Ready
Data and polarimetric signatures at 1@patial resolution at-@ay interval from twin
satellites ofSerinel-1A/1B and SentineRA/2B wee analyzed and used for damage

detection and mapping affected areas wahous levels of possible disturbances.
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Prediction and Monitoring of Cyclone

1.1. Introduction

Tropical cyclones (T€) are one of the most violent weather manifestationsiticaide
number of different hazards like storm surge, flooding, extreme winds, torrential rains,
thunderstorms, and lightening aoduse devastation along the coastal regigash year
tremendougconomy losses and deaths are caused by@sehroughout the world. To
overcome/reduce such losses, the accurate prediction of TC formation, is required so that
precautionary measures can be taken. TC formation involves interaction between synoptic
scaleas well as the mesoscale procelse North Indian OceanNIO) is a potentially
energetic region for the development of TCs. Prediction of the development of anyayclon
system in theNIO is being done as a regular exercise at Space Applications Centre
AhmedabadSAC-ISRO) using the indigenously developed algorithms. Once the system

is develomd prediction of its track and intensity are generated in +teéak and

disseminated througa web based applicatidibatellite based cyclonebservation and

reatt i me prediction over Hitpsdroadac.gav.m/ecarpi@ ( SCOR

available on the MOSDAC portahitps://mosdac.gov.)n The simila exercise was

performed dung the formation offC YAAS, and discussed in the present report.

1.1.1 Brief overview of TC YAAS

Tropical cycloneY AAS was asecond tropical cyclone of the year 2021 that formed in the
North Indian Ocean. It was developeoim alow-pressuresystenformed oveleastcentral

Bay of Bengal (BoB) in the prning (0830 IST/0300 UTC) ofay 22, 2021.Under
favorable environmental conditions, it concentrated into a depressioeastaentraBoB

in the noon (1130 IST/0600 UTC) d¥lay 23, 2021. It moved nhwestwards and
intensified into a deep depression (DD) over emsitral BoB in the nainight (2330
IST/1800 UTC) ofMay 23. It turnedinto the cyclonic storm in the earigorning (0530
IST/0000 UTC) of May 24ver the sameregioand named byYAAMWDd as
Thereafter, it movedorth-northwestwards, attained a peak intensity of 75 sl lay
cenered over northwest BoB about 30 km east of Dhamra Port, Odisha during early
morning (0530 IST/0000 UTC) of Mag6. It Continted moving north-northwestwards,
andcrossed north Odisha coast near latitude 21.35°N and longitude 86.95°E, about 20 km
to the south of Balasore as a VSCS with maximum sustained wind speed (MSW) of 75 kts
gusting to 85 kts (130140 kmph gusting to 155 kmph) between 12330 IST(0500

Tropical cyclone YAAS -2-
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0600 UTC) of 26thMay (IMD report , 2021).The best track of TC YAAS provied by
India MeteorologicalDepartment (IMD), Delhwith its intensity categories shown in

Fig.1.1.The IMD classification of cyclone categories is given in Table 1

Table 11: IMD classification of categories of cyclonic system

System Associated wind speedknots )
Low pressure area <17
Depression 17-27
Deep Depression 28-33
Cyclonic Storm 34-47
Severe Cyclonic Storm (SCS] 4863
Very SCS (VSCS) 64-85
ExtremelySCS (ESCS) 86-119
Super Cyclonic Stor(®suC) >119
Cyclonen a m&AA&O , was @man Axperiglpbal convention, the thirteen

countries that make up the Indian Ocean Re@jiBangladesh, India, Iran, Maldives,
Myanmar, Oman, Pakistan, Qatar, Saudi Arabia, Lamnka, Thailand, United Arab
Emirates, Yemen have drawn up a list of names for tropical cyclones, which are assigned
serially with the alphabdbt i ¢ or der ofTHe ewmrad | DHAAS i ahmes
the Persian language and means the flower fesmiEnglish.
IMD Best Track of TC YAAS (23-27 May 2021)
, ~ >

e

200 ..........
]
°
S
=
o
L.
M| gSeysionic Storm -
10°N '
80°E 85°E 90°E
Longitude

Figure 1.1 Threehouly IMD best track of TC YAAS with its intensity
Tropical cyclone YAAS -3-
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1.2 Cyclogenesis Rediction

The prediction of tropical cyclogenesis (TCG) of cyclonic systems that develop in the NIO
is being done at SAC usimg-house developechniqueThis techniqués based on ind
pattern matchin@f the scatterometer derived surface wind observations and provitles 1
days advance TCG prediction (Jaiswal and Kishtawal, 2011; 2Duhg cycloneactive
months of theNIO i.e. April-lJune andOctoberDecember, the cyclogenesis prediction
techniqueis regularly run to detect the earliest signatures of any possibility of cyclonic
activity in the Bay of Bengal (BoB) and Arabian S8&B) region Due to unavailability

of SCATSAT-1 satellite datathis technique could not be run and tyelogenesi®f TC
YAAS could not be predicted’he model forecastsan be examined to investigate the
signatures of tropical cyclogenesisivianced prediction of tropical cyclogendsased on

model forecasted paraaters is discussed in the next section.

1.2.1 Prediction of cyclogenesis using Genesis Potential Parameter

A cyclone genesis parameter, termed the genesis potential parameter (GPP), for the Indian Sea was
proposed by Kotal et al. 2019. The parameter finee 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. The variables are calculated using the National Centers for
Environmental Rediction (NCEP), USA, reanalysis data, averaged within a circle of 2.5° radius
around the centre of cyclonic system. The GPP, at early development stage of a cyclonic storm

provides a useful predictive signal for intensification of the system.

EZg03 M3
GPP:{T If |/850>0!|\/| >0 (1)
fo otherwise
M = (RH- 40)
30

Where, Z,., is low level relative vorticity (at 850 hPa in“18%), S is vertical wind shear

(between 200 and 850 hPa i), sRH is the mean relative humidity (between 700 and 500
hPa ) and is middletropospheric instability (temperature difference betw&sh hPa and

500 hPa). All the variables are estimated by computing the grided values and averaging it
over an area of radius 9.3he maximunvalue of GPPin the NIO region was compared

to the predetermined threshold valuer cyclogenesisThe threshold value to detect

Tropical cyclone YAAS -4-
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cyclogenesis was determined by maximizing the probability of detection (POD) and
minimizing the false alarm ratio (FAR). POD is the ratio of the total number of detected
TC formation and total number of formed cases and FAR is the ratio of the total number
of predicted TC formation that does not occur (develop) and total number-deneloped
casesFor threshold determination, GFS analysis fields, during nine TCs domrmthe

NIO during the period 20020 and 100 nowleveloped cases were analyzed. The GPP was
estimated using the 850 hPa wind fields, deep vertical wind shea2(®0Pa), warm

core (850500 hPa), and mean relative humidity (78D hPa)The TC formatn has been
determined by varying the different threshold values of GPP, which are obtained by
minimum of the maximum valued GPPusing the GFS analysis fields on the day of TC
formation of allcyclones. These thresholds have also been used to preei€& by the

GFS analysis fields of 100 nateveloped case3he optimum threshold values for GPP
wasf o un @ awh iflhermusdad $o identify the TCG in GFS forecasted fi€Bisgh

et al., 20B). The GPP value was computed in NIO with the GFS plata to the formation

of TC YAAS to detect its cyclogenesis signatures. The spatial plots of GPP with the
required parameters used i computations (as given in Eg.are showrnn Fig. 1.2

for 00 UTC and 12 UTC forecasts of GB82Q 21 and 22 May 2801. The maximum GPP

values for all analyzed forecastre summarized inablel1.2:

Table 1.2 Maximum GPP computed in BoB region before formation of TC YAAS

Date 00 UTC 12 UTC o0 UTC 12 UTC 00 UTC 12 UTC
20 MAY 20 MAY 21 MAY 21 MAY 22 MAY 22 MAY
Mag';";m 2.18 3.80 3.98 5.86 8.09 9.32

The values of GPP are increasinghich shows the strengthening of cyclogenesis
conditions.

Tropical cyclone YAAS
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Figure 1.2 Spatial plot ofparametersesponsible for cyclogenesasd GPP values for 00

and 12 UTC of 20, 21 and 22 May 2021.

1.2.1 Prediction of cyclogenesis usingcatterometer Data

A technique has been developed at SAC for cyclogenesis prediction using scatterometer
data. This technique is based on the premise that there is some similarity between the low
level wind pattern of the developing systems, which can be detected and igsattitp
the developing and netleveloping lowpressure systems. In this technique, thetieed

observed winds are matched to the wind patterns archived within the database of all

Tropical cyclone YAAS

6-




Prediction and Monitoring of Cyclone

developed systems in the past and the most similar wind pattern waedelBus

similarity was quantified using a matching index as given in the following expression.

L8(a-Ar(-5) (1)

where A and B represents the mean value of the complex vegtarsdB respectivelyN
is the dimension of vectax (or B) andA andB are the complex numbers formed using the

wind vectors for example A = (u+iv)

If the matching index value is found to be greateequal to some prdefined threshold
values (0.6 for NIO), the cyclogenesis is predicted. The scatterometer data of QuUikSCAT
and OSCAT were used in the development and testing of the algorithm (Jaiswal and
Kishtawal, 2011; 2013). During the years 2ad1X) CSCAT data was used for the re¢ahe
cyclogenesis prediction using thbovediscusse@pproach. In the year 2014 the OSCAT
stopped working and thereafter the surface wind observations from RERID®ere

being used in the reéime prediction of TCG in ND at SAC. SCATSAT1 (Scatterometer
Satellite1) satellite was launched or"ZBeptember, 2016 to provide weather forecasting,
cyclone prediction, and tracking services to India. S6ATSAT-1 data was being utilized
operationally in the redime for TCG pediction. Recently this satellite stopped working
and due to unavailability of any other satellite data with such wider swath, the above
technique could not be used for the TCG prediction. However, the passes of NASA
scatterometer ASCAT onboard metopA, opg and metopC were processed to get the
signature of lowlevel wind circulation.Due to the narrow swath of ASCAT (unlike
OSCAT, SCATSAT1 and QuickSCATthere is a least possibility tapture theomplete
low-level windcirculation in a single pass, thus the above discussed technique cannot be
applied over ASCAT datasethe earliest signature$ lmw-level circulation were found

onall the three ASCATpasses of May 23Vind vectors overlaid on the wind speed (m/s)

by thepasses of ASCAT from metopA, metopB and metopC during the genesis of TC
YAAS are shown in the Fig. 1.3. The strong circulation can be seen in all these passes,

which may indicate to the development of this circulation into a tropical cyclone.
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Figure 1.3 Wind vectors overlaid on the wind speed (m/s) by the passes of ASCAT from

23-May-2021 01:59:18
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metopA(top left), metopB(top right)and metop(bottom left and rightluringthegenesis
of TC YAAS.
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1.3. CycloneTrack and Intensity Prediction

A system has been developed in SAC for monitoring, analysis and prediction of tropical
cyclones over the Indian Ocean. The results of analysis and prediction are disseminated
through SCORPIO weportal linked to MOSDAC server. After the formation of tradic
cyclone over the Indian Ocean, track predictions are carried g tlwee different
models.(a) indigenously developed Lagrangian advection cyclone track prediction model
(LAGAM), (b) Hurricane Weather Research and Forecasting (HWRF), a coupled land
oceanatmosphere model customized for Indian ocean region, and (c) WRF, mseie|

for daily reattime predictions of allndia weather at 5 km resolution. The HWRF model

is used for prediction of tropical cyclone intensity. The track and intensity posdut
cycloneYAAS was initiated orMAY 23, 221 and were continued untilyclonemade
landfall. Realtime track prediction of cyclon& AAS by SAGLagrangian advection
Model, WRF andHWRF models are discussed in the following sections.

1.3.1 Realttime track prediction using SAC-Lagrangian Advection Model

SAC-Lagrangian Advection model is dynamical framework based computationally
efficient model (Singh et al, 2011; 2012). It requires the high resolags0.5° forecasted
atmospheric windand temperature from Global forecast System (GFS), which is global
numerical weather prediction modelin by NOAA, and the initial position of cyclone
which is obtained from Joint Typhoon Warning Centre (JTWC) for track prediction.
Cyclonetrack predidbn is provided using this model upto 96 hour with 6 hour interval.

As a first step, the steering flow has been computed for evlop6forecast interval up

to 96 hours, using the analysis as well as forecast wind fields data at 21 pressure levels
(100-1000 mb) by the weighted average scheme. The weight for each level was assigned
by estimating the potential vorticity (PV) which is adapted from the study by Hoover et al.,
2006. Then a cyclonic vortex is removed using a synthetic cyohdmeh is construed

by using the vorticity equation (Chan and Williams, 1987):

%+V.E)(z+ f)=0
Where ¢ i s tfhe= yfbgretyidenotesyatitdina displacemdnts the
value of coriolis parameter at y = 0 ands the rate of change of coriolis parameter with
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latitude. In case of axisymmetric vortex, the velocity is calculated using the equation (Chan
and Williams, 1987):

v(r)=V é>1Lc~)expg§o}§ aLGbg'a
H e g Y
G U

e
e
WhereV,, andr, denote the maximum value of tangential velocity and the radius at which

V,, occurs, respectively. This synthetic cyclone was used to remove the existing cyclonic

wind fields present in the steering flow to achieve the residual steering current. To avoid
the discontinuity of wind fields due to removal of cyclonic circulation, tapered waights

(k) are usedor generation of residual flow fields. Now, resulting stegrilow that is
obtained after removing the cyclonic vortex from steering flow is used in Lagrangian
Advection Model to forecastyclonetrack. The computation for the trajectoryayiclone

(or cyclonetrack) is initiated by interpolating the steering wind from model grid points to
the initial location ofcyclone(Brand, 1981). The real time predicted tracks for cyclone
YAAS have been shown in FigA4L.
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Figure 14: Track prediction of cyclon& AAS for different initial conditions by SAC
Lagrangian advection model (Retime generated products).
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1.3.2 Track error analysis of Lagrangian Advection Model

The real time predicted tracks of cyclori®AS by SAGLagrangian Advection Model for
different initial times have been shown with thleservedrack of IMD in Fig. 1.5 The
track forecast error for all the forecasts were computed w.r.tdbvH2rvedrack positions.
The error values have been summatize Table 13. IMD reported the landfall point of
cycloneYAAS nearBalasore Odisha (landfall poin21.35 N, 86.95 E) betweer0500 and
0600 UTC (IMD, Repor}. The landfall position error for all the forecasts have been
computed and reported in the Tallé. For 24hourleadprediction,the landfall position
error of Lagrangian advection model was found Eskm and landfall time error was ~6

hour.

Real-Time Track Prediction of TC YAAS (23-25 May 2021)
FCST Method: SAC-LAGAM Model

21°N

Latitude

17°N [

83°E 85°E 87°E 89°E 91°E
Longitude
Figure 15: IMD best track andeattime predicted track of cyclonéAAS by SAG
Lagrangian advection model for different initial tim23(MAY -00Z, 24 MAY -00Z, 24
MAY -06Z, 25MAY -00Z, 25 MAY -062).
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Table 13: Track Forecast Error (km) of SACagrangian Advectiortrack prediction
Model w.r.t IMD observed track positions

CST Initial

time OO UTC | OOUTC | 06UTC 00 UTC 06 UTC Mean
23 MAY | 24 MAY | 24MAY 25 MAY | 25 MAY Error

FCST Hour
6 54.74 74.23 109.47 10.06 44.04 58.51
12 97.64 155.93 132.56 30.35 100.58 103.41
24 123.93 208.98 199.75 18.72 72.78 124.83
36 153.78 126.62 177.13 79.83 51.79 117.83
48 117.46 60.00 66.29 126.00 126.41 99.23
72 65.61 226.12 113.13 134.95
926 52.95 52.95

Table 14: Landfall Prediction Error (kmpf SAC-Lagrangian advection track prediction
Modelfor TC YAAS.

Forecast Time/Date Landfall Time/Date/Location Landfall Error
Date Time Date Time Long | Lat Location Error| Time Error
(km) (Hrs)

23MAY | 00 UTC 26MAY 09 UTC | 87.27 | 21.54| 39.28 +5 hour
24MAY | 00 UTC 25MAY 21 UTC | 86.99 | 20.79| 62.40 -8 hour
24MAY | 06 UTC 25MAY 16 UTC | 8686 | 2123 | 16.27 -13hour
25MAY | 00 UTC 26MAY 08 UTC | 87.33 | 21.50| 42.73 +2 hour
25MAY | 06 UTC 26MAY 23UTC | 8684 | 2121 19.29 -6 hour

Cyclone landfall (IMD): Latitude: 235, Longitude86.95at04 UTC 26 MAY
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1.3.3 Cyclonelntensity Prediction
For cycloneintensity prediction numerical weather prediction model WRF and HWRF are
utilized. WRF model is regularly run at SAC, its output are analyzed toygkinerelated

parameters.

The HWRF model is a primitivequation, nofhydrostatic, coupled atmospheyesan model

with an atmospheric component that employs the-hgidrostatic Mesoscale Model (NMM)
dynamic core of the WRF model (WR¥MM), with a parent and two nest domains (Biswas

et al. 2018). The parent domain covers roughly®s 27.2 on a rotated l@ude/longitude E
staggered grid. The location of the parent domain is determined based on the initial position of
the storm provided by NHC/Joint Typhoon Warning Center (JTWC). The middle nest domain,
of about 17.8x 17.8, and the inner nest domain, afout 5.8 x 5.9, move along with the

storm using tweway interactive nesting. The stationary parent domain has a grid spacing of
0099 ( about 13.5 km) while the middle nest gri
inner nest gr i(aboutslp kn).iTieglynansc tie sds are 30, 10, and 3.33

s, respectively, for the parent, middle nest, and inner nest domains. Starting 2018, all the basins

have their model top at 10 hPa and 75 levels are used.

HWREF v4.0a includes a scadavare ArakawSchubert scheme for cumulus parameterization
and a FerrieAligo cloud microphysics package for explicit moist physics. The Global
Forecasting System (GFS) Eddifusivity Mass flux scheme is used for the planetary
boundary layer, along with the modiieseophysical Fluid Dynamics Laboratory (GFDL)
surface layer scheme. The Mor@bukhov scheme is used for surface flux calculations, which
employs an improved asea momentum flux parameterization in strong wind conditions. The
Noah land surface modelused to represent the land surface for calculating the surface fluxes
and the amount of upwelling radiation at the lower atmospheric model boundary. Radiation
effects are evaluated by the Rapid Radiative Transfer Model for General Circulation Models
(RRTMG) scheme, which includes diurnal variations and interactive effects of clouds. The
HWRF physics operational suite also includes parameterization of dissipative heating. The
time integration is performed with a forwabdckward scheme for fast waves, an ligip
scheme for vertically propagating sound waves, and the Adasisforth scheme for
horizontal advection and for the Coriolis force. In the vertical, the hybrid presigumea

coordinate is used.
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The NCEP Global Forecast System (GFS) analysis is wsgdrerate the initial conditions
(ICs) for the hurricane model parent domain in the operational configuration.

Numerical Experiments and Data Used

The HWRF4.0a model, used in the present study, is obtained from the NCEP website
www.dtcenter.orgThe model is installed and evaluated for its default configuration for NIO

tropical cyclones. The present study summarizes the results of TC BULBUL for three different
initial conditions i.e. 00 UTC 2, 24 and 25 MAY. The NCEP Global Forecast System (GFS)
analysis and forecasts (09350.25) have been used to provide the initial and lateral boundary
conditions. All the three experiments were performed in the uncoupled ocean mode and without

the dataassimilation module.

The intensity of simulated cyclone from different experiments is evaluated in terms of the
maximum sustained wind speed (MSW). The real time intensity prediction of cyclone for all
initial conditions Q0 UTC 2325 MAY ) was provided o the SCORPIO weportal (Fig. 16).

Intensity Forecast of TC YAAS by HWRF Model Intensity Forecast of TC YAAS by HWRF Model
Forecast Initial Time 2021-05-23-00 Z Forecast Initial Time 2021-05-24-00 Z

Intensity (knots)

P
L2
Intensity (knots)

A 1 . L . ! i i i i
23MAY00Z  23MAY12Z  24MAYO0Z  24MAY12Z  25MAYOOZ  25MAY12Z 24MAY00Z 24MAY12Z 25MAY00Z 25MAY12Z 26MAY00Z 26MAY12Z
Forecast hour Forecast hour

Intensity Forecast of TC YAAS by HWRF Model
Forecast Initial Time 2021-05-25-00 Z

119

Intensity (knots)

S
S

‘ Low

b . s .
25MAY00Z 25MAY12Z 26MAY00Z 26MAY12Z 27MAY00Z 27MAY12Z
Forecast hour

Figure 1.6: Real time forecast ofyclone intensity by HWRF model
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1.3.4 Error analysis of the intensity prediction by HWRF model

The model simulated intensity ofcloneYAAS for different initial conditions are presented
in Fig. 17 along withreaktime intensityestimates olMD. The errorin modetsimulated
intensity (MSW) with respect to theMD estimated MSW for all initial conditions are
presented in Fig. & The resul suggest that the modaVerestimated the intensity for all
forecast hour w.r.tinitial condition of 00 UTC 23 MAY. This may be due to the reason that
cyclone wasot formed on 23 Mayt wasin a depression stagibat may lead to less accurate
wind structure simulationsdowever, the forecasts initiated 60 UTC24 and 25 MAY are
relatively close to the observed intensity valuesNbip .

120
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Figure 1.7: Cyclone intensity simulated by HWRF model for different imigianditions with
IMD estimates.
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Figure 1.8: Cyclone intensity error by HWRF model w.r.t. JTWkserved intensitgstimates
for different initial conditions.
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14 Ship Avoidance Region Advisories

For vessels at sea, avoiding thek®wt wind field of atropical cyclone is paramount. Based
on operational HWRFmodel, 34knot wind radial distances the graphical inputs of ship
avoidance region were generated for cyclone and disseminated through SCORPIQserver.
reaktime generated ship avoidance regiomisory products arehown in Figl1.9.
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Figure 1.9: Ship avoidance region forecast advisories generated at 00, 06flZB25 MAY
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1.5 Analysis of INSAT-3D and INSAT-3DR observationsduring TC YAAS

| n d itwa inateorological geostationary satellites viz., INSAT3D and INSAT3DR provides
coverage over India and surrounding regions including the oceans. HRBRSDR are
meteorological satellite of ISRO, an exclusive next generation mission designed for enhanced
meteorological observations and monitoring of land and ocean surfaces for weather forecasting
and disaster warningNSAT-3D and INSAT3DR bothhavetwo meteorological payloads,

an Imager(with 6 channelsanda Sounder (witi 8 infraredchannels andasible channel for
daytime cloud detection). The Imager has capability of taking observations of fulideskth

from geostationary orbit in one visible channel (VIS, 80585 pum) and five infrared (IR)
channels: Shortwave infrared (SWIR, 258 um), Midwave infrared (MIR, 3.8..0 um),

Water Vapor absorption channel (WV, €3 um), andwo splitwindow thermal infrared
channels (TIR1,10-:21.2um and’lR2,11.5 t012.5 um). The observations from VIS and SWIR
channels are available at 1 km X groundresolution at nadir, whereas MIR, TIR1, and
TIR2 has resolution of Bm x 4km. The WV channel has coarser resolution &frBx 8km

at nadir. The subsatellite points of INSAT3D and INSAT3DR are at’® and 74 E,
respectivelyEnhanced resolution and ttiuspectral capability of INSABD/3DRimager and
sounder instruments provide unique opportunity to observe the development and intensification
of tropical cyclones. One of the essential ingredients to the intensification of tropical cyclones
is vigorousconvection with associated latemat release through condensation processes.
Identifying and quantifying active convection in geostationary satellite images can be
potentially useful to the prediction of cyclone intensificatibhe mverage of cyclone XAS

by TIR-1 and visible channels of INSA3D satellite on 06 UTC 2MAY -2021are shown in

the Fig.1.10

Figure 1.10 Coverage of cyclon‘éAAS byTIR -1 anadvisible channels of INSATD satellite
on06 UTC 25MAY -2021
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1.5.1Cyclone structure observations using INSAT3D satellite data

Cyclone structural parameters are estimated using INSAT3D observations from different
channelsCyclone centric products from INSA3D imager channels are genertaed to visulaize
cyclonestructure viz., its centetemperature of eye and its environmdtadius of Maximum
Winds (Rnax) is one of the most critical parameters that determine the tropical cyclone wind
structure. This information is often required to assess the area of damage after the landfall of
cyclone.The radius of maximum winds is normally very small (~ 30 km) compared to the size
of cyclone, but can vary in a large range under specific circumstances. In infrared satellite
images, the central region of cyclone is mostly obscured by high level dougs¢hat cause
difficulty in precise identification of Rax High resolution observations from Visible and
SWIR channels provide unique opportunity to identify the cloud structure near the center of
cyclone A procedure has been developed to produceoogctentric products from each half
hourly image of INSAT3D satellite. These images are very useful to study the structural

changes in the core of tropical cyclone. A sample product generat&@BoTC 25 MAY ,

2021 have been presented in thig. 1.11.
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Figure 1.11: Cyclone Centric product generdtasing INSAF3D imager channel. e nine
panels show§a) TIR1 BT, (b) TIR2 BT, (c) WV BT, (dMIR BT, (e) Vis Albedo, (f) SWIR
radiances, (g) TIR1 BT Contours, (h) TIR1 BD enhanced, and (i) TIR1 BT NHC enhanced
images
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1.5.2 Cyclone Gealocation

TC YAAS was continuously observed by the half hourly acquisition of INSBTsatellite. In

half hourly TIR imageries of INSAT 3D satellite the center location of cyclone was estimat

by center determination algorithm developed at SAC. The results were disseminated through
SCORPIO wekserver. One of the sample products generated in théimeahas been shown

in the Fig.1.12
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Figure 1.12 Cyclone center estimation using INSAD TIR1 data. The four panels shay
INSAT-3D TIR1 raw image, (b) TIR1 BT contours, (c) BT calibrated image, and (d) cloud
height (km).
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1.5.3 Cyclonelntensity estimation usingADT with INSAT-3D data

Advanced Dvorak Technique (ADT) was originaliieveloped within the Man computer
Interactive Data Access System (McIDAS) architecture. The algorithm utilizes McIDAS
library functions and routines to ingest infrared satellite data, display textual and graphical
results, read various input data filesdamrite various output files. The ADT version 8.2.1,
software package has been obtaiiiMMed DASOmMmMOIdMS
(Jaiswal et al., 2021Yhe modules to ingest INSA3ID satellite data in the software (version
8.2.1) are developeat Space applications Center (SA@Gmedabad, ISRO). The ADT was

run in offline mode to estimate intensity values of TC YAAS using INSAT3D satellite data
(SAC_ADT). ADT is run operationally for all global cyclones usingmalfirly images of geo
stationarysatellite images by CIMSS and provided at their web page in the near real time.
SAC_ADT values were compared with the operational values of intensity obtained from the
ADT run at CIMSS (CIMSS_ADT) and theaktime intensityvalues provided by IMOFig.

1.13). The error analysis were performed and the results shows that intensity of cyclones using
INSAT-3D data by ADT are comparable to CIMSS_ADT and the best track estimates.
However, there is an underestimation during 12 UTC 24 MAY to 06 UTC 25 MAY. Tdde pe
intensity of cyclone YAAS as observed by IMD5(Knots) wasestimated as 70 knotsy
SAC_ADT between 18 UTC 25 MAY to 00 UTC 26 MAY.
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Figure 1.13 Intensity estimated by ADT using INSAT3D satellite data (SAC_ADT), CIMSS
operationaADT (CIMSS_ADT)products and redlmeobservedraluesof IMD (IMD) during
life time of TC YAAS.
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1.6 Tropical cyclone YAAS observed by INSAT-3DR Rapid Scan Data

The rapid scan images from geostationary satellites have been proven to be useful tools in
weather applicatian like the derivation of atmospheric motiainds, analysis of wildfires,
convective initiation nowcasting, and identification of overshooting convective cloud tops.
These imageare useful fomonitoringtheconvectve features of storms that evolweshorter

time scales.e. less thard5 or 30-minutes(Dworak et al. 2012; Cintineo et al. 2013gveral

unique signatures have been identified witkatellite imagery of severe convective storm tops
whichinclude rapid cloudop cooling (Cintineo et aR013), overshootingops (Dworak et al.

2012), abovanvil cirrus plumes (Levizzarand Setvdk 1996), the cbling (Setvék et al.

2010) etc.

Thelndian geostationary satellitBlISAT3DR is being operated in rapid scan operation mode
during high impact weather activities like TCs to capture the images in evaigudes

interval. These satellite observations may be helpful in observing the rapidly changing features
over TCs and tihis determining its movement, structure and inten$ity.e at mospher i c

winds generated wusing rapid scan i mages dur
providing very good quality winds infdrmatio
wind data availability and by captuvedgtat ne

depicted bn nrud wreDusmgdna @y severe TC YAAS, in the Bay of Bengal
during 2426 May 2021, the INSAT3DR satellite was operated in rapid stage. This TC

was developed near the North Bay region and made landfall at the Odisha coast after achieving
severe tropical cyclone category. The visual animation ofl,TWRV, visible and differenced

A T | -WYX dmageries over TC were also extensively asadito observe the deep convective
cloudtop movement, out flow characteristics and other structural fealuregattern of large

scale circulation arouncycloneis also analysed by using atmospheric motion winds in rapid

scan mode

The differenced BTIR-WV) values of two channels during the entire life of cyclone was
computed andnalyzedFig. 1.14) These images well represents the asymmetric clouds within
eyewall and inner core region of TC. The presence of over shooting clouds at some locations
is found rapidly changing as it alters in the next 4 minute imageries. The deep overshooting
clouds (blue in colour, with differenced BF2PC) were observed in the southern part of the
eyewall whereas the low clouds (red in colour, with differenced BB ¢n8°C) were present

in the norther part. The extent of differenced BT was found to be changing in every 4 minute

images.
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Figure 1.14 Asymmetric clouds within inner core region of TC YAAS during its peak
intesnity stage 1802858 UTC 25Viay 2021.

The INSAT3D rapid aquision images shows the rapidly changing pattern within inner core

region of cyclone.
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1.7 SMAP satellite observation over TC YAAS

Soil Moisture Active Passive (SMAP) is a United States environmental research satellite
launchel on 31 January 2015. The SMAP observatory includes a dedicated spacecraft and
instrument suite in a neg@olar, Sursynchronous orbit. The SMAP measurement system
consists of a radiometer (passive) instrument and a synthetic aperture radar (active@mstru
operating with multiple polarizations in thedand range. The combined active and passive
measurement approach takes advantage of the spatial resolution of the radar and the sensing
accuracy of the radiometer. The observations from L band radiomsterg in low frequency

are uncontaminated by rain.

SMAP provides two wind speed products e.g. (i) Neaal Time (NRT) wind speed and (i)
Final wind speed product. The NRT wind processing uses ancillary fields ofrslatetecy

but lower quality. A ihal wind Speed version, reprocessed with-mdnth delay, which uses
higher quality ancillary data. Additionally, SMAP also provide Tropical Cyclones (TC) ASCII
files with SMAP 10min maximumsustained winds (in kn) and wind radii (in nm) for the 34

kn (17m/s), 50 kn (25 m/s), and 64 kn (33 m/s) winds for each SMAP pass over a TC in all
tropical ocean basins. The wind speed from NRT product of SMAP over TC YAAS has been
shown in the Fig. 18 There was only one pass of SMAP over the TC YAAS 01 UTC 24MAY.
The maximum intensity observed by SMAP was 25.82 m/s (50 kfAdte)high asymmetric

winds were observed over southern region of cyclone.

30

SMAP Wind Speed: 20210524 : 0:1 Z

o
75 E 80 E 85 E 90 E 95°E 100 E

Figure 1.15: Wind speedver TCYAAS (01 UTC24 MAY 2021) observed by SMAP
satellite (NRT product)

Tropical cyclone YAAS -24-



Prediction and Monitoring of Cyclone

1.8

ForecastDissemination through web portal SCORPIO/MOSDAC

Satellite based cycloneébservation and redaime prediction over Indian ocean (SCORPIO)

(https://mosdac.gov.in/scorpias a web based application designed tovigte WebGIS

available on the MOSDAC portahttps://mosdac.gov.)n It works as a decision support

system to support the disaster management systentyElone YAAS, the scorpio website

was updated in the reaime with following information:

T

= =2 4 A4 -4 A -

1
The webpage of scorpio wadmrtal during cyclone YAAS has been shown in the Fig. 1.16.

Cyclone trackprediction

Cyclone intensity prediction

Ship avoidance region due to cyclonic winds

Cyclone center estimation product using INSAT 3D data

Cyclone centric imges genetrated using INSAT3D imager channels

ADCIRC based Storm surge forecast as animatef Gif

Coastal Inuncdataion as jpeg image

Coastal Inundation as GIS layer along with other thematic layers to aid the Decision
Support system

Tropical Cyclone Heat Patéial anomaly as GIS layer along with other thematic layers
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19 Coverage of cycloe YAAS by media

Due to the advancement ayclone prediction models the alerts were timely generated for
cycloneYAAS and government took the preventive meas@gslonetrack and intensityntil

the landfall was continuously broadcasted via media channels, which made the wide publicity
and awareness among the people. The personal interviews and live press conferences from
IMD for the updates of cyclon€AAS was telecasted during the whole daycgslone was
approaching the coast of Odisha. The timely information saved the human loss and result the
better preparedness to overcome the-pgsione impacts. The media reports were providing

the updates based on the foreign weather agencies as wilé &sdia Meteorological

Department

1.10 Conclusions

The real time predictions of cyclogenesis, track and intensity of cydf@d#S have been
discussed in this report. The real time generdtgdcastswere disseminated through
SCORPIO wefportal linkedwith MOSDAC site wyww.mosdac.gov.in

The Cyclogenesisignatureof TC YAAS was detected earliest @0" May by GFS based
Genesis Potential paramet&he track and intensity prediction of cyclone based on dynamical
and numerical models viz. SACagrangian Advection Model and Hurricane Weather
Research Forecast (HWRF) model, were provided continuougstyditnemade landfall. The

real time forecastsvere compared to theeattime observedestimates obtained from India
Meteorological Department and Joint typhoon Warning Centre (JTWC). The error analysis for
all the forecasts have been performed and presented in the report. The landfall position and
time forecast error in 24 hour was abt@tkm and6 hour (early), respectively. The INSAT

3D visible and infrared data weaealyzedo retrievecyclonestructural parameter vizenter
INSAT3D TIR-1 data was used in ADT to estimatecloneintensity. INSAT3DR TIR-1 and

water vapor images were processed to generate the differenced imagei (WNR to study

the rapid changes in the inner core of T@e surface wind speed of SMAP satellite was also
analyzed to studgyclonewind asymmetry Ourplansconsst of utilizing multisatellite mult

sensor approach to retrieve key parameters of tropical cyclone e.g. accurate location, surface
wind structure, asymmetry, and sizeaytlone and develop methodology to assimilate this
information in NWP models for iproving the prediction of cyclone track and intensity. It is

also planned to utilize key satellite observations of atmospheric and oceanic parameters to
improve the accuracy of the prediction of location and intensity of cyclone at the time of its

landfall.
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2.1 Introduction

India has an extensiwmastlinethereforea significant portion of its sustainatdevelopment
depends on the ocean conditions. The subcontinent is surrounded by Quéian and is
vulnerable to devastations fromopical storms and cyclones. The ruinaugpact of tropical
cyclones (TC) is much more pronounced in the east coast of &sd@mmpared to the west
coast.The Bay of Bengal BoB) is an enclosed ocean basin, and is a pateforth Indian
Ocean. Theidtribution of tropical storms/cyclones in BoB is bimodal. Peak cyclonic activity

is noticed during thpost monsoon months of September to December and the secondary peak
is during premonsoon months from April to June. For BoB, seasonal aneséatsanal
variability in both ocean and atmosphere plays key role in genesis, intensification and
movement otropical cyclones. In this report, we present a detaidseéarch and operational
activity carried out aSAC (ISRO), on the prenonsoon cyclone YAAS, whicevolved over

Bay of Bengal on 23May 2021.

2.2 Cyclone induced Sea Surface cooling and density changes in the ocean
Daily Sea Surface Temperature (SST) data from the INS®I which is based on 30 min
SST observations, and GHRSST have been usedidasttidy.Indian satellites for metcean
applications, INSAT3D and INSAT3DR (both are in geostationary orbit) having alsand
imager paired with a 2Band sounder. SST is derived with a spatial resolution of 4 km from
split thermal window channels (I8 11.3rm and 11.5 12.5mm) during daytime and using
additional midIR window channel (3.7 4.1mm) during night time over cloufiee oceanic

regions(Gangwar and Thapliyal, 202W/altonet al., 1998 Both the satellites provide images

at every 36minute intersatellite temporal difference of around 15 minutes. So effectively, we
get an SST image at high temporal resolution (every 15 minutes) that has a definite advantage
(Agarwal et al., 201Pover polarorbiting sensors, which only provide observations in a

specific region two times a day. In this study, thermal fronts are computed using the daily
averaged image of SST from INSAD. The SST data sets were downlkeddrom MOSDAC
(Meteorological and Oceanographic Satellite Data Archival Cemifygs://mosdac.gov.ij/

The Group for HigkResolution Sea Surface Temperature (GHRSST) data merges SST
observations from all kinds @vailable sources. It is a merged SST produbich includes

SST from all the available microwave amdrared sensors. The Levd (L4) product is
generated using various objective analysis techniques to produfeg&ST maps over the

global oceans.The SST product used in this study is generated by Jet Propulsion Laboratory
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(JPL) using an optimum interpolation approach on a global 0d¥idi(Reynolds et al., 2007

This is version 4 multiscale ultrahigh resolution (MUR) product that has inputs from all
possible sources of SST such as NASA Advanced Microwave Scanning Radi&@Ser
(AMSRE), the Moderate Resolution Imaging Spectroradiometer (MODIS) on the NASA Aqua
and Terra platforms, the US Navy microwave WindSat radiometer and in situ SST observations
from the NOAA iQuam project. GHRSST SST Products blended from multiple satellites or
multiple passes of satellites. The data downloaded fromttps(//podaac
tools.jpl.nasa.gov/drive/files/allData/ghrsst/data/GDS2/L4/GLOB/JPL/IMUR)v4The sea
surface salinity (SSS) datasets are available at NASA Physical Oceanography Distributed

Active Archive Center (PO.DAAC) (http://podaac.jpl.nasa.goie eightday averaged
SMAP L3 product having spatial resolution of 0.250 x 0.250 have been used for this study.
The eightday product is created by averaging eight days of L2 data.
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INSAT 3D GHRSST

~

26/05/2021

Ly G S : |
N i = q' R »“' ¥ i‘,—.‘:& . L\ ¢ ¢ ’: L ‘' ) ¥ 27
80°E 90°E 100°E 80°E 90°E 100°K

Figure 2.1a: The SST data from INSAT and GHRSST before, during and éé&tasCyclone.
The circles are indicating the path\dascyclone and red circle is pointiraycloneposition.

Tropical cyclone YAAS -32-



Research and Operational activities from ocean perspective
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Figure 2.1b: TCHP anomaly (kJ/cf) over BoB as observed on"May 2021 using Modular
Ocean Model (MOM3)

The spatial plot of the INSAT SST and GHRSST before, during and after Yaas is shown in
Fig. 2.1a Fig. 2.1bshows the tropical cyclone heat potential (TCHiApmalycalculated using

the temperature and salinity profile simulated frdata assimilativenoddar ocean model
(MOM3) operational inhouse athe Space Applications Centre. On May 20, the ocean was
very warm having a high temperature >%0 in the central BoBCorrespondingly, TCHP
anomaly as seen from model simulations were high positivé8@4kl/cm”2), making the
oceanic conditions conducive for cyclogenesisleep depression was formed atNG90.5E

on 239 May. Later, the system further intensified as it turned to the northeast, becoming a
sevee cyclonic storm on May 2&.aas moveahortheast ward, strengthening to a Categery 1
equivalentropical cyclone and to a very severe cyclonic storm on May 25. On May 26, Yaas
crossed the northern Odisha coast and further weakened inland while turning north

northwestwards.
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The INSAT SST data Isabeen analysed for May 2021 to understand thecymenic
conditions and thelovmoller plot of SST anomaly is shown in F&R. Fig.2.2 shows a high
temperature anomaly (+1°2) just before the formation of/clone(on 21 and 22 May 2021).

The SST dta from INSAT is missing at 885°N during 23-25 May due to the cloud cover.

SST reduced rapidly after the passage of cyclone and the cool SST prevailed until the end of
May 2021.

100

Longitude

1 1 1 1 1 1 1 1 1 1 1 1 1 1 ,25
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31

Figure 2.2: The SST Anomaly during MM3212)3212021 that showing a Hginperature anomaly
(+1.2°C) prior to the formation of Yaas. The magenta arrow is showing the duratigolofie

Yaas.

The time seriesf INSAT SST data from 1%; 86°E for April i May monthsfor 2019, 2020

and 2021s shown in Fig2.3. Interestingly, Fai, Amphan and Yaas cyclones were formed in

the same season of 2019, 2020 and 2021, respectively. Fani originated as a tropical depression
on April 26, 2019, and dissipated on May 4, 2019. The temperature was ad@uti@fing

April and decreased rapid{ipy 3 °C) after Fani Cyclone. In 2020, cyclone Amphan originated

as a tropical depression on May 16 and dissipated on May 21, 2020. The temperature was about
30°C on May 15 and declined afteyclone For Yaas,The SST has drastically reduced by
about2.25°C after the pass afyclone
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Figure 2.3: The SST data during April and May from 262921 from 18N; 86°E. The arrows
areindicating the duration ofyclones Fani, Amphan and Yaas from 2019, 2020 and 2021,
respectively.

Fig. 2.4 shows thesnapshot of daily averaged SSTd&y averaged SSS and estimated density

for 20" May 2021 and 28 May 2021, i.e. prior to cyclone. Large scale, low salinity features

(< 32 psu) in the central Bay of Bengal can be clearly seen in the sea surfaceiselggtyor

20" May 2021. This low salinity results in strong surface stratification, which results in surface
heating due to high solar insolation. This can be clearly seen in the SST image in the central
Bay of Bengal, where large scale warming (*G3Zan be seen consistent with the low salinity
region. Hence, it can be seen that the ocean surface conditions were conducive for the formation
and sustainability of cyclone in the region. The seas surface density is also low as compared to

the surroundingsiithe region.

After the passage of cyclone, surface becomes cool and saline due to Ekman pumping
associated with high cyclonic winds. There is a drastic change in the physical properties after
the passage of cyclone, which can be seen in the SST, SS8raity difference maps post

and pre cyclone. There is a temperature drop GC~f®m 20" to 28" May, while the salinity
increases by ~ 1psu, due to which the density increases by ~ 3.Kg/m

Density changes are associated with both salinity and terapeciianges, surface cooling and
salinification can increase the density, however, which physical parameter (SST or SSS)

contributed more to changes in density is not known.

Density changes were computed in two ways, one by keeping fixed SST and dmpther,
keeping fixed SSS (both corresponding td"2@ay) in order to assess the individual
contribution of SST and SSS in density change and the results are sheggnart and 2.5,

respectivelylt can be clearly seen that density changes & b@sultednainly due to cooling
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of SST, while the salinity changes resultednly marginal change (~ 15%)the total density

changes.
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Figure 2. 4 Maps of (upper panel) Surface temperat@,((middle panel) salinity (psu) and
(lower panel) density (Kg/@during (a,d,g) preyclone (20/05/2021) and (b,e,h) postlone
(28/05/2021). The differences (pdspre cyclone) are in ¢, f and i, respectively
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Figure 2.5: Density using temperature and constant salinity from 20/05/20@)1af@d salinity
and constant temperature from 20/05/202%) (dre (20/05/2021), and post (28/05/2021)
cyclone Yaas and the difference, respectively.
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2.3 Operational Activities

Accurate pediction of Ocean state has paramount importance for different applications such
as naval operations, ship routing, tourism, fisheries, port and harbour construction, offshore
industries, disaster management etc. This becomes more relevant when theraroegtreme
weather event like a tropical cyclone. Storm surge induced coastal inundation maybe
considered the worst disaster caused by a cyclone. Here at SAC, storm surge forecast is being
generated whenever there is a tropical cyclone occurs in thé Naltan Ocean region.
Recently, an early warning system for coastal inundation forecast due to tropical cyclone along
the east coast of India has also been established (Mandal et al., 2020). In addition, forecasting
of extreme waves induced by strong oyt winds is also very important for different
applications. A very high resolution data assimilative wave forecasting system is operational
at SAC since 0lst June 2018 (Seemanth and Suchandra, 2018). Routine wave forecasts
generated from this systeane operationally disseminated to different stake holders through
MOSDAC. Storm surge and inundation forecasts are also disseminated through MOSDAC,
whenever there is a tropical cyclone. Moreover;din3ensional ocean circulation model is

also operational &@AC which provides six hourly forecasts of ocean state parameters for next
120 hours at a horizontal resolution of 0.1° in the North Indian Ocean region. Operational
activities carried out at Oceanic Sciences

discussed in the following sections.

2.3.1. Storm surge forecast for YAAS cyclone

The storm surge forecast was generated using state of the art coupled ADCIRC+SWAN model.
The ADCIRC model discretizes the shallevater equations using finite element method
defined on unstructured meshes (Luettich and Westrink 2004). The shelaw equations

are derived from the incompressible Nav&tokes equations while assuming hydrostatic
pressure and solve for surface water elevation and surface water curren&ccuhete
description of coastal geometry is much needed for storm surge forecasts. For this,ETOPO
global relief model data was used to prepare the mesh for storm surge simulations. The mesh
has 11023 no of computational nodes. The spatial resolutesriare is 1km and 60km in the

open ocean. ADCIRC model is primarily forced by tides, winds and-wenes; during a
cyclone, wind stresses are the dominant forcing. Coupling of the ADCIRC model with a wind
wave model for capturing wavaduced setup hasbn established (Dietrich et al. 2011). The
code has been parallelized for distributed memory and multicore computers and has been

demonstrated to achieve excellent scalability on these platforms (Dietrich et al. 2011).
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In SAC, we have used NCMRWF 0.253atial resolution winds as primary forcing. The
ADCIRC+SWAN model was run for 10 days to accomplish model spin up. After that storm
surge forecast was generated using NCMRWF 0.25° forecast wind fields. The model was run
on SAC HPC facility using 288 coreich takes about 30 minutes to complete.

After IMD declared cyclogenesis in the Arabian sea on 23 May 2021, storm surge forecasts
were generated. The forecast files were generated from 23 May 2021 till 25 May 2021 and
updated daily. The NCMRWEF forecasings for 23 May 2021 was indicating landfall of
cyclone YAAS on 26 May 2021 09UTC. During landfall the peak surge height forecast was
around 3.5m near Digha region. The forecast wind from NCMRWF model on 24 May 2021
was indicating landfall again on 26 M@QUTC. Peak storm surge forecast for 24 May 2021
was about 3.5 m during Digha and Sagar Island areas. The storm surge forecast for 25 May
2021 is shown in Fig2.6a. From Fig2.6a, it is observed that the peak surge height was around
4m during landfalland about 38m just after landfall near Contai and Sagar Island region.
Surge residual is the difference between model storm tide and model predict€éideirge residual
validation is carried out at Dhamra port (86.95°E, 20.78°N) using tide gahggrvation
provided by INCOIS Fig. 24b). The correlation coefficient between the forecasted surge

residual and observed surge residual is 0.9.
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Figure 2.6a: Storm surge forecast starting from 25 May 2021 00UTC
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Surge Residual Validation at Dhamra Port
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Figure 2.6b: The surge residual compson with tide gauge observation provided by Dhamra
port (86.95°E, 20.78°N)

The NCMRWEF forecast winds from 23 May 2021 consistently showed landfall near West
BengatOdisha border which lead to the fact peak value of storm surge came around Contai
location in most of the forecasts. In the Fig. 6b, we have subtracted tide anoréhigisfstorm

surge level without tide. These forecasts were disseminated via MOSDAC.

2.3.2 Coastal inundation forecast

Coastal inundation occurs as a result of high storm tide during the landfall of a cyclone when
the seawater enters in the ldying areas near coastline. For effective coastal inundation
forecast, coastal geometry must be well represented along with creeksetieeislands etc.

It must be also noted that for coastal inundation forecast a very high resolution mesh (near
coast) is mah needed so that the low lying areas are properly sp@tastal inundation
forecast was generated in coupled ADCIRC+SWAN model using 100m fine resolution (near
coast) mesh. The total water elevation as a combined effect of storm surge, wind waves and
tides are simulated using NCMRWF 0.25° resolution forecast winds as primary forcing. This

methodology was already verified for several past cyclones (Mandal et. al. 2019).
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Coastal inundation forecast generated using coupled ADCIRC+SWAN model. Maximum storm tide is around 4m near Contai, 3.5m near
Haldia and 4.2m near Sundarban area. Maximum inland coastal inundation extent is around 3.6km near Sutahata (Haldia), 0.5km near
Lothian island and several other locations in Sundarban area. Expected landfall : (Longitude - 86.96, Latitude - 21.18) on 25 May 16 UTC
*Experimental

Figure 2.7: Coastal inundation forecast for 23 May 2021

The coastal inundation fflecast for 23 May 2021 is shown in F&jZ. From Fig2.7, it is seen

that maximum storm tide was around 4m near Contai, 3.5m near Haldia and 4.2m near
Sundarban area. Inundation was also forecasted in many low lying areas. Out of which
maximum inundatin was observed for three locations; 3.6km near Sutahata (Haldia), 0.5km

near lothian Island and several other locations in Sundarban area.
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Coastal inundation forecast generated using coupled ADCIRC+SWAN model. Maximum storm tide is around 4.2m near Contai,
3.5m near Haldia and 3.8m near Sundarban area. Maximum inland coastal inundation extent is around 3.8km near Sutahata (Haldia),
4.5km near Kumbhirgari, 1km near Bakkhali, 2.5km near and several other locations in Sundarban area. Expected landfall :
(Longitude-87.33°E, Latitude: 21.50°N, Time: 26 May 08UTC)

*Experimental

Figure 2.8: Coastal inundation forecast for 24 May 2021

Coastal inundation forecast for 24 May 2021 is shown inZ8g.From Fig2.8, it is observed

that maximum storm tide is around 4.5m near Contai and Sagar Islands, 3.5m near Haldia and
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3.8m near sundarban areas. Maximum inland extent of coastal inumdatiound 3.8km near
Sutahata (Haldia), 4.5km near Kumbhigari, 1km near Bakkhali, and around 2.5km near several

places in Sundarban area.The coastal inundation forecasts were dissiminated via MOSDAC.
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Figure 2.9: Coastal inundation over interactive {tam hosted on MOSDAC

Another coastal inundation product, prepared in GEOTIFF format was aslo dissiminated via
MOSDAC, where wuser can zoom on a fAstreet m:
inundation as shown in Fig.9. This product is available dim.mosdac.gov.in/scorpiol/.

The summary of maximum storm tide, significant wave height and horizontal extent of coastal
inundation are shown in Tabkel.

Table 2.1. Summary of Storm tide height, significant wave height and horizontal extent of
coastal imndation forecasts

Forecast | Expected| Storm tide height during| Significant Wave height Horizontal extent of coastal
date Landfall landfall (in m) near during landfall (im m) inundation during landfall (in km)
time near near
Digha | Contai | Sagar | Digha | Contai | Sagar | Sutahata| Kumbhigari | Sundarban
(in UTC) Island Island | (Haldia) (Orisha) areas
23/05/2021| 26 May | 3.5 3.8 3.8 1.8 2.8 1.8 3.6 0.5 051
09z
24/05/2021| 26 May | 3.5 4.0 4.0 2 25 2.0 3.8 45 25
09z
25/05/2021| 26 May | 3.5 4.0 4.0 2 25 2.0 3.8 45 25
08z

233Extreme wave prediction during OYAASO
SAC operational wave forecasting system is based on WAVEWATCH Il (WW3) model. It
uses 10m analysis and forecast wind components obtained from the National Centre for
Medium Range Weather Forecasting (WRWF) as the forcing field. The operational wave
model runs one time in a day at the 0000 UTC model cycle and start with a 24 hour hindcast
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for t he previous day (using previous dayods
predictability of the model, SARL/AItiKa, Jason3 and Sentinel measured wave heights are

being assimilated into this 2& hindcast cycle. Updated model initial condition at th& 24

hour of previous day (0000 UT of current day) is used for initialising the next 5 days (120
hours) forecat. Model forecasted wave parameters such as significant wave height (SWH),
mean wave direction, swell height, swell direction and mean wave period are disseminated
through LIVE MOSDAC  (https://live.mosdac.gov.in/y and OCEAN EYE
(https://mosdac.gov.in/sgi/ For detailed description of the wave forecasting system, see
Seemanth and Suchandra (2018).

WW3 simul ated analysis fields of SWH during
is shown in Fig2.10. As per IMD records, the deep depression east central Bay of Bengal
intensified into cycl on i bdays202a.r During thia pesiodl, a t 0
maximum wave height simulated was ~5.5m (2d.0a). By 21 UTC on the same day, it

further intensified into a severe cyclonic storm. SWiirtuthis period (00 UTC of 25May

2021) is also increased to ~8.5m in the northern Bay of BengalR(Ei@. b ) . 6 Yaasd t he
north-northwestwards and continued to intensify into a very severe cyclonic storm by 12 UTC

of 25" May 2021. SWH up to ~91is noticed in the northern bay during this time (Eit0c).

By 18 UTC on that day, OYaasb6 showed its ma
surface wind speed of ~13610 kmph (as per IMD record). Northern Bay of Bengal became

very rough during this eriod with a wave height of ~9.2m (not shown). BYWOBC of 26"

May 2021, 0 Y a anerthwesiwands ahd anossed rtorth Odisha coast around
Latitude 21.35°N and Longitude 86.95°E, about 20 km to the south of Balasore as a very severe
cyclonic stormThe maximum wave height during this time was ~5.5m in the northern part of

Bay of Bengal and it generated waves of heigh2-8n along the Odisha coast (Fx10d).

Fig. 2.11 shows the timseries evolution of model simulated SWH at different coastal
locations along the east <coast of I ndia durir
landfall location, the wave height was <0.8m till"2¥lay 2021. Then the SWH gradually
increased up to ~2m duringM&TC of 25" May 2021, i.e. 12 durs before th landfall of

cyclone. It then reduced to ~0.7m by"™®8lay 2021. A the Digha coast (north afyclone

landfall region), maximum SWH of ~1.8m is siratéd during the landfall afyclone. Along

the southern coast of Sagar island, the sea was more rough makimum SWH of 2.7m

during the landfall otyclone. During nostyclonic period, wave height over this region was

<1.3m. Southern part of Sundarban region experienced higher waves ffdvag£2021 and
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it reached up to ~4m, 12 hours before the landfteihen gradually reduced to ~1.3m by™29
May 2021.

Figure 2.10: WW3 simulated analysis fields of SWH (m) and forcing wind vectors during
Yaas. The red cross mark indicates the location of wave rider buoy at Visakhapatnam.

Figure 2.11: Time-seriesevolution of model analysis SWH at different coastal locations along
the east coast of India during Yaas.
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