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Summary

On May 14 2021 an ExtremelySevere Cyclonic StorfESCY TAUKTAE developed
over theArabian Seandhit the Saurashtr@oastnear Diuwith maximumsustained wind
speed (MSWpf 90kts onMay 17, 2Q21. Cyclone wagontinuouslymonitored in the real
time and forecastwere generated usimgcombination ofatelliteobservationsstatistcal
and dynamical models at Space Applications Ce(B#®C/ISRO), Ahmedabad. Pest
landfall effects of cyclone on coastal zone egwburces, agricultural crogsrest regions,
inland water inundation, and ocean primary productiwigre analysed using -gitu
observations, satellite data and numerical models. The oblesatellite data in
understanding different processes related to cyclone hasbbeeght out in this report.
Accuratepredictions of cyclogenesis, intensification daxdfall as well as the prediction
of ocean state helped in saving many lives, duappropriate measures by disaster

management authorities.

The genesis potential parameter (GPP) using NGHS data showekthe signatures of
tropical cyclogenesis iArabian Sean 9" May. 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 Advedion Model and
Hurricane Weather Research Forecast (HWRF) model. Thesemegbredictions were
validated using observations from India Meteorolodixgbartment. Th24 hour leadime
prediction error in landfall position andiime was about3l km and 1 hour @delay),
respectively. Apart from this, cyclone structypakameters and rapid changes in the inner
core of TCwere estimated using INSABD data.The surface wind speed derived from

SMAP satellite was also analyzed to stugglonewind asymmetry.

In this study, satellite observations are explored to analyse the conducive ocean condition
before formation of the cyclone primarily from thei agea interaction perspective. Impact

of the storm during and after passage of the cyclone is also obsermedsasellite
measures and numerical models. Warming was observed in AS prior to the event, due to
phenomenal freshening near the Kerala and Karnataka coasts. The warm SST anomalies

along west coast of India along with aaticlonic eddies as observed inedbte based sea
\



level anomaly measurements indicated higher oceanic heat content. Surface cooling (~
1°C) and enhancement in surface salinity (~1015psu) was observed after passage of the

due to upwelling by Ekman pumping.

Precipitation duringyclonewas wellcaptured by FE rainfall algorithm based on INSAT

3D satellite measurementbropical cyclone TC) rain structure was captured well from
genesis to dissipatiorl-E recorded rain structure of cyclone very well and discriminated
the warm eye fnm destructive eye wall regias well The rain estimated from-H shows
good agreement with IMD surface observations and GMERG satellite products with

R value of 0.5 and 0.5%espectivelyResults infer the reliability and usefulness oEH
rain prodicts from INSAT3D/3DR in monitoring TC Tauktae rain over ocean and coastal

regions as well

In this report various hydrologicabspects are also analyzed with the help of remote
sensing dataset with the aim of potenidigntification of most vulnerablareas for flood.
Thecyclone inducedlood inundation probabilityvas derivedy making use of Hhouse
developed SACHYDRO hydrological modelSurface mundation after Cyclone
TAUKTAE in theWestCoast of Indiavas mapped usingentinell, C band SARlataat

a 10 mresolution.AMSR2 36GHz MPDI based flood index map®re generated for
CycloneTauktaeduring 18-19 May 2021 Sentinel2 multispectral datasetere analysed

to understanthe changes in the turbiditdue to cyclone.

Remote sensing based datalgsia was carried out to study the upwelling and impact of
cyclone on Ocean biological productivity 8aurashtraoast using OCM data. It was
observed thatpwelling velocityduring cyclonel auktaevas~5m/dayanddropped tdess
than 1 m/day in the @b landfall weekSST data analysis showeddcrease of up -3 °C.

A localizedpatch of enhanced chlorophyll concentration was observedoastal regions

of Gujarat and northerlaharashtran daily OCM-2 imagery Thermocline displacement

of up to D m was observed along cyclone track.

Thedamagedo agriculturaland horticulturecropsdue tocycloneTauktaewas assessed

the coastal regions @ujaratusingmicrowave and optical sensatataby four anomaly
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indices i.e. mean NDVI anomaly, NDVI diffence, Standard Score and Vegetation
Condition Index (VCI) During a catastrophic event like cyclone, this kind of analysis
provide avery useful quicker damage assessment and contingency planning subject to
frequent (13 days) availability and chne acceasibility of AnalysisReadyData (ARD)

in optical bands and SAR from very high resolutiorb(i) satellites

To assess the damage in forest region due to Tauktae cyclone in Gir protected area
detaled study has been carried out usmigrowave and optad sensor datand presented

in this report It was found that Tauktae cyclomdfected 30% (445q. km) of the Gir
protected area with moderate to severe impacts.
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Predictionand Monitoringof Cyclone

1.1 Introduction

Tropical cyclones (T€) are one of the most violent weather manifestationsiticaide
number of different hazards like storm gey flooding, extreme winds, torrential rains,
thunderstorms, and lightening aoduse devastation along the coastal regigash year
tremendous economy losses and deaths are caused Dggfieroughout the world. To
overcome/reduce such losses, theueate prediction of TC formation, is required so that
precautionary measures can be taken. TC formation involves interaction between synoptic
scale as well as the mesoscale procéls.North Indian OceanNIO) is a potentially
energetic region for the delopment of TCs. Prediction of the development of any cyclon
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 #t@éak and
disseminated througa web based applicatidibatellite based cyclonebservation and

reatt i me prediction over Hitpsdroadac.gantsepid,0 ( SCOR

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

performed duringhe formation off C Tauktae and discussed in the present report.

1.1.1 Brief overview of TC TAUKTAE

Tropical cycloneTauktaewasthefirst tropical cyclone of the year 2021 that formed in the

North Indian Oceanlt was the second extremely severe cyclonic storm to hit Gujarat in

the last 23 years. It was developed frolovapressure areformed over soutbast Arabian

Sea & adjoining Lakshadweep area in the morning (0830 hrs IST/ 0300 UTC) of 13th May
2021. Under favorable environmental conditions, tirned into a depression over
Lakshadweep area in the morning (0830 hrs IST) of 14th May, 2021. It imeensifo a

deep depression over Lakshadweep area and adjoining southeast & eastcentral Arabian Sea
in the same afternoon (1430 hrs IST/ 0900 UTC of 14th May) and into cyclonic storm
ATAUKTAEO in the same midnight (23802 hrs | S
continuedmowving nearly northwardsandintensified into a very severe cyclonic storm over
eastcentral Arabian Sea in the early hours (0230 hrs IST/2100 UTC) of 16th May. It
gradually started moving nortorthwestwards and intensified rapidly into @xtremely

severe cyclonic storm in the early hours (0530 hrs IST/0000 UTC) of 17th May. Thereafter,

it entered marginally unfavourable environment, weakened gradually and crossed

Tropical cyclone Tauktae
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Saurashtra coast near latitude 20.8°N and longitude 71.1°E, close t@abaf@iu (about
20 km northeast of Diu) during 20@300 hours IST of 17th May, 2021 with maximum
sustained wind speed of 400 kmph gusting to 185 kmghMD Report, 2021)Thebest
track of TC provieédby IndiaMeteorologicaDepartment (IMD), Delhwith its intensity
categorieds shown in Fig.1.1The IMD classification of cyclone categories is given in
Table 11.

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

IMD Best Track of TC TAUKTAE (14-18 May 2021)

15°N Cyclonic Storm (CS)

Extremely SCS

10°N

55°E 60°E 65°E 70°E 75°E
Longitude
Figure 1.1 Threehouly IMD best track of TCrauktaewith its intensity

Tropical cyclone Tauktae
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Cyclonename Taiktae , was @nman Asnper lglgbal convention, the thirteen
countries that make up the Indian Ocean RediBangladesh, India, Iran, Maldives,
Myanmar, Oman, Pakistan, Qatar, Saudi Arabia, Sri Lanka, Thailand, United Arab
Emirates, Yemed have dawn up a list of names for tropical cyclones, which are assigned
serially with the alphadbt i ¢ or der of.Thlee woatdi GTAUVKITABE

Gecko, a highly vocal lizard.

1.2 Cyclogenesis Rediction

The prediction of tropical cyclogenesis (TCG)xgtlonic systems that develop in the NIO
is being done at SAC usimg-house developed techniqUeis techniqués based on ind
pattern matchingf the scatterometer derived surface wind observations and provitles 1
days advance TCG prediction (Jaisaadl Kishtawal, 2011; 2013puring cycloneactive
months of theNIO i.e. April-lJune and Octobdbecember, the cyclogenesis prediction
techniqueis regularly run to detect the earliest signatures of any possibility of cyclonic
activity in the Bay of BengaBoB) and Arabian Se@ARB) region Due to unavailability

of SCATSAT-1 satellite data, this technique could not be run angyblegenesiof TC
TAUKTAE could not be predicted he model forecastsan be examined to investigate
the signatures of tropical/clogenesis. Avanced prediction of tropical cyclogendsésed

on model forecasted parameters is discussed in the next section.

1.2.1 Prediction of cyclogenesis using Genesis Potential Parameter

A cyclone genesis parameter, termed the genesis potemtaheter (GPP), for the Indian Sea was
proposed by Kotal et al. 2019. The parameter is defined as the product of four variables, namely
vorticity at 850 hPa, middle tropospheric relative humidity, middle tropospheric instability, and the
inverse of vertal wind shear. The variables are calculated using the National Centers for
Environmental Prediction (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 & cyctom

provides a useful predictive signal for intensification of the system.

EZ5,3 M3 |
GPP=]" s
TO otherwise

if Y, >0,M >0 Q)

Tropical cyclone Tauktae
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(RH- 40)
30

M =

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

(betweer200 and 850 hPa in'y RH 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 andray#ragi
over an area of radius 2.5he maximunvalue ofGPPin the NIO region was compared

to the predetermined threshold valuer cyclogenesisThe threshold value to detect
cyclogenesis was determined by maximizing the probability of detection (PQD) an
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 numbear-démeloped
casesFor threshold determination, GFS analysis fields, during nine TCs formed in the
NIO during the period 20620 and 100 nowleveloped cases were analyzed. The GPP was
estimated using the 850 hPa wind fields, deep vertical wind sheal(850Pa), warm

core (856500 hPa), and mean relative humidity (7D hPa)The TC formation 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 dretday of TC
formation of allcyclones. These thresholds have also been used to predict the TCG by the
GFS analysis fields of 100 nateveloped case3he optimum threshold values for GPP
wasf o un @ awh iflermusdad $o identify the TCG in GFS fassted field{Singh

et al., 20B). The GPP value was computed in NIO with the GFS data prior to the formation
of TC TAUKTAE to detect its cyclogenesis signatures. The spatial plots of GPP with the
required parameters used ifPB computations (as given i El) are shownn Fig. 1.2

for 00 UTC and 12 UTC forecasts of GB&2Q 21 and 22 May 202The maximum GPP

values for all analyzed forecastre summarized inablel1.2.

Table 1.2 Maximum GPP computed #rabian Sedefore formation of TOAUKTAE

Date 00 UTC O0UTC 00 UTC ooUTC 00 UTC oouUTC
09 MAY 10 MAY 11 MAY 12 MAY 13MAY 14MAY

Maximum
GPP 7.84 4.07 9.37 6.01 6.80 14.45

The values of GPP>5.0)shows the strengthening of cyclogenesis conditions.
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Figurel.2 Spatial plot of cyclogenesarameters and GPP values for 00 UT®,010,

11, 12, 13and14 May 2021.
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1.2.1 Prediction of cyclogenesis usingcatterometer Data

A technique has been developed at SAC for cyclogenesis prediction using scatterometer
data. This technique is basedtba premise that there is some similarity between the low
level wind pattern of the developing systems, which can be detected and used to identify
the developing and nedeeveloping lowpressure systems. In this technique, thetiead
observed winds are atched to the wind patterns archived within the database of all
developed systems in the past and the most similar wind pattern was selected. This

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

1N _—(I_— (1)

where A and B represents the mean value of the complex ve&a@nsdB respectively.
N is the dimension of vectdk (or B) andA andB are the complex numbers formed using

the windvectors for example A = (u+iV)

If the matching index value is found to be greater or equal to soraefined threshold
values (0.6 for NIO), the cyclogenesis is predicted. The scatterometer data of QUIkKSCAT
and OSCAT were used in the development tegling of the algorithm (Jaiswal and
Kishtawal, 2011; 2013). During the years 2a1%) OSCAT data was used for the reale
cyclogenesis prediction using thbovediscusse@pproach. In the year 2014 the OSCAT
stopped working and thereafter the surfaged observations from RAPIDSAT were

being used in the redéime prediction of TCG in NIO at SAC. SCATSAT1 (Scatterometer
Satellitel) satellite was launched or"Z&eptember, 2016 to provide weather forecasting,
cyclone prediction, and tracking servitedndia. The6SCATSAT-1 data was being utilized
operationally in the redime for TCG prediction. Recently this satellite stopped working
and due to unavailability of any other satellite data with such wider swath, the above
technique could not be usedrfthe TCG prediction. However, the passes of NASA
scatterometer ASCAT onboard metopA, metopB and metopC were processed to get the
signature of lowlevel wind circulation.Due to the narrow swath of ASCAT (unlike
OSCAT, SCATSAT1 and QuickSCAT tthere is deast possibility taapture theomplete
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low-level windcirculation in a single pass, thus the above discussed technique cannot be
applied over ASCAT datasethe earliest signatures of level circulation were found

on all the three ASCAT passes of MEY. Wind vectors overlaid on the wind speed (m/s)

by the passes of ASCAT from metopA, metopB during the genesis of TC TAUKTAE are
shown in the Fig. 1.3. The strong partial wind circulation can be seen in all these passes,

which may indicate to the develment of this circulation into a tropical cyclone.

metopa 13-May-2021 15:37:11 metopb 13-May-2021 16:52:11
X

25N

o

7
zer

5N
60 E 65 E 70°E 75 E 80 E 60 E 65 E 70°E 75 E 80 E

Figure 1.3: Wind vectors overlaid on the wind speed (m/s) by the passes of ASCAT from

metopA (left) and metopB (right) during the genesis of TC Tauktae.
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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 tropical
cyclonein the Indian Ocean, track predictions are carried out using three different models
(&) Indigenously developed Lagrangian advection cyclone track prediction model
(LAGAM), (b) Hurricane Weather Research and Forecasting (HWRF), a coupled land
oceanatmosphere model customized for Indi@cean region, and (¢c) WRF modeded

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 prediction of
cycloneTAUKTAE was initiated on MAY14, 2021 and were continued until the cyclone
made landfall. Redaime track prediction of cyclonéalktae by SAGLagrangian
advection Model, WRF and HWRF 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 wingl and 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 predition is provided using this model upto 96 hour with 6 hour interval.

As a first step, the steering flow has been computed for eveop6forecast interval up

to 96 hours, using the analysis as well as forecast wind fields data at 21 pressure levels
(1001000 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 constrated

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

K iveE+f)=0
Lt

Where ¢ i s tfhe= yfbgretyidenotesyatitdina displacemdnts the
value of coriolis parameter at y = 0 ands the rate othange 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):

aro ©14 arog®
: o g A
Vv, % 8eXF§E§g % 801,.

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 steering fibat 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 froradal grid points to

the initial location ofcyclone(Brand, 1981). The real time predicted tracks for cyclone
TAUKTAE have been shown in Fig.41.

1.3.2 Track error analysis of Lagrangian Advection Model

The real ime predicted tracks of cyclonley SACGLagrangian Advection Model for
different initial times have been shown with the observed track of IMD in Fsg.The

track forecast error for all the forecasts were computed w.r.t IMD observed track positions.
The error values have been summarized in Tak8e IMD reportedthe TC crossed
Saurashtra coast about 20 km northeast of Diu, near Lat.20.8°N and Ldifg ddring
153031730 UTC 1M™May 2021 with maximum sustained wind speed of 90 knots gusting to
100 knots The landfall position error for all therecasts have been computed and reported

in the Tablel.4. For 24hour lead prediction, the landfall position error of Lagrangian

advection model was found a8tkm and landfall time error wasl-+our.

Tropical cyclone Tauktae
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Track Prediction of TC TAUKTAE
FCST Method: SAC-Lagrangian Advection Model
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Figure 1.4: Track prediction of cyclond AUKTAE for different initial conditions by
SAC-Lagrangian advection model (Retime generated products).
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Real-Time Track Prediction of TC TAUKTAE (15-17 May 2021)
FCST Method: SAC-LAGAM Model

&

23°N

21°N

13°N

11°N

65°E 67°E 69°E T1%E 73°%E 75%E 77°E 79°E
Longitude
Figure 1.5 IMD best track and redlme predicted track of cyclonPAUKTAE by SAG
Lagrangian advection model for different initial time(MAY -00Z, 15 MAY-06Z, 16
MAY -00Z, 16 MAY -06 Z, 17 MAY -00Z).

Table 13: Track Forecast Error (km) of SACagrangian Advectiortrack prediction
Model w.r.t IMD observed track positions

FCST Initial Track Error (km) for different ForecastLead time
time 6 12 24 36 48
00UTC 1SMAY 3.43 30.26 80.98 238.55 330.21
06 UTC 1SMAY 73.48 61.92 24.65 33.38 59.94
00UTC 16 MAY 19.30 40.11 83.89 101.53 166.50
06 UTC 16 MAY 6.28 37.12 490.36 134.27 303.56
00UTC 17MAY | 20.65 6.99 64.74 135.58 214.96
Mean Error 24.63 35.28 60.72 128.66 215.03
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Table 14: Landfall Prediction Error (kmpf SAC-Lagrangian advection track prediction
Modelfor TC TAUKTAE.

Forecast Landfall Time/Date/Location Landfall Error
Time/Date

Date Time Date Time Long | Lat Location Error (km)| Time Error (Hrs)
15MAY | 00 UTC | 17MAY | 06 UTC | 69.15 | 22.12 249,53 -10 hour
15MAY | 06 UTC | 17MAY | 14 UTC | 70.34 | 20.92 80.09 -2 hour

16MAY | 00 UTC | 17MAY | 11 UTC | 71.44 | 20.87 36.18 -5 hour

16MAY | 06 UTC | 17MAY | 12 UTC | 71.44 | 20.87 36.18 -4 hour

17MAY | 00 UTC | 17MAY | 18 UTC | 71.40 | 20.83 31.36 +1 hour

Cyclone landfall (IMD): Latitude: 2@, Longitude 71.betweenl530UTC and1730 UTC17 MAY, 2021.
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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, noshydrostatic, coupled atmospheyeean 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 7X.27.2 on a rotated latitude/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). Thdlenhest domain,

of about 17.8x 17.8, and the inner nest domain, of about’%%.9, move along with the

storm using tweway interactive nesting. The stationary parent domain has a grid spacing of
0.099 (about 13.5 km) while the middle nest gridsgang i s 0. 033U (about
inner nest grid spacing is 0.011U0 (about 1.5
s, respectively, for the parent, middle nest, and inner nest domains. Starting 2018, all the basins

have their model top d10 hPa and 75 levels are used.

HWREF v4.0a includes a scadavare Arakawsschubert scheme for cumulus parameterization
and a FerrieAligo cloud microphysics package for explicit moist physics. The Global
Forecasting System (GFS) Eddiffusivity Mass flux scheme is used for the planetary
boundary layer, along with the modified Geophysical Fluid Dynamics Laboratory (GFDL)
surface layer scheme. The Mor@bukhov scheme is used for surface flux calculations, which
employs an improved asea momentum flux pameterization in strong wind conditions. The
Noah land surface model is used 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 hilge 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 integation is performed with a forwatidackward scheme for fast waves, an implicit
scheme for vertically propagating sound waves, and the Adasisforth scheme for
horizontal advection and for the Coriolis force. In the vertical, the hybrid presigumea

coodinate is used.

Tropical cyclone Tauktae
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The NCEP Global Forecast System (GFS) analysis is used to generate 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 pmnes study, is obtained from the NCEP website
www.dtcenter.orgThe model is installed and evaluated for its default configuration for NIO

tropical cyclonesThe present study summarizes the results of TC BULBULhfeetdifferent
initial conditions i.e. 00 UTA5, 16 and17 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 performetéruncoupled ocean mode and without
the data assimiteon 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 (00 UTA5-17 MAY) was provided on the SCORPIO wgortal (Fig. 16).

Intensity Forecast of TC TAUKTAE by HWRF Model {NCEP-Operational run) Intensity Forecast of TC TAUKTAE by HWRF Model (NCEP-Operational run)
Forecast Initial Time 2021-05-15-00 Z Forecast Initial Time 2021-05-16-00 Z
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Intensity Forecast of TC TAUKTAE by HWRF Model (NCEP-Operational run) Intensity Forecast of TC TAUKTAE by HWRF Model (NCEP-Operational run)
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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 ofé cycloneTauktaefor different initial comlitions are
presented in Fig. 1.@&long withbest trackintensity estimates daMD. The error in model
simulated intensity (MSW) with respect to thdéD estimated MSW for all initial caditions

are presented ini¢r. 1.8 The results suggest that the mopleddictedthe intensityvery well

on 00 UTC 15 MAY; however, the predictions on 00 UTC 16 and 17 May are over estimated

Cyclone Intensity Predicted by HWRF model

140
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120 { =00 UTC 15MAY
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Figure 1.7: Cyclone intensity simulated by HWRF model for different initial conditiaith
IMD estimates.
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Figure 1.8: Cyclone intensity error by HWRF model w.r.t. JTWEserved intensitgstimates
for different initial conditions.
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1.4 Ship Avoidance Region Advisories

For vessels at sea, avoiding thekdwt wind field of a tropical cyclwe 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 region advisory predureshown in Figl1.9.
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Figure 1.9: Ship avoidance region forecast advisories generated at 00, 06 UTQ 8MAY
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1.5 Analysis of INSAT-3D and 3DR observationsover TC
| n d itwa ineteorological geostationary satellites viz., INSAT3D and INSAT3DRIigesv

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 surfacesatblewforecasting

and disaster warningNSAT-3D and INSAT3DR bothhavetwo meteorological payloads,

an Imager(with 6 channelsanda Sounder (witi 8 infraredchannels and @sible channel for
daytime cloud detection). The Imager has capability kihtpobservations of full earttlisk

from geostationary orbit in one visible channel (VIS, 80585 pum) and five infrared (IR)
channels: Shortwave infrared (SWIR, 158 pm), Midwave infrared (MIR, 3.81.0 pum),
Water Vapor absorption channel (WV, €3 um), andtwo 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 ground resolution 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 mu$ipectral capability of INSABD/3DRimager and
sounder instruments prowadinique opportunity to observe the development and intensification
of tropical cyclones. One of the essential ingredients to the intensification of tropical cyclones
is vigorous convection with associated latbaat release through condensation processes
Identifying and quantifying active convection in geostationary satellite images can be
potentially useful to the prediction of cyclone intensificatibime @verage of cyclone by TR

1 and visible channels of INSA3D satellite orD929UTC 17-MAY -2021are shown in the

Fig. 1.10.
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Figure 1.1Q Coverage of cyclon@ AUKTAE by TIR-1 and visible channels of INSA3D
satellite on O30UTC 17-MAY -2021.
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1.5.1Cyclone structure observations using INSAT3D satellite data

Cyclone structural parameters are estimhaiising INSAT3D observations from different
channelsCyclone centric products from INSA3D imager channels are genertaed to visulaize
cyclonestructure viz., its center, temperature of eye and its environRadius of Maximum

Winds (Rnay) is one of themost 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 cirrus clouds that cause
difficulty in precise identification of Rax High resolution obseations from Visible and

SWIR channels provide unique opportunity to identify the cloud structure near the center of
cyclone A procedure has been developed to produce cyclone centric products from each half

hourly image of INSAT3D satellite. These imagae very useful to study the structural
changes in the core of tropical cyclone. A sample product genera@@BoTC 17 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§) 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 Tauktaewas continuously observed liye half hourly acquisition of INSABD satellite.

In half hourly TIR imageries of INSAT 3D satellite the center location of cyclone was
estimated by center determination algorithm developed at SAC. The results were disseminated
through SCORPIO weberver One of the sample products generated in thetiraalhas been

shown in the Figl.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, (dhdloud
height (km).

Tropical cyclone Tauktae
-20-



Prediction and Monitoring of Cyclone

1.5.3 Cyclonelntensity estimation usingADT with INSAT-3D data

Advanced Dvorak Technigue (ADT) was originally developed 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 files, and write various output files. The ADT version 8.2.1,
software package has been obtained from CIMSS and is installed i@ -MlbBDASO0 mode
(Jaiswal et al., 2021Yhe modules to ingest INSA3ID satellite data in the software (version
8.2.1) are developed at Space applications Center {8#f@edabad, ISRO). The ADT was

run in offine mode to estimate intensity values of T€Ing INSAT3D satellite data
(SAC_ADT). ADT is run operationally for all global cyclones usingmaltirly images of geo
stationary satellite images by CIMSS and provided at their web page in the near real time.
SAC_ADT values were compared with the operzal 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 congpable to CIMSS_ADT and the best track estimates
However, there is aaverestimation durind6 UTC 16 MAY to 00 UTC 17 MAY. The peak
intensity of cyclond auktaeas observed by IMDLOOknots) wasestimatedy SAC_ADTand
CIMSS_ADT as 129 knots

Intensity of TC TAUKTAE by ADT using INSAT3D Data
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Figure 1.13 Intensity estimated by ADT using INSAT3D satellite data (SAC_ADT), CIMSS
operationaADT (CIMSS_ADT) products and redilme observedraluesof IMD (IMD) during
life time of TC.
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1.6 Tropical cycloneobserved by INSAT-3DR Rapid Scan Data

The rapid san images from geostationary satellites have been proven to be useful tools in
weather applications like the derivation of atmospheric matioms, analysis of wildfires,
convective initiation nowcasting, and identification of overshooting convectivel dlups.
These imageare useful fomonitoringtheconvectve features of storms that evolveshorter

time scales.e. less thard5 or 30-minutes(Dworak et al. 2012; Cintineo et al. 2013gveral
unique signatures have been identified witkatelliteimagery of severe convective storm tops
whichinclude rapid cloudop cooling (Cintineo et aR013), overshootintpps (Dworak et al.
2012), abovanvil cirrus plumes (Levizzarand Setvdk 1996), the ebting (Setvak et al.
2010) etc.

Thelndian geostionary satellitd NSAT3DR 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 changingsfeatur
over TCs and thus determining its movement, structure and intéhdite.  at mospher i c

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

depicted by nrua wetDusngethe 30y severe TC TAUITAE, in the Arabian

Sea during 139 May 2021, the INSAT3DR satellite was oged in rapid scan mode€his

TC was developed near the North Bay region and made landfall at the Odisha coast after
achieving severe tropical cyclone category. The visual animation df, MR/, visible and

di f f er e nWw\ednageries orel TC were alextensively analysed to observe the deep
convective clougop movement, out flow characteristics and other structural feaflines.
pattern of largescale circulation arounglycloneis also analysed by using atmospheric motion

winds in rapid scan mode

The differenced BT (IRVV) 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 closaisi@ locations

is found rapidly changing as it alters in the next 4 minute imageries. The deep overshooting
clouds (blue in colour, with differenced BF2°C) were observed in the southern part of the
eyewall whereas the low clouds (red in colour, wiifferenced BT close to @) 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 during its peak intesnity stage
1306-1402 UTC 16 May 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 TCTAUKTAE

Soil Moisture Active Passive (SMAP) is a United States environmental ressatalhte
launched 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 apertur@csga) instrument
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 frdmnhd radiometers, being 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 fnal 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 nfaj the 34

kn (17 m/s), 50 kn (25 m/s), and 64 kn (33 m/s) winds for each SMAP pass over a TC in all
tropical ocean basin¥he wind speed from NRT product of SMAP over T&uktae during
1517 Mayhas been shown in the Figy14. There vere three partialaverageof SMAP over

the system on 0130 UTC 15 May, 0239 UTC 16 May and 14UTC 17Mag maximum
intensity observed by SMABver the above passess33.73m/s ©5.57knots) 32.21 m/s
(62.61 knots) and 48.54 m/s (94.35 knots) respectively
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Figure 1.15: Wind speedver TCTauktaeduring15-17 May,observed by SMAP satellite
(NRT product)

1.8 Forecast Dissemination through web portal SCORPIO/MOSDAC
Satellite based cyclonebservation and redime prediction over Indian ocean (SCORPIO)

(https://mosdac.gov.in/scorpias a web based application designed to provide -@kb

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

system to suppb the disaster management system. &gmlone TAUKTAE, the scorpio
website was updated in the ré@mhe with following information:
1 Cyclone trackprediction
Cyclone intensity prediction
Ship avoidance region due to cyclonic winds

1

1

1 Cyclone center estimatigproduct using INSAT 3D data

1 Cyclone centric images genetrated using INSAT3D imager channels
1

ADCIRC based Storm surge forecast as animatef Gif
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Coastal Inuncdataion as jpeg image
Coastal Inundation as GIS layer along with other thematic layers to aidethgidh
Support system

1 Tropical Cyclone Heat Potential anomaly as GIS layer along with other thematic layers

The webpage of scorpio wgidmrtal during cyclond AUKTAE has been shown in the Fig.
1.16.

Figure 1.16 Cycloneforecast products dissenaited tihough webserver SCORPIO

1.9 Coverage of cyclond AUKTAE by media

Due to the advancement in the cyclone prediction models the alerts were timely generated for
cyclone TAUKTAE and government took the preventive measures. The cyclone track and
intensity untilthe 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 cycld#dJKTAE was telecasted during the whole
dayas cycbne was approaching the Saurashtra cddes timely information saved the human

loss and result the better preparedness to overcome theyplmste impacts. The media reports
were providing the updates based on the foreign weather agencies asswe# India

Meteorological Department.
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1.10 Conclusions
The real time predictions of cyclogenesis, track and intensity of cydlanktaehave been

discussed in this report. The real time generated forecasts were disseminated through
SCORPIO wefportal inked with MOSDAC siteyww.mosdac.gov.in

The Cyclogenesis signatures of TBUKTAE was detected earliest @9" May by GFS

based Genesis Potential parameldre track and intensity prediction of cyclone based
dynamical and numerical models viz. SA@grangian Advection Model and Hurricane
Weather Research Forecast (HWRF) model, were provided continuously till the cyclone made
landfall. The real time forecasts were compared to thetirmal observed estimatedbtained

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 aBaBkm andl hour @elay), respectively.

The INSAT-3D visible and infrared data were analyzed to retrieve the cyclone structural
parameter viz.center INSAT3D TIR-1 data was used in ADT to estimate the cyclone
intensity. INSAT3DR TIR1 and water vapor images wepgocessed to generate the
differenced image (TIRL T WV) to study the rapid changes in the inner core of TC. The surface
wind speed of SMAP satellite was also analyzed to study the cyclone wind asym@etry.

plans consist of utilizing muksatellite muli-sensor approach to retrieve key parameters of
tropical cyclone e.g. accurate location, surface wind structure, asymmetry, and size of the
cyclone, and develop methodology to assimilate this information in NWP models for
improving the prediction of cyclantrack 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

Arabian Sea (AS), the western part of North Indian Ocean (NiQjuze lesser number of
tropical cyclones as compared to eastern part i.e. Bay of Bengal(BoB). Climatologically, more
cyclones form in BoB as compared to inert AS (Sahoo and Bhaskaran 2016) because the
ocean/atmospheric dynamics over these regions arelgrdifferent. It is well known that
atmosphere plays a crucial role in cyclogenesis. Further studies like Ali et al 2013 and 2007,
Shay et al 2000, Bhowmick et al 2019, Goni et al. 2003 etc highlighted role of ocean in
modulation of cyclone genesis, tkaand intensity. Over BoB, active river discharge makes
upper layer of the ocean fresh. This make the ocean stratified with shallow mixed layer depth
(MLD). A stratified ocean retain heat in upper layers (Akhil et al 2014) making BoB a hotspot
for cycloneformation. Unlike BoB, AS is more saline and very well mixed, making it less

conducive for cyclogenesis.

Although very few, cyclones over the AS are catastrophic in nature and west coast of India is
vulnerable to these hazards. AS registers cyclonictewdeming premonsoon phase from May

TJune and in post monsoon October to December. In an interesting study Evan and Camargo
(2011) showed that cyclones of May and June over AS are associated with early and late
monsoon onset, respectively whereas{postsoon cyclogenesis over this region is known to

be modulated by both monsoon rainfall and théNHlo accompanied with positive Indian
Ocean Dipole events. No single phenomena, however, can fully explain the variability of
cyclogenesis observed in AS regidiurther in recent years AS has shown a significant rise in

the cyclonic activities which was also linked to global warming by Prassana kumar et al 2009
and Murakami et al 2017.

In the current studywe analyse the ocean conditions before and afteetent premonsoon
cyclone Tauktae that formed over AS on 14t h
severe cyclonic stormb status on 17th of May
The damage because of this extreme event accountet! bdldn dollars with 174 fatalities.

The study shows ocean features were conducive for the formation of the cyclone. The Sea
Surface Temperature (SST) from INSAT3D and Sea Surface Salinity (SSS) from Soil Moisture
Active Passive (SMAP) were used forgying Ocean precondition before the event. The sea
surface salinity anomaly observed from the satellite indicated freshening near the Kerala and
Karnataka coast with salinity between-38 PSU. This relative fresh water was persistent
between 7672° E fom 7-14 May and has been instrumental in trapping ocean heat. The SST

anomaly observed from INSAT shows a positive temperature anomaly of 1°C during this
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phase. The storm surges up to 4m and wave height of 5.6 m were observed in numerical model
simulatiors during the cyclone. The post cyclonic period shows SST cooling by 2 °C and

upwelling diven enhancement in salinity.
2.1.1 Cyclone Tauktae

On May 11, a largarea of low pressuii@ the equatoriahS was observed which slowly
moved eastwards and organized amid favourable conditions. The system on May 13 was
identified @ a potential tropical cyclon&he system gradually intensified, around the-low
level vortex. It further strengthened to become a deep depression atUTZQBe next
day.Around this time, the system turned nee#stwards towards India and caused heavy
rainfall over the southern portions of the country. As the system became even more organized
and intensified into a cyclonic storm, it edeed the nam&auktaeby the IMD. Later, the storm
continued intensifying, and at 03:Q0'C on May 17 Tauktae reached its peak intensity as an
extremely severe cyclonic storm. The maximwmiBute sustained winds of 18m/hand
maximum Xminute sustainedinds of 220km/h were observed. Minimum sea level pressure
was 950 hPA making the storm equivalent to a Categdrgpical cyclone on the Saffir
Simpson scale. Finally the storm neared the coast of Gujarat and made Ilandfall
nearUnain Gujarat Insat3D Thermal Infrared images during different phases of cyclone
060Taukt aeb6 Fmgr28. shown in

17 May 2021 12:00UTC 17 May 2021 18:00UTC 18 May 2021 00:00UTC
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Figure 2.1: Tauktae cyclone images acquired by 3@t (a) 6h prior landfall (b) during
landfall and (c) 6 hour after landfall

2.2 Data and Model used

2.2.1 Satellite Data

The Sea Surface Temperature (SST) from INSAT3D and Sea Surface Salinixyr(@sSoll
Moisture Active Passive (SMAP) were used for this study for May 2021. Indian satellites for
metocean applications, INSABD having a sixand imager and Band sounder. SST is

derived with a spatial resolution of 4 km from split thermal wimadannels (10-211.3rm
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and 11.5 12.5mm) during daytime and using additional milRlwindow channel (3.7 4.1mm)
during night time over clouftee oceanic regions (Gangwar and Thapliyal, 2020; Walton et
al.,, 1998). The SST data sets were downloaded from MOSDAC (Meteorolagidal
Oceanographic Satellite Data Archival Cenlrigéps://mosdac.gov.ip/

The eightday averaged SMAP L3 product having spatial resolution of 0.250 % 0.250 is used
for this study. The eigkday product is created layeraging eight days of L2 data. The primary

goal of the SMAP mission is the retrieval of measurements over land. Howeverpéra L
microwave instrument enables the SMAP to retrieve SSS over ocean. The SSS datasets are
available at NASA Physical Ocearraghy Distributed Active Archive Center (PO.DAAC)
(http://podaac.jpl.nasa.gov). The temperature and Salinity anomalies were computed with

respect to the average of May 2021 data.

In this study merged field of SSH has been used to look into the existingseauatior to
formation of the cyclone. Global ocean muitission altimeter gridded sea surface heights
(SSHs) and derived variables are currently available from the European Copernicus Marine
Monitoring Service Environment (CMEMS). The merged field ofHS8ombine the
observations from Jaséd) Sentinel3A, HY-2A, Saral/AltiKa, Cryosa®, JasorR, Jasorl,

T/P, ENVISAT, GFO, ERS1/2. The séavel anomaly (SLA) is computed after removing leng

term mean (20 years) SSH from the original data. Weekly avelayd& been analysed to

examine the SLA conditions prior to addring the formation of Tauktae.

2.2.2 Numerical Model

In assessing the impact of Tauktae over the Ocean two numerical models, one for surge and
the other for wave predictions were used. Thepted Adavanced CIRCulation Model and
Simulating WAve Nearshore (ADCIRC+SWAN) is used for the surge prediction and
WAVEWATCHE-III is used for the wave height prediction.

ADCIRC+SWAN

Storm surge induced coastal inundation maybe considered as the isasstrdcaused by a
cyclone. We therefore analysed storm surge forecast generated using state of the art coupled
ADCIRC+SWAN model. The ADCIRC model discretizes the shalleater equations using

finite element methods defined on unstructured meshes (tluettid Westrink 2004). The
accurate description of coastal bathymetry from ET&Pglobal relief model data was used

to prepare the mesh for storm surge simulations as shown i2.Eigihe spatial resolution

near land is 1km and 60km in the open oceddCARC model is primarily forced by tides,
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winds and windwaves; during a cyclone, wind stresses are the dominant forcing. Coupling of
the ADCIRC model with a wind wave model for capturing waiced setup has been
established (Dietrich et al. 2011). Timsdel is forced using winds from National Centre for
Medium Range Weather Forecasting (NCMRWF), which are available at 0.25° spatial
resolution. The ADCIRC+SWAN model was integrated for 10 days with analysed wind fields
to achieve model spin up. After treiorm surge forecast was generated using NCMRWF 0.25°

forecast wind fields.

Bathymetry
49283
3696.5
24647

12328

l1‘0

@
Figure 2.2 Computational domain (a) with nodes and (b) with bathymetry
Wave Watch3

Wave prediction during such an extreme event is extremely important for safe passages of

cargo ships and fishing activities. For this purpose, high resolution data assimilative wave
forecasting system based on WAVEWATCH IIl (WW3) model (Ardhuin 2010, Hasselmann
1985, user manual 2016)) consisting of four nested grids (Global grid at 100 kan, Oakan

grid at 50 km, Northern Indian Ocean grid 10 km and a Coastal grid 2.5 km resolution) is used.
The region covered under each domain is showfign2.3. For grid generation, bathymetry
data has been derived from ETOPO1 and shoreline data rsftake Global Selconsistent
Hierarchical High resolution (GSHHS) database. Spectrum is discretized with 29 frequencies,
ranging from 0.0350 to 0.5047 Hz with 1.1 Hz increment factor and 36 directions with a 10
degree increment. The forecasting systens uslBn analysis and forecast wind components
obtained from the National Centre for Medium Range Weather Forecasting (NCMRWF) as the
forcing field. In order to improve the predictability of the model, SARAL/AIltiKa, Jason3 and

Sentinel measured wave heights being assimilated into this 24 hindcast cycle.
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Figure 2.3 Nested domains chosen for the WW3 moééhck box is Indian Ocean domain
with 0.5x0.5° resolution and blue box is the Northern Indian Ocean domaifx(14
resolution). Red box represts the Coastal domain (0.626.02%) covering the EEZ of India.
All these domains are nested in a parent global dom&ia®desolution).

2.3 Results and Discussion

Cyclone Tauktae developed over the AS duringrpomsoon month of May, was a categery

4 cyclone, which caused severe devastation and fatalities. Evan and Camargon(2@in)

study showed cyclones of May and June over AS are associated with early and late monsoon
onset, respectively. Hence it is useful to understand the mechanismpoeesises associated

with the cyclone not only for its better predictability but also to generate an outlook on behavior
of upcoming monsoon. Thus, to begin with, evolution of SST anomaly from INSBTFig.

2.4) is analysed over the AS near the locatidrere low pressure area was observed prior to
the formation of Tauktae. Typically, this region was betwed38N. Interestingly positive

SST anomalies up to 0-3°C were observed in this regiéiom 3¢ May -14" May, prior to

the formation of the low nessure area. However, after'™May the gradual cooling was
evident. One of the obvious reasons for this positive SST anomaly could be insolation, but as
it can be seen that, ocean is cold on the west of this location and warmer on tRig.6aSa

show the salinity and its anomaly for AS on"lBlay and 28 May respectively. The figure
clearly shows that the salinity prior to passage of the cyclone (i.e. on 13 May, 2021) near the
Kerala and Karnataka coasts (shown in the black box) was betweehFE3U. The region

was relatively fresh as compared to its surroundings by around 1psu. This freshening might
have resulted in stratification induced warming of the upper ocean in this region as compared
to western part of AS. In fact, analysis of SMAP datanf 2017 to 2021 also highlights
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phenomenal freshening of this area in 2021 implying an enhanced stratification induced heating
of coastal AS Fig. 2.50. Time evolution of salinity anomaly betweerl8 ° N clearly
indicated trapped fresh water patch nise coastal areas fromIB May 2021(Fig. 2.6.

Incidentally the initial low pressure area was also formed in the same region.

After the passage of the cyclone, salinity anomaly clearly indicates gradual increase in its
salinity which is now 386 PFSU along the track of the cyclone. This implies an increase in
salinity by 0.61 psu and can be impact of the upwelling due to cycldtig. 2.7 shows the
snapshot of daily averaged SSTg#y averaged SSS and estimated density f6iMzy 2021

and 20" May 2021, corresponding to period prior to and post passage of Tauktae cyclone. As
discussed previously, low salinity features (< 34 psu) in the southeastern AS, around
Lakshadweep islands, can be clearly seen in the sea surface salinity imadeNay2021.

This low salinity is suspected for strong surface stratification, which resulted in surface heating
due to high solar insolatiorFig. 2.78). This can be clearly seen in the SST image in
southeastern AS, where large scale warming (¢Btan be se® 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 surroundings in tiegion.

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, SSS and d#astiycg maps post

and pre cyclone. There is a temperature drop 8C-fidm 12" to 20" May, while a salinity

increase of ~ 1psu, due to which the density increases by > 1 Kg/m3.
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Figure 2.4 The time evolution of SST anomaly from INSAT3D for apabetween-83° N.
The black circles indicate the location of cyclone passage in time.
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Salinity Anomaly
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Figure 2.5:(a) The Sea Surface Salinity and its Anomaly over Arabian Seabia 2021
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Density changes are associated with both salinity and temperature changes, surface cooling and
salinification can increase the density, however, which physical parameter (SST or SSS)

contributed more tolmnges in derity is not known.

Density changes were computed in two ways, one by keeping fixed SST and another, by
keeping fixed SSS (both corresponding td" I@ay) in order to assess the individual
contribution of SST and SSS in density change and the results ane ishiéig. 2.8 It can be

clearly seen that density changes (~ 50%) resulted mainly due to cooling of SST, while the

salinity changes resulted in change (~ 40%) in the total density changes.
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Figure 2.8: The density computed using constant temperatucg éad constant Salinity {f)
for before and after the cyclone and difference between before and after cyclone

On 17" May Tauktae attained its peak intensity ( 3mins sustainable wind speed of 195 km/h)
and did sufficient destruction to the west coadhdfa as it approached the Gujarat coast near
Una. Storm surge that was observed during Tauktae using the coupled numerical model
(ADCIRC+SWAN) is shown irFig. 29. The storm surge forecast for'ivay 2021 with a

lead time of 12, 18 and 24 hours iswfan Fig.2.9. The forecast shows storm surge of about
1.25m near Mumbai and 0.8m near Nava Rajapara #9g) 6 hour before the landfall of
Tauktae. From Fig2.10b, maximum surge height of about 2.2m was predicted near Nava
Rajapara in the Bhavnagaisttict of Gujarat region during landfall. However, the forecasted
surge height was maximum (3.8m near Nava Rajapara) 6 hour after landfall of the cyclone as

shown in Fig2.9c.
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Figure 2.9 Storm surge forecast during Tauktae cyclone (a) 6h prior ddndf) during
landfall and (c) 6 hour after landfall
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Figure 2.10: WW3 forecasted SWH (m) initialised from"1Kay 2021 overlaid with forcing
wind vectors. (a) Before the predicted landfall, (b) during the predicted landfall and (c) after
the predictedandfall.

WW3 forecasted SWH initialised from % May 2021 is shown in Fi@.10. 12" hour forecast

valid for 12 UTC of the same day (before the landfall of the cyclone) showed a maximum SWH
of ~5.5m off the northern Maharashtra coast (Big0a). Highwaves with SWH ~2.5m were
predicted along the Diu coast. During the landfall of the cyclone, predicted maximum wave
height was ~5m in the offshore region and near the coast of Diu, Hazira and Bhavnagar, it was
around 22.5m (Fig.2.10b). Wave height in theouthern part of Gulf of Khambhat was also

high (~33.5m.). After Tauktae made landfall, during the early hours 68y 2021, the 24

hours forecast of SWH was ~3.5m in the southern part of Gulf of Khambhat and ~1.5m inside
the Gulf (Fig.2.10c). Waveheight near the coast of Diu and Bhavnagar was predicted to be

~2m.

2.4 Conclusion

Ocean conditions before and after post monsoon cyclone Tauktae that formed over AS on 14
May 2021 is analysed using the satellite as well astinobservations. Numesat models
simulations are used to analyse the impact of the cyclone in terms of surge and waves. Tauktae

is a category 4 Oextremely severe cyclonic
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of Gujarat. The damages caused by the cyclone wasrtt @d. billion dollars with fatalities

of 174 lives. The study shows ocean features were conducive towards the formation of the
cyclone and satellite observations clearly points at Tes. Sea Surface Temperature (SST)
from INSAT3D and Sea Surface Satin(SSS) from Soil Moisture Active Passive (SMAP)

are explored to the fullest for analysing the ocean precondifidressea surface salinity and

its anomaly from the satellite indicated the fresh sea water patch near to the Kerala and
Karnataka coast. Ehsalinity over this area was betweenr3BPSU. This fresh water mass

was stagnated between-72° E from 714 May. This patch of less saline water mass trapped
enormous amount of ocean heat and thus we observe SST anomaly observed from INSAT
showing a psitive anomaly up to 1°C during this phase. The storm surges up to 4 m and a
wave heights of 5.6 m are observed in numerical model simulations during the cyclone. The

post cyclonic period shows SST cooling by 2°C and upwelling driven enhancement ty.salini
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Rainfall estimation over cyclone

3.1 Introduction

Recent decades are witnessing more fiercer and powerful tropical cyclones (TC) in Arabian
Sea.Recent TC,Tauktae falls under thicategory and regarded as extremely severe TC after
23 years to hit Gujarat coast. Such whackys B characterizedith extreme winds and
rainfall which generallybring major damageo life and infrastructure (e.gRappaport, 2000;
Webster, 2008). Torrgial rain from intense T€not only severely impact the coastal regions

where it make landfall but may also significantly affect far inland from the coast.

Continuous monitoring of rainfall from geostationary satellite INSIV3DR plays a vital
role in providing relief and rescue during these disastrous conditions. Hestimator (HE)

is one of the method developed for retrieving rainfall from ke (IR) observations from
INSAT-3D/3DR satellite. Rainfall estimation from IR observations dependsysmtecloud

top temperature and thtsrmedas an indirect approach. The rainfall measurements from IR
may improve further by incorporating additional information of atmospheric parameters in the
retrieval technique. HE method is based on this approacth atilizes model derived additional
parameters (e.g. Total precipitabale waterd relative humidty) along with brightness
temperatur€Th) of IR observations to retrieve rainfall from INSAD/3DR satellite(Varma

and Gairola, 2015)This technique is swessfully providing rain estimateBom Tb
observations at0.7 um channedf INSAT-3D/3DR and products are operationally available
on MOSDAC web portal of SAC, ISRCKumar and Varma (2016) demonstrated the
improvement in short range weather predictiormssimilating HE rain from INSAT3D/3DR

in WRF model. Bchniques further appliedo highresolution IR observations from a polar
orbiting satellite as preparatory to later its operational implementation with Oc8a8SatM
observations (Sharma and Vari2@20).

The present section is aimed to show the efficacy and reliabilityBfprbducts of INSAT
3D/3DR satellite in monitoring rainfall from extremely severe TC, Tauktae formed in Arabian
Sea during 1228 May 2021. 8ctionbegins with the befing of H-E retrieval technique and

its methodologyfollowed by discussion on spatial distribution of rainfall during Taukbae
addition section also presents the validation results eE Hvith Indian Meteorological
Department IMD) surface rain gauges obsereais andintegrated MultisatellitE Retrieval

for GPM (GPM-IMERG) satellite rain products.
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3.2 H-E retrieval technique

The HE method described herein is based on work by Kuligowaski (personal communication).
In H-E method, convective and naonvectivecores are identified, and different-T
relationships are provided for them. This allows higher precipitation rates for the convective

cores. For convective core, rain (Rc) is given by,
Rc=aexptbTbt%07), - 1)

Where, Tb10.7 is brightness temperature measured apufi® Ghannel, and a and b are the
regression coefficients which are precipitable water (PW) dependent. This makes the Tb versus

R relationship dynamic in nature.
For a nonconvective coretherelationship between Thzand R is given as:
Rn=(250-Tb10.7) * (Rmax5) ~ =====--=mmmeme- (2)

Rmax is again a function of PW.Rxis again PW dependent, & not allowed to exceed

corresponding convective rain rate(R

In H-E method, the precipitation at a pixel is allowed to be combination of both convective and
norrconvective core. This is worked out by considering a pixel box of 101X101 pixels

surrounding the pixel of interest. The Z score at each pixel is determined as,
Z = (Tmear Thio)/ G -------m- (3)

The maximum allowable value of Z is 1.5.

If Z<0; R=0,i.e., pixel either cirrus or inactive convective

Otherwise, RR = [RZ2+ Ry * (1.5-2)2 / [Z2 + (1.5- Z)F]  -=--wreereemm- (3)

Rc is the rain from the convective eggiven by (1) with coefficients determined by PW from
NWP model. Rn is rain from neconvective core givehy (2). If Z=1.5, the pixel rain rate RR
reduces to convective type only (given by (1)). On the other hand, if Z=0, the pixel rain rate

RR is deternmed by purely noftonvective rain (given by (2)).

The (3) above provides the first guess precipitation amounts. The precipitation thus estimated
is further modified to account for the wetness/dryness of the atmosphedréor the
precipitation that comegrom the warm clouds. The several steps involved for such

modifications are as follows:

(a) Correction for Wet/dry Environment
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A small correction in the brightness temperaturei{¥)ovalues is carried out to account for
wetness of the environment. Thidjastment is needed to account for evaporation of the

precipitation in the dryer environment below the cloud.
(b) Warmtop modification

The equilibrium level is computed by following a parcel along a saturation adiabat upward
(from lifting condensation kel) to where the parcel temperature becomes equal to the

environmental temperature. Strength of the convection is determined by a comparing the
temperatures of the convective tops with that of equilibrium level. This level comes before

tropopause for thevarm rain.

In H-E method, NCEP model derived temperature and relative humidity profiles are used in a
atmospheric thermodynamic model to determine equilibrium temperature at a particulate pixel.
This correction is applied to pixels that are warmer thaedfodibrium level temperature.

A If the (Teq Tmin) < 10 K, then Tin in the pixetarea is used instead of 1bb of the pixel

for warm top correction. The modification is as follows:
Tbio.77 [(213-Teq)*0.9] or 25 K (whichever less)

A If the (Teq Tmin) > 10 K, the modification is as follows
Tbio.7 T [(213-Teg*0.6] or 15 K (whichever less)

(c) Orography correction

Orography adjustment is carried out using 850 hPa Winds and topography from a digital
elevation model at 4 km resolution (Vicente et 2002).

3.3 H-E rain during Tropical cyclone Tauktae

Widespread rainfall prior to the formation of TC started frofiliay 2021 over Lakshadweep

in ArabianSeg H-E rain at 0100 UTC is shown Fig. 3.1a. On 18 May 2021 at 0830QTC,

low pressure aredeveloped over and near to Lakshadweep area in Ar&aan Rainfall
occupied larger area near to south Aratea due to formation of low pressure (F3glLb).

Low pressure developed into depression and deep depression in the morning and evening hours
of 14" May respectively. At 2330TC on 14" May, deep depression strengthens into TC
Tauktae. Rainfall region became denser ofi Wy at0500 UTCshown inFig. 3.1(c). As

Tauktae further intensified into severe cyclonic storm dhN&y and moved towads north,

high rainfall is also recorded towards north of Arabian sea. In addition, structure of TC is also
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captured well by FE rain. Tauktae, further moved toward north along the west coast of India
with more power and classified as very severe cyclortbe evening of 16 May. Rainfall
structure of Tauktae is well recorded ofilday at1259UTC H-E not only registered high
intense rainfalbut well discriminatedeye of cyclone with the high intense rain from eyewall.
Tauktae rapidly intensified intextremely severe cyclone in the early morning hours 8f 17
May and further moved to north near to Gujarat coast. Intense rain near to Gujarat and
Saurashtra coass well identified by HE (Fig.3.1f). The compact and dense rainfall structure

of extremelyserver cyclone is well marked and most destructive eye wall regions are clearly
identified. After landfall on 1% May, cyclone weakened but moved further deep into coast and

covered Guijarat region ardjoining Rajasthan on Ta8vay.

3.4 Validation of H-E rainfall

H-E method based rainfall during TC Tauktae is compared with the IMD surface rainfall
observations and IMERGPM satellite products.

3.4.1 IMD surface rainfall observation

Tauktae made severe impact on west coast regions (Karnataka, Komk&oa, Saurashtra,
Gujarat and West Rajasthan) of India..@ shows HE rainfall over these district from 112

to 18" May 2021. HE recorded intense rainfall (>200mm) over the coastal regions from the
day when TC gained very severe cyclonic stoategory (i.e from 18 May). On 18' May,

high rainfall is observed over Gujarat adurashtra coaalso.
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Figure 3.1: Spatial distribution of FE rain from INSAF3D on (a) 1¥ May 2021 at 0100UTC,
(b) 13" May 2021 at 1700 UTC, (d4" May 2021 at 0500UTC, (d) ¥May 2021 at 059UTC
(e) 168" May 2021 at 1259 UTQJf) 17" May 2021 at 1559 UTC and (g) 181ay 2021 at
0700 UTC.
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A comparison of rain from IMD rain gauges stations anf Hin daily scale at 0.25° x0.25°
spatial gridresolution from 1% to 18" May 2021 show a correlation of 0.5. Point to be noted
here is that IMD rain gauge observations represents a point measurement whereas3INSAT
is average value of 4km spatial resolution.

Daily District Rain {(mm) Daily District Rain {(mm) Daily District Rain {(mm)
12 May 2021 13 May 2021 14 May 2021
30N 1 1 1
@ ) ©
28n 28N 40 a0
35 35
26N 26N
30 30
24N 248 = 25
20 20
2ZN 2ZZN 15 15
20N ( 20N e 10
s -3
1
18N 18N 2 2
1
18N 18N ¥
.5 0.5
14N 148 c.1 oA
12N 12N
B6B8E 69E 70E 71E 72E 73E 74E 75E 76E BBE S89E 70E 71E 72E 73E 74E 75E 76E GRE 69E 7OF 71E 72E 73E 74E 75E 76E
Daily District Rain {(mm) Daily District Rain {(mm) Daily District Rain {mm)
15 May 2021 16 May 2021 17 May 2021
: SO
@ () @®
23N 23N 400 28N 400
300 300
26N 26N ﬂ 26N
—1250 250
2% 24N 200 24N 200
150 150
22N 22N . 100 22N 100
zon 20N 7S 20N g 25
s0 SO
18N8 188 4 30 18N 30
20
18N o 20 188
10 o
14N Tan .1 14N G
'#'55E s3€ 7OE 71E 73E 73E 74 75E 7eE 12N 2N 5E 63€ 70E 77E 73E 73E 74E 75€ 7eE
B8E 69E 70€ 71E 72E 73E 74E 75& 76E
Daily District Rain {mm)
18 May 2021
30N 4
(€]
238N 250
200
26N
150
2an 125
100
228 75
208 S0
30
188 20
10
16N
S
14n c.1
12N
S8E 69E 70E 71E 72E 73E 74E 75E 76E

Figure 3.2: Distribution of district averaged daily rain (mm) fb2, 13, 14, 15, 16, 1@nd
18 May 2021 associated withauktaecyclone from INSAT3D HydroEstimator
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3.4.2 GPM-IMERG rainfall products

Fig. 3.3 (a) and3.4(b) show rainfall distribution on ¥”May 2021 at 020 UTC recorded by

H-E INSAT-3D and GPMIMERG respectively. HE well captured extreme cyclonic rain and
effectively discriminated destructive eye wall region with warm eye of cyclone. Extreme rain

is also recorded well by GPMWIERG, but it fails to locate arm eye region of cyclone.

-1 66°E 68°E 70°E T2°E 74°E

66°E 68°E 70°E 72°E 74°E

Figure 3.3: Spatial distribution of (a) HE rain from INSAT3D and (b) GPMMERG on 17th

May 2021 at 0200 UTC.

Comparison of rainfall products from-H andGPM-IMERG on daily scale is also carried out
from 12" to 18" May 2021. Since GPMMERG rainfall products aravailable at 0.1x0.1 km
spatialgrid resolution. Thus, HE rain is also gridded to same spatial resoluéind both the
products are compared in TC Tauktae affectegion 12°N30°N and 68°E-76°E. The
compariso results show a correlationd 0.59 The comparisorshows that FE compared
better with GPMIMERG product than with IMD gridded produdthe reason is that GRM
IMERG and HE both are spatially averaged products though originally at different resolutions.
On the other hand, IMD gridded product is generated using few point measurements from rain
gaugesNoteworthy, GPMIMERG products are late run produtiiathave not calibrated with

surface observations.

3.5 Conclusion

Rainfall isone ofan important comgnents of TC, which severely affects life and infrastructure

of coastal regions. At the time of extremely severe cyclone, such as recent cyclone Tauktae
formed in ArabiarSea, its monitoring becomes more significartEHnethodbased rainfall

from geostabnary satellite INSAT3D/3DR is successfully captured rainfall from the
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depression to dissipation of TauktaeEHecorded rain structure of cyclone very well and
discriminated the warm eye from destructive eye wall reg®well The rain estimated from
H-E shows good agreement with IMD surface observations and-IBERG satellite
products with R value of 0.5 and 0,%8spectivelyResults infer the reliability and usefulness
of H-E rain products from INSABD/3DR in monitoring TC Tauktae rain over oceard

coastal regions as well.
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Assessment of surface inundation and changes in water turbidity

4.1 Introduction

Coastal flooding is one of the most significant risk to life and infrastructure with wide ranging
social, economic and environmehimpacts.Floods are temporary or permanent inundation

of surface and can occupy vast expan€sslones bring high intensity of rainfall with short
duration and landmass with low to mild slope is remain vulnerable to flooding. As a tropical
cyclone appraches land, its impact leads to a rise in water level at the coast that can be
extremely severe inundating vast low lying areas. Second, flooding from rainfall can also occur
in conjunction. These events induced flash floods influence manlylogzareasn the coastal
regions and changes the turbidity of the wetlands. Rise in sea levels, extreme groundwater
withdrawal rates, land surface deformation, land use and land cover have further intensified the
impact and extent of inundation following land fafjitropical cyclones. Rivers get swollen

due to incessant rain under the influence of cycl®he.traditional monitoring of river gauges

is limited to few locations over a river basiWorldwide, the number of operational stations

has been decreasing contously Remote sensing techniques are an effective source of
information to understand various hydrological aspects related with the cyclone induced
flooding and so can be effectively used to map inundated areas with sufficient temporal and
spatial resoltion. Space borne measurements of terrestrial surface vestéine capabilitthat

can address some pivotal questions, which the in situ measurements find hard to answer.

o e «\"

k " - - B X -
Figure 4.1: INSAT-3D imageduring landfall
ExtremelySevere Cyclonic Storm Tauktae was a powerful tropical cyclone in the Arabian Sea

that became the strongest tropical cyclone to make landfall in Gujarat since 1998 and one of
the strongest tropical cyclone to ever affect the west coast of India. Cyclokead dnad

affected the Indian states of Kerala, Gujarat, Maharashtra, Goa and Karnataka, along with two
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Union Territories: Daman & Diu and Lakshadweep. Heavy rain due to Cyclone Tauktae
created flood like situation in many parts of Gujarat including tlaested districts of Amreli

and Bhavnagar along with Rajkot, Botad, Ahmedabad and Surat. Effects of Cyclone Tauktae
were felt inland, including Northern regions of Madhya Pradesh and parts of Uttar Pradesh as
well. Cyclone brought heavy rainfall and surfawendation to areas along the coast and caused
widespread infrastructure and agricultural damage to the western coast of India. Accumulated
rainfall showed a high amount (> 75 mm) of precipitation received at the landfall location in
in Gujarat on May 17@1.

4.2 Data Used

Surface inundation was estimated using synthetic aperture radar Sénéindl Advanced
Microwave Scanning Radiometer AMSRdataset. Optical dataset of SentiBelas analysed
to understand the changes in the turbidity of the neavkbysriand lakes.

Table 4.1: Dataset used to carry out assessment of CydiamKTAE

Satellite Sensor Spatial Temporal
Resolution Resolution
Sentinell Microwave Synthetic 10m 12 days (Glays for
aperture radaiC band Sentinel 1A and 1B)
AM SR-2 Pass/e Microwave 0.1 degree 1-2 days
Radiometer
Sentinel2 Optical Multispectral 12 10m 10 days (%ays for
bands (442200 nm) 20m Sentinel 2A and 2B)
60 m

4.3 Analysis of Cyclone Induced Floodig using Hydrological Modelling
SACHYDRO model is a determistic, distributed and unsteady flow model. It is developed to
simulate the hydrological fluxes at regional scale (5x5 km grid). The model takes care of
several hydrological processes such as infiltration, surface runoff, evapotranspiration, runoff
routingand snow melt runoff within the catchment. These hydrological processes are divided
into different modules and linked in a synergistic wathat maximum space based inputs can

be ingested into modeling framework. To solve different hydrological pracessthese
modules, data set such as meteorological parameters from weather models and remote sensing
data products for land surface variables are taken. Energy budget component of the model is
solved using Weather Research and Forecasting (WRF) similated. Remote sensing
products such as vegetation fraction, Leaf Area Index (LAI), Snow cover, Albedo are ingested
in the model. To perform hydrological simulations meteorological parameters such as

temperature, wind speed, relative humidity and radiafioxes are extracted from WRF
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forecast. WRF forecast of 24 hr were considered for the data set preparations with spatial
resolution of 5km. Rainfall and Snow cover was taken from satellite derived product
interpolated into model grid.o perform the sudce and sulsurface water partitioning Green

Ampt infiltration equation was used in the model. Gréempt equation over slopes was
adopted here to estimate the infiltration rate Green Ampt infiltration parameters (soil porosity,
saturated hydraulic condimty, suction head) are used from the relations developed between
soil texture and their hydraulic properties. To estimate snowmelt depth energy budget approach
is adopted in the model. The major component of energy budget approach is radiation fluxes
(shortwave and longwave radiation), turbulent fluxes (convective and latent heat flux) and
ground heat fluxTo estimate the inundation probability a functional relationship is established
between surface runoff and the topogragbubey et al. 2021)Since,cyclones bring high
intensity of rainfall with short duration it generates instantaneous flooding conditions at low
lying regions of coastal areas. Landmass with low to mild slope is also remain vulnerable to
flooding due to Hgh intensity of rainfall. iese characteristics of cyclones are utilized here to
derived flood inundation probability. Surface runoff is scaled to 0 to 1 based on amount of

surface runoff and topography slope is also converted into O to 1 scale. By combining these

two variables floodnundation probability is derived for the cyclone induced floodiRig.
4.2).
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Figure 4.2: Cumulative precipitation and Inundation probability during Cyclone Tauktae (17
May 2021)

Hydrological modelling of Tauktae cyclone was carried out to identifynigle flood prone
region. The satellite rainfall product and WRF meteorological forecast was used for

Hydrological modeling. Accumulated rainfall (Figt.2) showing high amount (> 75 mm) of
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precipitation received at thendfall location in Gujarat oiMay 17 2021.Rainfall and high
wind speed affected the many parts of Kerala, Gujarat and Maharashtra state. Cyclonic rainfall
also caused the inundation in different regions of these states. High amount of precipitation
was observed at the landfall location Gujarat state as higghted by the satellite rainfall

which, generated high inundation probability for the ywng region of the state

4.4 Surface Inundation mapping using SAR

Synthetic Aperture Radars like RISAT, Sentiigbrove very useful in deleating inundated
regions during cyclones and floods. For flood mapping SAR has the advantage to penetrate
cloud cover and remains largely un affected by adverse weather conditions that often persist
during flood events. SAR sensors emit electromagnetsep in the microwave region and
receive the signal returned from the surface, termed as backscatter, in the form of amplitude
and phase. The backscatter signal from a surface depends on the sensor parameters (wavelength
and polarisation) and other paraers like dielectric constant, the geometry of the target, and
surface roughnes3he flooded regions appear dark with varying shades depending on the
underlying heterogeneity and wind conditions. Therefore, the general idea is to find low
backscatter regns in the SAR image that generally act as specular reflectors thus appearing

as dark areas.

Date
19/05-22/05

- 01/05-10/05

Gir-Somnath District

19/05-22/05

B oo : o - 01/05-10/05, ’
Amreli District 1 : 3 Amreli District ™" Bhavnagar District
Figure 4.3: Inundation after Cyclone Tauktae in the Junagarh,-Samnath, Amreli,
Ahmedabad and Bhavnagar district, Gujarat using Sefiti@band 10 m spaii resolution
dataset
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Inundation maps using Sentirkl C band SAR are prepared after Cyclone Tauktae in the
Western Coast of India as shownFig. 4.3. The post cyclone flooding was carried out on
datasets of the perid®" i 22" May in comparison tgre-cyclone period 10" May 2021

for cyclone Taukta€él'he regional threshold was determined based on the histogram backscatter
values to delineate the still water surface and quasi inundated areas. Heavy flooding was
observed in the coastal districfsG&ujarat. District wise analysis of inundated surface area was
also carried out at 10 m sgatresolution and is shown inable4.2. Amreli district was the

worst affected (29 %) among other district, i.e. Gir, Junagadh, Porbandar and Bhavnagar.

Table 4.2. Inundated area in affesd districts after Cyclone Tauktae

District Inundated Area Post Percentage of total area
Cyclone (sg.km)

Gir 155 6 %
Junagadh 286 4 %
Porbandar 118 5%

Amreli 2100 29 %
Bhavnagar 960 12 %

4.5 Surface Inundation mapping using Microwave Radiometry

Microwave indices obtained from muftequency radiometry have been used in detecting
characteristics of land and water surfaces (Paloscia et al., 2018). Brightness Temperature
Polarization Ratio (PR), also known as Microwave Reddion Difference Index (MPDI), at a
particular frequency is one such index that is used to study soil moisture, surface inundation
and vegetation characteristics (Gupta et al., 2019; Njoku et al., 2003; Zheng et al., 2016)
Generally, wet soil that hasdf soil moisture is associated with high dielectric constant and
lower emissivity. Hence High soil moisture reduces the brightness temperature. This principle
is used to derive surface inundation during cyclones and floods. Further to improve the
temporalperiod of the analysis radiometry brightness temperature (BT) difference at 36 GHz
from Advanced Microwave Scanning Radiometer (AMSR2) atdeédree spatial resolution

was utilized for estimating the inundated areas at a much finer temporal resolutien. Thi
frequency is suitable to assess surface flooding and avoid signals due to wet soil. Although
microwave radiometers have a coarse resolution, it provides repeat observations of the entire
country with 12-day repetivity, which makes it suitable for anady®f regional scale

inundation from extreme events.
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Brightness Temperature Difference Image at 36 GHz of AMSR2

(Pre: 10-11 May - Post: 18-19 May 2021) Surface Flooding from Cyclone Tauktae (18-19 May 2021)
Using AMSR2 36 GHz MPDI
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Figure 4.4: Surface flooding map after Cyéldne Taukae using AM3R6 GHzdataset

Long-term MDPI statistics (mean and standard deviation) was computed using 28R

GHz Brightness temperature ds¢a Water bodies and inundated regions show high value of
MPDI. Desert regions and barren land too have high MPDI and these needs to be separated
from the true flood signal using LULC maps and appropriate thresholds. Flood Index for pixels
with MPDI in the range of 0.01 and 0.1 is computed on a linear scale of O to 1. Pixels with
MPDI < 0.01 are represented as ftwoded. AMSR2 36GHz MPDI based flood index maps
were generated for Cyclone Tauktae duringl®8May 2021. Heavy rain due to Cyclone
Tauktae crated flood like situation in many parts of Gujarat including the coastal districts of
Amreli and Bhavnagar along with Rajkot, Botad, Ahmedabad and Surat. Effects of Cyclone
Tauktae were felt inland, including Northern regions of Madhya Pradesh and péittsrof
Pradesh as well. This led to reduction in BTh in the region and flooded pixels were picked up
using MPD based flood index maps (Fig.4).

4.6 Impact assessment of Water Quality using optical dataset:

Inland waters are among the most productiveingatsystems on earth. The maintenance of
guality of the coastal and inland waters is essential for any country as they supportttie day
day activities of the people and the economic growth activities such as fishing, transport,
agriculture, industry angecreationExtreme events like cyclones, floods brings a large amount
of nutrients from distinct origin and changes the water quality in nearby wetlands. Turbidity is

one of the important water quality parameter can be detected in the optical mutisfseset
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(Chander et al. 2019). In the present work, cloud free images of Seéhtmel0 m spatial
resolution is used to understand the changes in turbidity levels duringyMeg) and postZ2
May) cyclonic event. As seen IAg. 4.5, significant ncrease in turbidity was observed in a

water body near Palitanvathin a span of few dayis comparison to pre cyclone time.

Figure 4.5: Natural colour composite and derived turbidity variation during pre and post
cyclone at the East coast of IndiangiSentineR multispectral dataset of 10 m spatial
resolution

4.7 Conclusion

Present section of report provides a detail overview of hydrological aspects analysed with
the help of remote sensing dataset associated with Cyclone Tauktae. Heavy rain due to
Cyclone Tauktae created flood like situation in many parts of Gujarat including the
coastal districts of Amreli and Bhavnagar along with Rajkot, Botad, Ahmedabad and
Surat. District wise analysis of inundated surface area was also carried out at 10lm spatia
resolution. Amreli district was the worst affected (29 %) among other district, i.e. Gir,
Junagadh, Porbandar and Bhavnagar. Effects of Cyclone Tauktae were felt inland,
including Northern regions of Madhya Pradesh and parts of Uttar Pradesh as well.
Significant increase in turbidity was also observed in many inland water bodies. Better
understanding of these hydrological aspects can further help to outline the susceptibility
of different localities to potential floods based on analyses of the impantsefdier

events.
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