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ABSTRACT. An attempt is made to document the radar obsefeattires of evolution of super cyclone that hit
Orissa on 29 October, 1999. Analysis of polar diags comprising of hourly PPl images taken betw2#0800 UTC
and 290200 UTC reveals interesting aspects of dpment of this Super Cyclone in terms of waxing waahing of eye
size in relation to intensification process. Thea#est radius of maximum reflectivity is in confaity with the colossal
death toll observed close to the track of the suyefone. Structural changes observed throughrrexages are in
conformity with intensify changes as seen throutjieioobserving systems.

Key words — Cyclone detection radar, Plan position ind@at Spiral bands, Double eyewalls, Radius of
maximum reflectivity, Eye diameter.

1. Introduction derived from the faxes received at the forecadtedfto
study the evolution of this super cyclone. For$h&e of
Radar has contributed significantly to our continuity the history of development is included i
understanding of tropical cyclone development psece Section 2. Performance of CDR Paradip duringsfiech
Taking cognizance of this fact, India Meteorologlica of super cyclone is very briefly touched upon irctgm 3
Department (IMD) had installed a set of 10 Cyclone whereas the broad radar observed features aresdestin
Detection Radars (CDRs) along the vulnerable sestad Section 4. Radar track is discussed in Section 5.
the coastline of India. CDR imagery has been esxvety Discussion on eye size fluctuation and radius afimam
utiized in IMD for analysis of tropical cyclones reflectivity is included in Section 6. The strueh
(Raghavan, 1997). The super cyclonic storm thsidd changes in the inner core area are discussed to&&c
coastal Orissa on 29 October, 1999 was tracked
operationally among other observing systems by CDR2. History of development
Paradip that provided very important signals fos it
location and structure. Unfortunately the origiriiin The best track of this cyclone is given in the pape
containing the radar images was washed out in theby Kalsi (in this volume). As per Regional Speisiad
immense rain and the subsequent flood that entdred Meteorological Centre (RSMC) Report the remnarthef
radar room. Highly useful signals emanated fromRCD tropical cyclone “TS 9921 EVE’ in the South ChinaaS
Paradip and were used on real-time basis in théoB@yc moved westwards across Malaysian peninsula and
Warning Centres at Bhubaneswar and Kolkata andalso emerged in the North Andaman Sea on 25 Octobe.199
Delhi to advise the Govt. at the apex level. It is As shown in Kalsi (2002 & 2005) it evolved rapidip 28
considered desirable to document this informatidmctv October when it slowed down its forward motion and
has been derived operationally for the analysisthef acquired the super cyclonic storm stage at 28180C U
super cyclone development for posterity. Hence, anwhen the estimated Maximum Sustained Wind (MSW)
attempt is made here to make use of the manuattek®t speed was of the order of 127 knot. At this tilme gtorm
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Figs. 1(a-d). CDR Paradip PPl images. See Section 4 for details

was located about 150 km southeast of Paradip. MSWParadip at noon of 28 October when as per theligatel
rose to 140 knot at 290300 UTC. Vital signals dbou imagery in the paper in this volume, the system had
development of this cyclone defining intensity atcle acquired maximum sustained wind speed of 90 knot
stage were captured mostly from the satellite image corresponding to T 5.0 as per Dvorak (1984) teakmiq
The system came within the surveillance range oRCD Radar data was available only upto 290200 &3 he
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Figs. 1(e-h). CDR Paradip PPl images (Contd.)

operations came to a halt with snapping of pow@pku development of this cyclone over the sea beyondahge
and flooding of station and subsequently the sysiem of CDR Paradip was monitored using mainly the INSAT
tracked using land-based surface and upper airanktw 1D satellite imagery which was received on hourdgib.
and also by the satellite systems. Operationally, CDR at Paradip tracked the approaching cyclone from
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noon of 28 October till 290200 UTC. Therefore, the
discussion on development is restricted by ancelangto
290200 UTC up to which radar observations are aloksl

3. Performance of CDR Paradip

A conventional analog S-band weather radar has

been in use at Paradip since 1973. The initie$$l 435

system was replaced by GRS-440 BEL radar in 1986.speed of low-level winds (Parrisdt al. 1984).
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rotation of the visible part of the eyewall wasioed. It

is obvious that a gap in the eyewall existed 12@i1200
UTC when a closed eyewall is seen. This was thgest
when the associated sustained wind speed excedifed 1
knots (Kalsi, 2002 & 2005).

The strong horizontal winds in the inner regions of
hurricanes advect the individual cumulus cellstatia the
Though

Despite the numerous shortcomings it was emploged t some bands remain stationary with reference tcsttam

track the super cyclone. The performance of tidarravas
satisfactory and its receiver sensitivity and traitted

centre as happened in the case of hurricane Eredri
(Parrishet al. 1982), the mesoscale rainbands in hurricane

power were optimum. However, 1500 UTC observation David rotated cyclonically completely round the ten

of 28 October could not be recorded due to techisitag

(Willoughby et al. 1984). At such high wind speeds, the

in the system. The sweep was not normal in 200 kmsechoes associated with the visible part of the ajlew

range. So observations could not be recorded thi¢h
selection of this range. Sweep was appearing onh-
axis and was absent iK-axis. All observations were
recorded for 500 km range. However, when theael
was very close to the coast, there was total dignupf
the power-supply and stand-by generator also failedto
water-logging upto knee level.
windows in the rooms were smashed by the strongefor
of wind. Air-conditioners of display room (1st fi and
transmitter room (2nd floor) were pushed insidewihg
copious entry of rain water in these rooms. VSATeana
and RT mast fell down in the early hours of 29 ®eto
Stream of water of approximately two feet was flogvin
all the rooms housing transmitter, display and iothréts.

In view of the above, the radar observations cowtbe
carried out after 290200 UTC.

4. Broad structural features

could be expected to rotate anticlockwise (cyclaiyg
and close the echo free eye area. Satellite imageeg
show the eye and also the tall eyewall clouds énstctor
in which it is not seen in the radar imagery. Radar
Observer here has taken pains to map out all dueirfes.
Since, the estimated diameter at this stage rabgbadeen

Glass-panes of many30-40 km, the length of missing eyewall (roughlyeon

third of the circumference of circle with 15-20 kadius)
was not more than 40 km which could be easily ceder
by the rotating echoes in less than 15 minutes.is,It
therefore, interesting to see the missing partyefvall at
this intense stage. The visible part of the eykusl
mostly in the western sector. It may be of intetesadd
here that the cyclone was moving westnorthwestwards
towards which major part of the eyewall is seertoudgh

it is quite difficult to explain the missing partf ¢he
eyewall at such high intensity, it may not be oliplace

to add here that there are instances of severeormgl
having a poorly formed eyewall or no eye at all

As the radarscope photographic film was destroyed(Weatherford and Gray, 1988 a&b). However, theee a

by the flooding of the station, only the faxed pola
diagrams were available.
interesting features that have been analysed tarndeot
the structure of the super-cyclone in relation te i
intensification process.

Development process of this cyclonic storm can bethickness

visualised through Figs. 1(a-h), which depicts PRdges
taken at different hours with the help of CDR Paradihe
cyclone first marked its presence on radar displathe
form of an open eye at 0800 UTC of 28 October [E{@)
with centre of eye at Latitude 18.8 deg N and Lardg
87.9 deg E]. There are some pre-cyclone linekerfarm
of line and broken echoes over coastal Orissa \faya
from the cyclone centre. The invisible part of gyewall
is more than 200 km away from radar site at tragetand
it is possible that the radar beam is overshodtiegwall
at that range. Subsequent radar images from 2809@
to 281000 UTC (Fig. not given) continued to show
absence of a part of the eyewall though a sligletaryc

numerous cyclones, some not even severe, for which

These have revealed veryclosed eyewalls have been seen in the past innrajes.

As the system tracked further to the northwest and
came closer to the radar station, the eye was asen
closed one at 281200 UTC with three spiral raindsaof
approximately 20 km, 10 km and 10 km
running ahead in northwest of it as seen in [Fi@)]1
The banded structure of tropical cyclones has slong
been recognised [(Simpson (1956), Raghavan (1888)
Willoughby (1988)]. A significant increase is ro#d in
the number and curvature of bands at 281200 UTixeSi
the two surrounding bands have widened and also
enlarged from 1100 UTC to 1200 UTC, it is the prti
eyewall ring of more than 180° extension in Figo)lthat
has completed itself in this case. Eye structse i
maintained upto 1800 UTC [Fig. 1(d)] though it iaxing
and waning in size. The intensity of the systens wa
assessed as T 6.5 at 1800 UTC of 28 October obatsis
of Dvorak (1984) technique that uses visible arfcaned
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satellite images for tropical cyclone intensity lgses. It
may be of interest to add here that a convectivstthad
taken place around mid-night in the core area & th
cyclone as seen in satellite imagery (Kalsi, 2082 the
cyclone evolved rapidly to super cyclone intensity.

As seen in Fig. 1(e) there is a sea change in the

organisation of eyewall convection at 281900 UTGewh
the closed eye seen at 281800 UTC is breakingtimto
asymmetric crescent shaped open eyewalls. Eyeawall
better developed but still not complete at 28200@Wut
the stationary band complex appears to have desélap
this stage which may be acting like a barrier taher
intensification [Fig. 1(f)]. It may be worthwhileo add
here that the intensity of the super cyclone haseased
very little after 281800 UTC. The band closesttie eye

at 281800 UTC seems to have impacted the eyewall.

Further discussion on eyewall changes is defeioed
subsequent section. Observation of 282300 UTC
reproduced in Fig. 1(g) shows inner eyewall surdmth

by thick spiral bands with opening to the southhe3e
have circular extension of more than 180° and
approximately 180° and thickness of 20 km and 10 km
respectively. This is a structure closest to dewylewall.

In addition, two more spiral bands are seen on.laQde

of the spiral bands had thickness of 20 km andohagr
Paradip.

The closed eyewall at 290000 UTC and 290100 UTC
(Fig. not shown) was engulfed by spiral band having

circular extension of more than 270 degrees thus

maintaining double eyewall-like structure. Thetlas
observation of 290200 UTC in Fig. 1(h) showed thesm
intense form of storm as seen by the radar. This very
close to the time when the system acquired interit
T 7.0 with MSW of 140 knot. In addition to asymimie
double eyewall-like structure there are two coningct
bands which are joining these two eyewalls.

As the cyclone intensified, the thickness (widtH) o
spiral bands around the eye increased. The théskoé
spiral bands consisting of highly convective clowdss
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Fig. 2. Radar track of Super Cyclone

5. Radar track of Super Cyclone

Radar has been widely used for fixing the tropical
cyclone tracks and with varying degrees of sucdess
short term track forecasts. The centre of the Isopelone
was fixed by examining the eye wall reflectivitytigans.
Subjective/lhuman errors in viewing or superposing
overlays can not be ruled out from the analoguearad
fixes. We have compared the best track positions
determined by IMD with radar fixes. The system viars
away from other CDRs and no useful inputs could be

about 20-30 km after 290000 UTC. These outermostobtained from them. The positioning difference veds

bands over northeast Orissa seen in the last intage
Fig. 1(h) at 290200 UTC are interesting. Thougbsth
bands originated earlier over the sea area, itterésting
to note that the total extent of these bands iy onker
land. They start just at the coast, extend soushmards
in the northwest sector over land and dissipaterkef
emerging into the sea. This asymmetrical orgaitinat
with reference to the centre of eye is apparentlelation
to enhanced frictional convergence, diurnal vasiatand
motion of the cyclone. These spiral bands were pinge
the affected area for a long time and resultedoipiaus
rainfall over the coastal belt of Orissa (Kal$)03).

the order of 40 km initially at 280800 UTC when e
was only partially visible. As the cyclone approad the
coast the positioning difference had come dowriragg

to 10 km. But the most striking position differenof 40
km is encountered at 281800 UTC when the eye is ase
very well organized. Since excellent satelliteadagts
were available and have also been used for buildess
track in IMD, this rather large position differenoeay be
result of meandering of the cyclone track over shor
period. As per Raghavan (2003), the short period
oscillation in the cyclone track is captured betteradar
rather than satellite imagery.
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a2 Veeraraghavan (1979) in the case of a Bay of Bengal
cyclone. Shea and Gray (1973) had found simileerise
relationship between radius of maximum winds (RMW)
and tropical cyclone intensity. But, the corredati
coefficient presented by Schweretal. (1979) between
RMW and the central pressure never exceeded 0.40.
Hence, in the absence of the pressure or winds
measurement in the eyewall, it is not possiblenferithe
intensity of a cyclone simply from the knowledgeeyfe
diameter measurements.

w W

Eye Diameter (km)
5 8RR
— T

%900 1000 1200 100 1ed0 100 7000 T190 0000 0200 040 As stated earlier breaks in the eyewall were

. B O e 200cK 145 conspicuous at 281900 UTC & 282000 UTC despite the
fact that the cyclone had already acquired supelonic

Fig. 3. Eye diameter as estimated from CDR imagery storm stage. One of the possible causes citedafgation

of eye size and structure is the interaction betwee

. . eyewalls noticed in double walled structure of oyels
Fig. 2 shows the radar track of the cyclone. #8en  (\ijoughby et al. 1982; Raghavast al. 1980 and Kalsi

that the path of the cyclone is a zigzag as moedt@n the  5005) “Gupta and Mohanty (1997) also talked of

basis of hourly radar observat|on_s. H_owever, |t_rmaned interactions between asymmetric double eyewallsiay

a steady northwesterly trend in its total journey a 1990 cyclone that also had intensity of a supetong In

observed by radar. The zigzag motion could be tdue fact, in that case also the inner eyewall was puect at

trachoidal motion in which centre of the eye resat ; N
. 2051 UTC on 8 May, 1990 [Fig. 6(i)) in Gupta and
cyclonically around the centre of the cyclone [Ra867) Mohanty, 1997]. Though the break in the inner egléw

Subramanian (1981) and Muramatsu (1986)]. SOMehad more or less continued in that cyclone, buthie

authors have linked trachoidal motion with change i current case a complete ring surrounded by numerous

shape of the eye. The shape of the eye was meditn bands is reappearing after 2300 UTC of 28 October.
hourly basis and it was found that except for foaurs,

the shape of the eye was elliptical. The changhape as
we note here may be one of the reasons for tracksuch
fluctuations

As noticed in Kalsi (2002) though there were no
kinds of walls noticed in INSAT imagery, a N®A
pass on 28 October, 1999 showed signatures sinailar
double eyewall. It appears that in the present cas
6. Eyesizeand radiusof maximum reflectivity surrounding bands seem to be interacting with treeie
the same manner. The internal structural changgsed

The size of the eye was measured by placing radamduring span of about 18 hours of radar scan ageland
beam at the centre of the cyclone and then adgistia frequent with a periodicity of 4 hours. Since nothelse
mobile range marker. The width of the eyewall deu is discernible, the eye size changes appear to baea
was also measured for few hours. Initially, at @&0rC forced by these interactions. Though the radanseoeere
on 28 October, the eye diameter was measured &m31 taken on hourly basis it may still be impossiblekeep
The hourly plot of the eye-diameter of the cyclase  proper track of features that have meso spatial and
shown in Fig. 3. The eye-diameter shows cycle® wit temporal domains which probably may require more
periodicity of about 4 hours from about 1000 UTC to frequent scanning. In the event when the spiraddba
2100 UTC. However, a decreasing trend of the eye-nearest to the eye replaces the earlier eyewalkite and
diameter is very conspicuous after 2100 UTC of 28 shape of the eye could change and this is what is
October. At 290200 UTC [Fig. 1(h)], it contractexd18 happening in this case as well. In the absence of
kmi.e. less than half of the maximum eye-size attained atreconnaissance aircraft observations, intensityimastd
1200 UTC of 28 October. It is worthwhile to memtithat using satellite imagery in terms of maximum wincegp
at 281800 UTC [Fig. 1(d)], when the system’s isign or central pressure has usually been kept somewhat
was upgraded to super-cyclone by IMD, diameterhef t constant for the north Indian Ocean cyclones atithe of
eye contracted abruptly to 23 kms from 34 km reedradt landfall.
1700 UTC observation. However, in the very nexirhio
again showed increasing trend. Bell (1975) found Another possible measure of the size of the ejleels
statistically that smaller eyes were associatedh Vatver radial distance from the cyclone centre to the poih
central pressures in the Pacific. The decreasg@ofsize maximum reflectivity in the eyewall. Raghavah al.
along with intensification was noticed by Raghawam (1989) defined it as the Radius of Maximum Retfigty
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Fig. 4. Structural details in the inner core
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(RMR). According to them RMR changes with time are
better related with intensification of any cyclon&his
was also observed in an another Bay cyclone thmatelc

at Kakinada in 1996 (Sharma, 1999). Incidentsdyfar

as this cyclone is concerned the lowest RMR of 8wkans
observed at 290200 UTC, very close to the time when
cyclone acquired the maximum intensity T 7.0 asther
RSMC, New Delhi Report on Cyclonic Disturbances of
the North Indian Ocean for 1999. But there wermeo
variations hour to hour in the RMR. In most otheutty
radar observations RMR was around 15 km. Thisevalu
was taken as the RMW for computing storm surgéilpro
along the Orissa coast (IMD, 2004). CDRs have igexV
realistic estimates of RMW through their estimatioh
RMR. In the absence of any estimate of RMW, in thods
storm surge models [Das al. (1974), Ghosh (1977) and
Dubeet al. (1985)], RMW has been taken as 50 km. As

seen in Kalsi (2005), CDR Paradip yielded important

information on the location of peak surge and dtso
magnitude which was controlled by RMW.
7. Structural changesin theinner core

To examine the structural changes taking plachen t
inner core area we have reproduced features withmn
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features. This has to be kept in mind that alk tis
happening when the storm is almost in peak stage of
intensification. The band C has come so closeh® t
eyewall at 281800 UTC that it again interacts wtitle
eyewall which gets broken into two crescent shdpedis

at 281900 UTC. Raghavan and Veeraghavan (1979 hav
reported breaking up of wall clouds of Nagapattinam
cyclone of November, 1977 when the eye was closkeo
land but still out at sea. Remnant of its eyewallld be
seen up to 4 hours after landfall. As alreadtestdreak

in the inner eyewall was also encountered in Ma9019
case (Gupta and Mohanty, 1997). However, In tlesqmt
case a complete ring reappears at 282200 UTC which
persists and shrinks in size consistently upto 2002TC.

Eye had shortest diameter of 18 km at this stagdtamas
almost half of what it was at 281200 UTC.

Unfortunately there is no observation other than
satellite derived intensity estimate. Kalsi (20@2pught
it out that a short period intensification mightvha
occurred as the eye got warmed up thereby incrgaki
intensity as per Dvorak (1984). As done in mosteot
cyclones, near the time of landfall the satelligrived
intensity estimate is kept almost constant hereval
except half a T. No. increase from T 6.5 at 28180C to

degree from the centre of the eye from 281200 UTCT 7.0 at 290300 UTC. This is consistent with radar

onward and marked them as band A, B, C, D etcign4
It appears that as discussed earlier band A at@BUTC
that defines partial eyewall is getting closed 81200
UTC. Band B gets first fragmented at 281300 UT@ an

observed improvement in the eye structure. Thetaligi
algorithm and objective Dvorak techniques havedgdl
slight re-intensification tendency in the morningand
290300 UTC. Without detailed reconnaissance dircra

then a part of it towards the south has apparentlyobservations intensity changes on short term shaling

disappeared in the next hour (Fig. not given).
Unfortunately there was no radar observation cdraet

linkages with eyewall configurations and their ches
can not be determined. However, research programmes

at 281500 UTC due to technical snag. The systeth ha are already in the offing in the United States ofekica

acquired maximum intensity at 281500 UTC as peitalig
and objective Dvorak Technique (ODT) algorithmsléa
2002). The small diameter at 281400 UTC is in twitl
this intensification phase. As discussed and sssher
there is increase in the number of bands at 281200
between the storm centre and the coast towardshwhe
super cyclone is heading. Therefore, it may heeeted

such as hurricane Rainband and Intensity change
Experiment (RAINEX), and also Intensity Forecasting
Experiment (IFEX). US Scientists have collectednpy

of observations in respect of hurricanes such dsiriéa
Ophelia and Rita that battered US coast during Atigad
September 2005 (Schrope, 2005). These experimeays m
help improve understanding and prediction of intgns

that within one degree of the centre, band D is newand track of tropical cyclones.

addition at 281200 UTC with band C coming closed an
band B supplanting the inner eyewall which is esicig
larger echo free area. The increase in diametahef
eyewall is reason sufficient to infer that the egéw
replacement has occurred at 281600 UTC. The e®e se
at this stage then shrinks and becomes small & iz
281800 UTC. But the big change in structural
configuration mentioned earlier
281900 UTC and 282000 UTC. Apart from the
fragmentation of the eyewall at 281900 UTC, thatre¢
displacement of earlier bands to the northwest afn@y

As a tropical cyclone approaches land, on accofunt o
land interaction, the outer winds which first enctaw the
land begin to get modified due to increased frittia
response to the frictional convergence in the oresho
winds (Parrishet al. 1982). The asymmetric heating due
to this convergence induces a track acceleratiorards

becomes distinct at the enhanced convection. As this cyclone apprahtie

land, a clockwise rotation in the spiral band stites also
appeared at 282000 UTC indicating northward defiect
of the course of cyclone that actually was expeeéen

the storm centre and appearance of band X in the ea Development of bands along and off the coast aed al

defined as the stationary band are the most comspsc

over land is basically in response to increasedidm and
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also because of northwestward movement of the supePvorak, V. F., 1984, “Tropical cyclone intensityadysis using satellite
cyclone. Since major structural change has ocdurre dcfr?]ﬁ]e';‘c(zAVCaSE?ncgrlonRSpg”pEESD'S 11, U.S Dept. of
within six hours of the landfall when the super loye R

was just within 100 km of the coast, land interattalso
seems to have played role in shaping this develapme
Willoughby (1990) has reported frequent coincidente
outer eyewall with landfall.

Ghosh, S. K., 1977, “Prediction of storm surgestloe east coast of
India”, Indian J. Met. Hydrol. & Geophys., 28, 2, 157-168.

Gupta, A. and Mohanty, U. C., 1997, “Secretary @mtive rings in an

. inhence symmetric cyclone of the Bay of Bengigusam, 48,
8. Conclusion 2, 273-28%. y Y g

The PPl images of CDR Paradip which were India Meteorological Department, 2004, “A review different storm

available on near real-time basis to cyclone foseca surge models and estimated storm surge heightsipece of
offices were of immense interest and use in moinigpr Orissa Super Cyclone of 29 October”, 1999 by SKBlsi,
development process for a limited duration of tiwigen N. Jayanthi and S. K. Roy Bhowmik, Met MonograplclGne
the cyclone was under its range of detection. ysialhas Warning Division No. 1/2004. Issued by O/o the Dice

General of Meteorology, Mausam Bhawan, Lodi RoadwN
revealed a lot of eyewall structural changes thatrew Delhi-110003.

associated with intensification process. Eye size

fluctuations had a per|0d|C|ty of about 4 hourshom'gh Kalsi, S. R., 2002, “Use of satellite imagery iogtical cyclone intensity

the reconna.issance a.ircraﬂ data is lacking tqﬁgwt[ the analysis and forecasting : A guide book for foreeas,
corresponding intensity changes, the eye sizeuhitins Meteorological Monograph, Cyclone Warning  Division
have links with intensity changes seen throughllgate m;/fﬁgfr'es'nd'a Meteorological Department, New Del

analysis. A slight re-intensification tendency he tearly
morning on 29 October is in tune with improvememt i
internal structure seen through CDR Paradip. Thalls
estimate of RMR is in confirmity with maximum desth
that have occurred near the track and indicates the — _ )
compact and intense structure of the eyewall. TheMuramajstéérlgf ,Ja;;plgzlr rnaogsog_;@ez eyetgphoon 8019",
structural changes mentioned in Section 7 may hiso ' o R '

partly due to land interaction as the same are roog Parrish, J. R., Burpee, R. W. and Marks Jr., F. 1382, “Rainfall

very close to the coast. patterns observed by digitized radar during thedfiah of
hurricane Frederic (1979)Mon. Wea. Rev., 110, 1933-1944.

Kalsi, S. R., 2005, “Orissa Super Cyclone-A Synshd¥lausam, 57, 1,
1-20.
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