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The present study discusses the application of near
real-time ocean surface wind vectors retrieved from
scatterometer instrument, on-board Indian polar
satellite SCATSAT-1, for tropical cyclone (TC) analy-
sis and prediction. The real-time tropical cyclogenesis
prediction of cyclonic activities in the North Indian
Ocean basin has been presented using SCATSAT-1
wind data. The study also demonstrates the utility of
high-resolution surface wind products of the scatte-
rometer in monitoring mesoscale-level features of TCs
for centre determination, size estimation and analysis
of asymmetric wind radii. Impact of SCATSAT-1
winds for TC prediction using numerical weather
prediction model has also been discussed. The short-
comings of ocean surface wind observations from
space-based scatterometers are addressed, in addition
to the sensor requirements for future satellite mis-
sions.
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Introduction

TROPICAL CYCLONES (TCs) are warm-core, low-pressure,
intense, synoptic-scale weather systems associated with
strong swirling winds, intense clouds, storm surges and
heavy precipitation. These systems form in the ocean
depending on the presence of favourable environmental
conditions like warm sea surface temperature (SST)
(>27°C up to 15 m depth), low to moderate wind shear
(10-15 kn), high humidity and vertical instability by
drawing energy from the ocean'. When these systems
approach towards the land, they cause large-scale
destruction to life and property over the coastal regions.
In the North Indian Ocean (NIO) region comprising Bay
of Bengal (BoB) and Arabian Sea (AS), on an average 4—
5 TCs form annually, during pre-monsoon (April-June)
and post monsoon (October—December) months. India,
with an extensive coastline, is vulnerable to meteorologi-
cal disasters like TCs™. The advance and accurate
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prediction of TCs is highly important to mitigate the
disastrous impact of land-approaching systems. India
Meteorological Department (IMD), New Delhi is the
official Regional Specialized Meteorological Centre
(RSMC) in the NIO region for providing advisories
during cyclones. Joint Typhoon Warning Centre (JTWC)
in Hawaii, Unites States, also provide TC warning for
this region. In addition to track and intensity, JTWC
provides an ensemble of parameters describing the struc-
ture of surface wind fields in TCs as part of its TC advi-
sory and warning process. These include the radius of
maximum wind (R.x) and the maximum radial extent of
critical wind speed thresholds of 34, 50 and 64 kn winds
in four geographic quadrants (i.e. in the northeast (Q1),
southeast (Q02), southwest (QO3) and northwest (Q4) direc-
tions). The quadrant wind information is used in numeri-
cal weather prediction (NWP) models for generating
synthetic vortex that helps in improving the track and
intensity forecasts®, and in the storm-surge prediction
models, to create wind stress for predicting storm surge”.

TCs form in the open ocean where the network of in si-
tu observations is sparse; thus satellite data are a major
source of information. Satellite observations provide
useful data to study the development, propagation, inten-
sification and to infer structural parameters of TCs. The
conventional satellite observations from satellite-borne
radiometers in visible and infrared channels are limited to
observing upper regions of the storms due to widespread
cloud-cover; however, microwave measurements can
penetrate within the clouds and provide surface parame-
ters with good accuracies.

Scatterometers on-board satellites are among such
instruments that have a capability of measuring both wind
speed and wind direction over the ocean surface. Scatte-
rometer, a microwave radar system, sends microwave
pulses to the earth’s surface and measures the backscat-
tered power. The backscatter is largely determined by
roughness of the surface, over the ocean, due to small
centimetre-scale waves caused by friction with ocean
winds. The backscatter depends not only on the magni-
tude of wind stress but also on wind direction relative to
the direction of radar beam (azimuth angle). The relation-
ship between backscatter power and wind speed is
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governed by a geophysical model function (GMF).
Ground processing of 60 measurements permits inversion
of GMF to estimate wind from backscatter measure-
ments’.

Several generations of wind scatterometers have been
flown in space by the National Aeronautics and Space
Administration (NASA), USA; European Space Agency
(ESA), France and the National Space Development
Agency (NASDA) of Japan, with continuous improve-
ment to the coverage and spatial resolution of ocean sur-
face wind vectors’. In 1978, the first operational wind
scatterometer, SEASAT (SASS), with a fan-beam system
operating at Ku-band (14 GHz) was launched. In 1991,
ESA launched the European Remote-Sensing Satellite
(ERS-1) Advanced Microwave Instrument (AMI) scatte-
rometer, followed by the ERS-2 AMI scatterometer
in 1995, with fan-beam system operated at C-band
(5.6 GHz). The Ku-band is more sensitive to wind
variation at low winds, but is more subjective to rain con-
tamination. In 1996, NASA launched the NASA Scatte-
rometer (NSCAT), a Ku-band fan-beam system and in
1999, the first scanning scatterometer ‘SeaWinds’ on
QuikSCAT, operated at Ku-band. ESA and European
Organisation for the Exploitation of Meteorological
Satellites (EUMETSAT) Ilaunched the first C-band
advanced scatterometer (ASCAT) in 2006 on-board
Metop-A. In 2009, the Indian Space Research Organisa-
tion (ISRO), launched a Ku-band scatterometer on
Oceansat-2 satellite (OSCAT). In 2014, OSCAT stopped
working and thereafter, ISRO launched its second Ku-
band scatterometer SCATSAT-1 on September 2016,
which is currently active and providing wind vector
observations over the global oceanic basins.

Scatterometer wind vectors are retrieved at standard
resolution of 25 and 50 km, which are derived from nor-
malized backscattered power, returned from an ellipsoidal
instantaneous antenna footprint. The standard products
limit the interpretation of the scatterometer signals for
mesoscale events, as strong gradients of the surface wind,
existing at scales of a few kilometres are smoothed in the
measured features such as the TC centre position, intensi-
ty, location of wind maxima, etc.’. Further enhancement
of the resolution of wind products (~6 or 12.5 km) can be
achieved by advanced approaches like dividing the
antenna footprint into smaller, contiguous ‘slices’ using
satellite on-board filtering”'’. These wind products of
different resolution are used in a variety of atmospheric
and oceanic applications'"'?. However, the present study
is limited to discussion regarding application of scattero-
meter data for TC studies. The improvement in TC track
and intensity predictions by assimilating scatterometer
data in NWP models has been shown by many research-
ers'>?2. Other than NWP applications, scatterometer-
derived surface wind measurements are used to resolve
mesoscale features within TCs like centre, size, wind
asymmetries, etc. High-resolution wind vectors retrieved

984

from the scatterometer have been reported in the litera-
ture, to resolve the inner core features of TCs>, pressure
field near a TC** and climatology of TC size® **. These
products have been used to produce composites of TC
surface wind distributions relative to vertical wind shear
and storm motion directions in each TC-prone basin and
various TC intensity stages”. The surface winds derived
from the scatterometer have also been used for the ‘early
detection’ of TCs>**.

The above studies concluded that information on
surface wind patterns in TCs is of great importance for
understanding and forecasting their formation and evolu-
tion. Satellite-based surface wind analysis is useful for
surface wind field monitoring of TCs**. Observation by
scatterometer provides a unique view of the surface wind
patterns in the outer/inner core of TCs. Here we discuss
the application of scatterometer on-board Indian satellite
SCATSAT-1 for TC monitoring, prediction and wind
structure analysis.

Study area and datasets

The study area of the present work includes the NIO
region, which includes the BoB and AS. The datasets
used are discussed below.

Scatterometer data

SCATSAT-1 satellite was launched on September 2016,
as a follow-on mission of OSCAT which had stopped
working in the February 2014. SCATSAT-1 carries a
Ku-band pencil-beam scatterometer, which is an active
microwave sensor at 13.515 GHz providing a ground
resolution cell of size 50 km x 50 km. It conically scans
the ground surface by generating two beams, the inner
beam and the outer beam that are configured in horizontal
and vertical polarization respectively, for both transmit
and receive modes. It covers a continuous swath of
1400 km for the inner beam and 1840 km for the outer
beam. SCATSAT-1 provides 90% coverage of the global
oceans within a day. SCATSAT-1 data are available in
real-time through the SAC-ISRO website (www.
mosdac.gov.in). The wind data includes the standard
products of 50 km x 50 km, 25 km X 25 km and high-
resolution products of 6.5 km spatial resolution.

Cyclone best track data

Six named TCs were formed in the NIO, since the launch
of SCATSAT-1 (i.e. during September 2016—December
2017). The best track data of these TCs have been
obtained from India Meteorological Department (IMD),
New Delhi. Figure 1 shows IMD best track positions of
these six TCs. TC structural parameters (R« and Radius
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of Outermost Closed Isobar (ROCI)) have been obtained
from JTWC best track data archive.

Since the scatterometer is in the polar orbit, it provides
one or maximum two passes over the BoB and AS
regions in a day. The cyclone is a moving weather
phenomenon; so it is possible that it may not be captured
in a day in any of the ascending or descending passes.
Moreover, if the system is over land, then also wind
observations cannot be provided by the scatterometer.
SCATSAT-1 may not provide full coverage over the
system; there is a possibility of partial coverage observa-
tions. Due to the above limitations, there is the likelihood
of missing wind observations over the low-pressure
systems forming in the oceanic basins. This may affect
the lead time of cyclogenesis prediction, or may miss the
system as well. For wind structure estimation, only those
passes can be considered that have full coverage over the
cyclone.

Methodology

The present work discusses utilization of SCATSAT-1
data for various TC applications like tropical cyclogene-
sis prediction, centre identification, size determination,
wind asymmetries analysis, etc.

Observational analysis of SCATSAT data

Tropical cyclogenesis prediction: The all-weather
capability of a scatterometer provides surface wind fields
over TCs, including the most intense and cloud-covered
low pressure systems. Very few such low pressure
systems turn into TCs. The present study discusses
advance prediction of tropical cyclogenesis in the NIO
using SCATSAT-1 L2B products of 25 km X 25 km spa-
tial resolution. The wind field patterns retrieved in each

Track of cyclones during 2016-2017 in NIO
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Figure 1. Track of tropical cyclones formed in the North Indian
Ocean (NIO) during September 2016—December 2017.
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pass of SCATSAT-1 over the BoB and AS region during
the cyclone-active months of NIO (April-June, October—
December) were matched with archived wind field
pattern database of previously developed low pressure
systems observed by the past scatterometers (QuikSCAT
and OSAT), as discussed in Jaiswal and Kishtawal*>*>.

The performance of cyclogenesis prediction using
SCATSAT-1 data is assessed by estimating the verifica-
tion skill scores, viz. probability of detection (POD),
missing rate (MR), false alarm ratio, false alarm rate
(FAR), bias, percentage correct (PC), correct non-
occurrence (c-non), threat score (TS) or critical success
index (CSI), and Heidke skill score (HSS) using the 2 x 2
contingency table. Estimation of these verification skill
scores has been discussed by many authors’ . The
expressions for the above scores using the 2 X 2 contin-
gency table (Table 1) are presented here.

poD=—%,
a+b

MR =——,
atc

False alarm ratio = b ,
a+b

d
c-non = ——,
b+d

a

TSorCSI =———,
a+b+c

a+b

Bias (B) = R
a+c

PC = _atd
a+b+c+d’

B 2(ad —bc)
(a+c)c+d)+(a+b)(b+d)

HSS

The above expressions are used to estimate the various
skill scores that provide guidance about the skill of the
model or technique.

Table 1. Contingency table for tropical cyc-
logenesis detection during 2016-17 using
SCATSAT-1 data in the North Indian Ocean

Event observed

Event forecast Yes No
Yes a=67 b=34
No c=0 d=2857
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Figure 2 a—f. Wind pattern matching index obtained for all the SCATSAT-1 passes over the NIO region during

cyclone-active months of 2016-17.

TC structural parameters estimation: High-resolution
wind products of SCATSAT-1, which are available at
6.5 km resolution, were also explored in this study to
assess their usefulness for TC structural parameters like
geolocation, size and wind asymmetry. For this, the high-
resolution winds obtained from each pass of SCATSAT-1
over all the six cyclonic systems have been analysed.

Estimation of cyclone geolocation: Accurate centre
detection is a critical issue, because TC forecast models
are highly sensitive to TC initial positions. During the
development of low-pressure systems when their wind
speed is in the category of depression, deep depression or
cyclonic storm, the surface wind circulation is often not
well-defined and may not be easily identified in visible or
infrared satellite imagery. For such cases, the low-level
centre estimated by the scatterometer derived wind field
is useful. In the present work, centre of TC is estimated
by identifying the centre of closed circulation which is an
area of low wind speed in the core of the cyclonic vortex.

Estimation of cyclone size: ROCI, which is available
from the best track archives, can be used as a TC size
metric because it is well related to tangential wind speed
profile of TCs?’. Chavas and Emanuel®® defined the size
of TC as the radius of vanishing winds and created a
climatology of TC size using QuikSCAT data of
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near-surface wind vectors. The size of TC is also defined
as the radial extent of positive vorticity around the TC
centre”’. In this study, size of TCs is estimated by com-
puting average distance between TC centre and 1 x 10~
s contour of relative vorticity”****°. TC size estima-
tion based on the vorticity approach represents the outer
radius of the cyclone beyond which it is assumed to have

no deep convection.

Estimation of critical wind radii: For the wind radii
analysis during TC warnings, four-quadrant radial extent
of wind radii of gale force winds (34 kn), damaging force
winds (50 kn) and hurricane force winds (64 kn) is
important. Accurate estimates and forecasts of critical
wind radii are also important as these values are used to
determine the hazardous wind conditions associated with
TCs; for example, wind speed probabilities*', TC condi-
tions of readiness and wave forecasting®’, and also in the
NWP models*. SCATSAT-1 provides wind vectors in
1800 km wide swath, which is capable of providing full
coverage over the TCs. Thus, it can be useful in deter-
mining the radial extent of 34 kn (17.5 m/s) wind speed,
especially when the 34 kn wind radii extend outside the
areas of convection. Due to rain contamination, there are
negative biases in the high wind estimates; thus the radial
extent of damaging force and hurricane force winds
cannot be accurately estimated.
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Assimilation of SCATSAT-1 retrieved wind vectors
in NWP model

The Weather Research and Forecasting (WRF) model
version 3.9, mainly developed for operational and
research applications, is used in this study to assess the
impact of SCATSAT-1 winds on TC track prediction.
This model includes advanced numerical techniques,
nesting options and various physics options for the treat-
ment of convection and precipitation. The WRF model
and assimilation methodology have been discussed in
previous studies***.

Results

The results of real-time tropical cyclogenesis prediction
by analysing each of the SCATSAT-1 passes for TC
active months of the NIO basin for 2016-17 (after the
launch of SCATSAT-1) are presented in this section. The
wind structure of TC has been analysed using high-
resolution products of SCATSAT-1. As a case study,
estimation of wind structural parameters of TC VARDAH
(6—12 December 2016, NIO) has been discussed.

Tropical cyclogenesis prediction

Each day at least 3—4 passes of SCATSAT-1 are obtained
over the NIO region covering the AS and BoB. Figure
2 a—e shows the wind pattern matching indices obtained
for each pass of SCATSAT-1 over the AS and BoB, for
October—December 2016, April-May 2017 and October—
December 2017. The days are shown in Julian number
in the x-axis and matching index values are shown in the
y-axis. The red colour horizontal line shows the threshold
limit (i.e. 0.6) of cyclogenesis for the NIO region. The
values of matching indices exceeding 0.6, indicate TC
formation alerts/or the existing cyclonic vortex. TC acti-
vity in the region is shown by vertical dotted lines on the
Julian day when it was designated as a TC by IMD.

It can be seen from Figure 2 a and b that three systems,
viz., KYANT, NADA and VARDAH (formation day is
shown by vertical lines) were formed during October—
December 2016 in the BoB region, which were predicted
by the present technique and no false alarm was found. In
the SCATSAT-1 pass of 14Z 18 October (Julian day
292), the matching index (0.61) was exceeding the thre-
shold value. This system was classified as TC by IMD on
00Z 25 October (Julian day 299) and was named as ‘TC
KYANT’. The second TC in the post-monsoon season of
2016 was ‘TC NADA’, which was designated as a TC by
IMD on 00Z 30 November (Julian day 335). The earliest
detection of cyclogenesis of TC NADA was found on
03Z 27 November (Julian day 332), as the matching
index (0.73) was exceeding the threshold limit. On 00Z
08 December, TC VARADAH was formed in the BoB
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region of NIO near the Andaman Sea. SCATSAT-1 pass
showed the earliest cyclogenesis on 03Z 05 December, as
the value of wind matching index was found to be 0.76.
The matching indices computed during the days of April—-
May 2017, are shown in Figure 2 ¢ and d for the AS and
BoB regions respectively. The figure shows that during
this period there was no cyclone in the AS and two
systems (MAARUTHA and MORA) were formed in the
BoB region, that were predicted before their formation
and there were no false detections. MAARUTHA was
designated as a TC by IMD on 18Z 15 April (Julian day
105) and was predicted by SCATSAT-1 on 03Z 14 April,
i.e. 38 h prior to its formation as a TC. Cyclogenesis of
TC Mora was predicted on 03Z 25 May (Julian day 145);
however, it was designated as a TC by IMD on 06Z 28
May (Julian day 148). Similarly, the values of matching
index obtained for the days of October—-December 2017
are shown in Figure 2 e and f for the AS and BoB regions
respectively. It can be seen from the figure that cyclone
‘TC OCKHI’ was formed in the NIO during this period.
The earliest detection of cyclogenesis of TC OCKHI was
done by SCATSAT-1 on 03Z 27 November; however,
IMD designated the system as TC on 03Z 30 November
(Julian day 334). The figure also shows that there were
few false alarms in the BoB region during these months.
The atmospheric and oceanic conditions were analysed
during these false detections and it was found that due to
the existence of high atmospheric wind shear conditions,
the probable strengthening vortices could not intensify
further and dissipated before developing into a TC.

Figure 3 shows the wind vectors retrieved by the
SCATSAT-1 pass detecting the earliest cyclogenesis of
the above-discussed TCs. The developing vortex has been
marked by a square box. The value of wind pattern
matching index (MI), and the date and time of
SCATSAT-1 pass are also shown in the figure. The lead
prediction time is also summarized. TC KYANT, NADA,
VARDAH, MARUTHA and MORA were predicted 154,
69, 69, 38 and 75 h respectively, prior to their designation
as a TC by IMD. The mean lead prediction time of the
cyclogenesis prediction was computed as 79 h. It can be
concluded that the scatterometers are well capable of
providing wind observations to predict cyclogenesis in
advance; however, the lead time of prediction is highly
dependent on the coverage over the system. Since these
instruments are deployed on the satellites orbiting in the
polar orbits, only one or two observations are possible
over the system which limits its temporal resolution.

All the SCATSAT-1 passes (958) over the NIO basin
during the cyclone-active months have been analysed
during 2016-17 for tropical cyclogenesis prediction. The
cyclogenesis prediction skill of the technique using
SCATSAT-1 data was assessed by estimating the forecast
verification scores of the dichotomous (yes—no) events
contingency table. Table 1 shows the contingency table
for tropical cyclogenesis detection during 2016—17 using
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SCATSAT-1 Winds showing the earliest detection of tropical cyclogenesis

TC VARDAH

TC KYANT

TC NADA

Cyclone formation:
00Z 25 OCT, 2016
Cyclogenesis prediction:
147 18 OCT, 2016
Prediction lead time:
154 hours

Cyclone formation:

00Z 30 Nov, 2016
Cyclogenesis prediction:
03Z 27 NOV, 2016
Prediction lead time:

69 hours

Cyclone formation:
00Z 08 DEC, 2016

03Z 05 DEC, 2016
Prediction lead time:
69 hours

TC OCKHI

TC MAARUTHA TC MORA

Cyclone formation:
187 15 APR, 2017
Cyclogenesis prediction: Cyclogenesis prediction: Cyclogenesis prediction:

Cyclone formation:
06Z 28 MAY, 2017

Cyclone formation:

03Z 30 NOV, 2017
Cyclogenesis prediction:
03Z 27 NOV,2017
Prediction lead time:

72 hours

03Z 14 APR, 2017
Prediction lead time:
38 hours

03Z 25MAY, 2017
Prediction lead time:
75 hours

Mean Prediction Lead Time: 79 hours ( ~ 3 days in advance)

Figure 3.

SCATSAT-1 data the NIO region. Based on this table,
the POD or hit rate of cyclogenesis detection was com-
puted as 1.0 and the missing rate was 0. This means that
all the cyclones formed were predicted in advance, before
these systems were designated as TCs by operational
agencies. However, the false alarm ratio and rate were
found to be 0.34 and 0.04 respectively. The value of bias
was obtained as 1.51, which shows over-prediction of
genesis event. While c-non was 0.96, PC was 0.97. TS or
CSI and HSS were computed as 0.66 and 0.78 respectively.
The values of CSI and HSS for NIO show a good fore-
casting skill.

Tropical cyclone structure parameters

The high-resolution wind products (~6 km) from scatte-
rometers can be used to estimate the cyclone structural
parameters like centre, size, Viax, Rmax, cCritical wind
radii, etc. As a case study, the structural parameters esti-
mated using SCATSAT-1 high-resolution wind products
(L4HW products) for TC VARDAH are discussed here.
SCATSAT-1 provided six full coverages for TC VARDAH
over its different intensity stages during 7-12 December
2016. For all these passes, the high-resolution wind prod-
uct was processed and wind fields in the inner core region
of TC were analysed. Figure 4 shows the geolocation
(marked with ‘+” sign) estimated for all these passes of
TC VARDAH. The geolocation estimated by surface
wind observations can be considered as the most accurate
position of the TC, and it can be used to correct the biases
obtained during the centre estimated by the thermal infra-
red images from geo-stationary satellites. The results of
centre estimation of TC VARDAH using high-resolution
wind products are presented here. These values have been
compared with IMD best track and JTWC best track data.
The cyclone positions at the time of SCATSAT-1 pass
have been computed in the three hourly IMD best track

988

SCATSAT-1 wind vectors showing the earliest cyclogenesis of TCs formed in the NIO during 2016—17.

and six hourly JTWC best track data using linear inter-
polation. The mean difference between the cyclone
positions estimated using SCATSAT-1 data with IMD
and JTWC best track data was found to be 73 and 47 km
respectively.

The size of TC VARDAH has been estimated by com-
puting the mean distance of 1 x 10~ s vorticity contour
as discussed earlier in the text. The values obtained were
compared with the JTWC best track ROCI values for the
nearest best track time and shown in Figure 4 for all the
six SCATSAT-1 passes. It can be seen that values of size
based on the vorticity approach are comparable with the
JTWC ROCI estimates. The mean value of TC size esti-
mated by SCATSAT-1 data was 344 km; however, the
mean value of ROCI for these cases was 375 km. The
mean difference between the JTWC ROCI and the esti-
mated TC size for the above six cases was found to be
50 km. The global mean value of TC size was estimated
as 423 km (ref. 38). The present analysis shows that TC
VARDAH was a cyclone of smaller size compared to
global mean size values. Its size was maximum during its
developing stage (363 km) and minimum (297 km) when
it attained its maximum intensity (80 kn).

The radial wind profile of TC VARDAH for the above
six passes was analysed and the radial extent of winds
reaching 34 kn (17 m/s) was computed in four quadrants.
Figure 5a shows the values obtained for all the passes
over TC VARDAH in the northeast, northwest, southwest
and southeast quadrants (expressed as R1, R2, R3 and R4
respectively). These values have been presented in Table
2 along with the JTWC best track estimated 34 kn wind
radial estimates for nearly similar time. It can be seen that
on 0330 Z 7 December 2016, only the estimate of R1 is
given. This is because the cyclone was weak during this
time and maximum wind speed in the other quadrants
was less than 34 kn. The unestimated values are pre-
sented by ‘999’ in the table. The system is in depression
stage with maximum sustained wind as 25 kn at that time.
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0330 UTC 07 DEC 2016
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Figure 4. SCATSAT-1 wind observations over TC VARDAH during its genesis and intensification
with its geolocation. The centre estimated by SCATSAT-1 is shown with the ‘+’ mark. The wind vector

arrows are down-sampled to increase visibility.
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resolution wind products.

The winds estimated by the scatterometers are contami-
nated with rainfall over the low-pressure system; thus, there
are some biases in wind speed estimations. Earlier studies
have documented that values of radial extent of 34 kn
winds increase with increase in intensification of TCs in all
the quadrants in general®*. However, in the case of TC
VARDAH, no association of TC intensity and radial extent
of the outer 34 kn wind is found in all four quadrants.
Winds vary greatly in all directions of a storm. The dis-
tribution of wind fields in all quadrants shows the asym-
metric behaviour of wind pattern (Figure 5b). These
winds in the four quadrants indicate the greatest extent of
winds anywhere in those quadrants of a TC. These esti-
mates are highly useful in risk assessment during landfall
of TCs. In the case of TC VARDAH, the scatterometer
pass shows that just before landfall the winds are higher
in the third (SW) and fourth (SE) quadrants. So, if these
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a, Gale force wind radii estimates. b, Quadrant wind distribution of TC VARDAH using SCATSAT-1 high-

sectors of cyclones hit the land, disaster due to TC will be
relatively higher.

Assimilation of SCATSAT-1 retrieved wind vectors
in NWP model

The WRF model version 3.9 was used in this study to
assess the impact of SCATSAT-1 winds on TC track
prediction. As a case study the results for TC OCKHI are
presented here. Two parallel experiments were performed
with (‘SCAT’) and without (‘CNT’) assimilation of
SCATSAT-1 retrieved winds, in addition to conventional
and other satellite observations, using three-dimensional
variational (3D-Var) data assimilation method during 3-6
December 2017. The selections of model physics are
broadly adopted from Kumar and Varma*®. Details of 3D-
Var data assimilation are given in the literature® *’. The
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Table 2.

Gale force wind radii estimates in all four quadrants

Radial extent of outer 34 kn wind (km)

Tropical cyclone

Date intensity (kn) R1 (NE) R2 (NW) R3 (SW) R4 (SE)
0330 07 December 25 250 (999)* 999 (999) 999 (999) 999 (999)
1600 08 December 40 200 (204) 140 (148) 999 (111) 999 (167)
0330 09 December 45 110 (111) 999 (111) 120 (111) 999 (111)
1600 09 December 50 290 (185) 130 (93) 180 (167) 180 (222)
0430 10 December 55 150 (195) 180 (130) 200 (204) 170 (130)
1600 11 December 70 170 (185) 200 (130) 190 (130) 190 (185)

*Values in brackets are the best track estimates of Joint Typhoon Warning Centre (JTWC) for the nearest
time of SCATSAT-1 pass. The unestimated values are represented by ‘999°.

National Center of Environmental Prediction (NCEP)
final analysis (0.25° x 0.25° spatial resolution) was used
to prepare the model lateral boundary conditions for both
experiments. The 6 h WRF model forecast from 0000,
which was valid at 0600 UTC 3 December 2017, was
used as the first guess for cyclic assimilation from 0600
to 1800 UTC. This procedure was adopted instead of di-
rectly using the NCEP analysis as the first guess. In this
study, observation errors are assumed uncorrelated in
space and time, and as a diagonal matrix. The diagonal
elements of these covariance matrices are variances of the
SCATSAT-1 observation error and assumed constant in
space and time. The standard deviations for SCATSAT-1
wind speed and direction are 1.6 ms ™' and 20° respectively.

Figure 6 a shows the simulated cyclone track from both
experiments along with the IMD-observed best track.
Variational data assimilation modified the initial position
of SCAT experiment in comparison with CNT experi-
ment. Minute changes were found in the first 24 h track
forecasts from 1800 UTC 3 December 2017 (Figure 6 b).
Further, SCATSAT-1 based experiment was performed
closer to IMD best track compared to CNT experiment. It
is interesting to note that a temporal error was observed
in the CNT experiment, which improved after assimila-
tion of SCATSAT-1 winds. Results suggest that mean
track error reduces from 175 km in CNT run to 115 km in
SCAT run after the assimilation of SCATSAT-1 winds.
This mean track error reduction is substantial when
considering model predictions beyond 24 h (reduced from
290 km in CNT run to 170 km in SCAT run). Moreover,
model-simulated mean ROCI, R, and gale force wind
radii in all four quadrants were compared with JTWC best
track data (Table 3). Results suggest that R, predictions
are improved with the assimilation of SCATSAT-1 winds
for R34 and R50, whereas no significant changes are found
in ROCI predictions. Overall, the results suggest that assi-
milation of SCATSAT-1 winds improves track prediction
with less impact on cyclone structure analysis.

Discussion and conclusions

The present study discusses application of scatterometer-
retrieved wind fields for TC monitoring prediction and
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structural analysis. The utilization of wind products of
SCATSAT-1 for tropical cyclogenesis prediction of TCs
in the NIO basin is highlighted. The results show that the
SCATSAT-1 data predict the advanced cyclogenesis of
TCs formed in the NIO basin with the lead prediction
time of three days (~79 h). There are a few false alarms,
which were corrected after including the atmospheric
wind shear conditions. Thus, the combination of surface
wind observed by SCATSAT-1 and atmospheric wind
shear provides a reasonably good possibility of cycloge-
nesis prediction.

The high-resolution products were also generated from
SCATSAT-1 o observations. These products were found
to be highly useful for TC surface wind structural analy-
sis, as shown in the study for TC VARDAH. The six
passes of SCATSAT-1 over the full coverage of TC
VARDAH during different intensity stages of its duration
have been analysed and the results showing the estimates
of TC geolocation, size, critical wind radii and quadrant
wind distribution are discussed. The cyclone prediction
models are highly sensitive to initial conditions like TC
centre and size. The estimates of TC geolocation and size
parameter presented in this study can be used for this
purpose. The centre values estimated using SCATSAT-1
wind fields were matched with the best track estimates
from IMD and found to be in good proximity. The size of
TC was estimated using the vorticity approach and found
to be comparable with respect to the JTWC ROCI values.
However, more data are required for analysing the size
characteristics of TC in the NIO basin.

The high-resolution wind products were also used and
have been shown for analysing wind asymmetry in the
TCs. The values of gale force wind radii (radius of 34 kn
winds) in the four quadrants have been estimated and pre-
sented. The results show how wind asymmetry varies
during different intensity stages of TC VARDAH, and the
existence of gale force winds closer to the centre for
comparatively intense cyclone stages. The maximum
wind speed existing in all the four quadrant has also been
shown for TC VARDAH. These products are useful to
assess the extent of the most dangerous area of the exist-
ing cyclone and thus maybe helpful during TC risk analy-
sis. The assimilation of SCATSAT-1 data in the WRF

CURRENT SCIENCE, VOL. 117, NO. 6, 25 SEPTEMBER 2019
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Table 3. Mean radius of outermost closed isobar (ROCI), R.x and gale force wind radii in all four quadrants for
JTWC data, and CNT and SCAT simulations using weather research and forecast (WRF) model

Radial extent of outer wind (km)

JTWC observation/WRF simulation ROCI (kn) Rinax (kn) R1 R2 R3 R4
34 kn JTWC 192 18 128 119 92 111
CNT 297 12 87 78 71 77
SCAT 295 16 101 73 66 85
50 kn JTWC 190 17 65 65 45 55
CNT 298 13 45 43 36 43
SCAT 297 16 50 45 42 42
64 kn JTWC 188 16 36 35 24 29
CNT 296 14 34 34 32 32
SCAT 298 14 29 33 32 34

model has been performed and improvement in the TC
track prediction has been demonstrated in the case of TC
OCKHI. Results suggest noteworthy improvements in
track prediction beyond 24 h forecasts.

Scatterometer wind data obtained from satellites like
SCATSAT-1 help in providing the large surface observa-
tions over global oceans. These observations have been
widely used by researchers, and have resulted in impro-
ved analyses of surface features, better definition of high
wind areas and improved forecasts of high-wind events.
Scatterometer satellites, being flown on polar orbits, have
a limitation that they provide one or two passes in a day
over the low-pressure systems developing/or existing in
the oceans. Sometimes they miss the coverage or provide
partial coverage over cyclonic systems. This affects the
lead prediction time of cyclogenesis. Thus, for higher
lead prediction time and more frequent observations of
the cyclonic vortices, more scatterometers are required.
Due to heavy rainfall during cyclonic systems, the wind
estimates are rain-contaminated and the high wind esti-
mation is also a limitation. For wider applications, the
rain sensitivity and high wind sensitivity of scatterometers
should be addressed. This may be done using the cross-
polarization and dual frequency scatterometer. A radio-
meter can also be flown along with the scatterometer,

CURRENT SCIENCE, VOL. 117, NO. 6, 25 SEPTEMBER 2019

which can be used to correct the estimations during rainy
cases.
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