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ABSTRACT. Numerical prediction of the movement and intenatfon of the Orissa Super Cyclone (1999) is
studied using PSU/NCAR MM5. Sensitivity experimewesre made to study the role of the parameterisathemes of
convection, planetary boundary layer and explicitisture schemes. The model is designed to have thteractive
domains with 90, 30 and 10 km horizontal resoludiaovering the Bay of Bengal region. The initialdis and time
varying boundary variables and sea surface tempesaat 12 hour interval are provided from NCEP FMta available
at 1° resolution.

Three groups of experiments were performed to sttty sensitivity of the cyclone track predictiondan
intensification to the schemes of convection, plarneboundary layer and explicit moisture procesSéd®e results
indicate that convective processes play an impbrae in the cyclone track prediction and the socaef Kain-Fritsch 2
produces the best track and the planetary bourldgey processes control the intensification with $cheme of Mellor-
Yamada producing the strongest cyclone. The expticisture processes modulate the movement ofytblerce, which
may be due to the fine resolution of the 10 kmtfier innermost domain. The mixed-phase scheme ibitation with
Kain-Fritsch 2 and Mellor-Yamada produce the béstukation in terms of the track as well as inteiesifion. The
ensemble mean of all the conducted experiments&tithe track positions and intensification betian any individual
experiment. The simulated cyclone shows all theataristics of a mature cyclone, with warm cocepfation of the
eye and eye wall. The model simulated rainfallritigtion and intensity have good agreement withabgervations.

Key words — Tropical cyclones, Numerical models, Track predicti Physical processes, Structure, Rainfall,
Ensemble.
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1. Introduction now possible to use the weather prediction modeiégh
resolutions (about 10-30 km), but still not suffict to
Tropical cyclones are known to cause damage andresolve the convection explicitly (~ 1 km). Duettese
destruction along the coastal regions, around dbation reasons, the sub-grid scale processes of convegtom
and time of the landfall. The destruction is duestmng resolvable) and the PBL processes are parametetized
gale winds, torrential rain and associated tidalvava define their interaction with grid-resolvable progtic
Though the intensity and the frequency of the tabi variables.
cyclone over north Indian Ocean are less than tobose
Pacific and Atlantic oceans, more devastation veased Tropical cyclone predictions in different countries
over the coastal regions of the Indian subcontinentare being operationally provided by the relevartiomal
because of the socio-economic conditions and tlastab  meteorological agencies (lwasa# al., 1987; Mathur,
topography of this region. For north Indian Oceagion, 1991; Puriet al., 1992; Cheret al., 1995; Kurihareet al.,
prediction of the movement of the tropical cyclories 1993, 1995). For the Indian region, the India
very important to initiate proper mitigation meassir  Meteorological Department (IMD) issues forecastghaf
Though the general behavior of the movement of thetropical cyclones over north Indian Ocean usingitéoh
tropical cyclones is well known, it is desirabletave as area models and with assimilation of synthetic
much as accurate prediction as possible of thefddirfdr observations (Prasad and Rama Rao, 2003). Mandal
effective implementation of the disaster mitigatiéor a (1991) provides a good account of the forecasting
long time, conventional synoptic methods are used f methods for the prediction of tropical cyclones the
tropical cyclone prediction. Though these methods a north Indian ocean region and continuous attempés a
helpful, their utility is limited due to the varidibty of being made towards the development and applicatfon
tracks of cyclones. numerical models for this purpose (Sikka, 1975;
Ramanathan and Bansal, 1977; Singh and Saha, 1978;
Numerical models, based on fundamental dynamicsPrasadet al., 1997; Prasad and Rama Rao, 2003).
and well defined physical processes, provide aulisedl
for weather prediction including tropical cyclones. NCAR MMS5 is being used for tropical cyclone
However, for the modeling of the tropical cyclonal the studies by many researchers. ldual. (1997) gives a
important physical processes which play importasie r  comprehensive review of the simulation of the tcapi
in the evolution are to be well defined and incogted cyclones. Their study reports the simulation of ek,
such as energy supply from the ocean to the atneosph storm intensity and the inner core structure of the
So well formulated PBL processes may be crucial for hurricane Andrew-1992 using NCAR MM5 with triple
modeling of cyclones, as convection in the free nested grid and at a resolution of 6 km. Braun &ad
atmosphere depends on the supply through the PB&. T (2000) used NCAR MM5 to study the sensitivity of
PBL processes and the Conditionally Instabilitysetond  tropical cyclone intensification to the PBL
Kind (CISK) mechanism are the important physical parameterisation and reported that Burk-Thompsosh an
processes for the intensification of a low pressote a Bulk Aerodynamic schemes of the PBL produced the
cyclonic storm. Therefore numerical models are ® b strongest tropical cyclone where as the MRF scheme
designed to incorporate these processes for thalation produced the weakest storm. Davis and Bosart (2001
of the evolution of tropical cyclones. The use ofnerical simulated the genesis of hurricane Diana-1984 using
models is subject to the limitations of inadequate NCAR MM5 and reported that model physics plays an
observations. As the cyclones form over remote micea important role during the transformation from masdi
regions where conventional observations are natadle, storm to hurricane intensity than from mesoscaltexcto
providing accurate initial conditions for modeleagtation marginal storm strength. Wang (2002) studied the
is the first limitation. Availability of some datdrough sensitivity of tropical cyclone development to alou
remote sensing measurements slightly improved themicrophysics using a triple nested movable mesh
definition of the initial conditions, but is stidl limitation hydrostatic model. The study with three cloud
which needs improvement. Secondly, the numerical microphysics schemes of warm rain, and two mixed ic
models for the study of tropical cyclones need @veha phase schemes, one with graupel and other with hail
very high resolution to resolve cumulus convection. indicate that the intensification rate and finakimsity are
Though it is desirable to design a model which resolve not sensible to cloud microphysics but only produce
the convection explicitly, predictions on real tirbasis differences in the cloud structure. Braun (200#)uated
with constraints on computational power precludehsu hurricane BOB-1991 using NCAR MM5 with the four
attempts. With the rapid developments of computer nested domains and with 1.3 km resolution of theein
technology and availability of fast computing thgbu  most domain to simulate the asymmetrical structdireye
desktop computers and parallel processing methbis, and eye wall. Mohantgt al. (2004) simulated the Orissa
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Super Cyclone using NCAR MM5 with a horizontal 0000 UTC of 25 October and was later identifiedaas
resolution of 30 km and with analysis nudging f@r Hr depression at 1200 UTC of 25 October. The depnessio
prior to the model integration starting at 0000 Ua1C26 then moved in westnorthwesterly direction and was
October 1999. The results of this study indicaizt tihe reported as cyclonic storm at 0300 UTC of&8ober and
model could predict the intensity of the storm api8 hr, then as a severe cyclonic storm at 0300 UTC of 27
but as underestimated between 48 hr and 72 hrsiliay October. It continued to move in northwesterly diien
also reports delayed landfall which is reflected as attaining the stage of very severe cyclonic storith w
overestimation of the intensity. Rao and Bhaskarra hurricane intensity at 1500 UTC of 27 October. Hitde
(2003) attempted to simulate the Orissa super ogclo imagery show clear eye formation at 0300 UTC of 28
using NCAR MM5 with the options of Grell, MRF and October, indicating its hurricane force intensityhe
simple ice for the parameterisation schemes of ecinn, system continued to intensify and move west
planetary boundary layer and explicit moisture. iThe northwesterly and attaining the intensity of supgrlonic
study reports a good simulation of the Orissa superstorm at 1500 UTC of 28 October. Rapid intensifarabf
cyclone but with an underestimate of cyclone intgns the storm with an estimated fall of the centralface
Trivedi et al. (2002) reported the improvement of track pressure of 60 hPa, between 0600 UTC and 1800 UTC o
prediction and the characteristics of Orissa suyelone 28 October indicate rapid development. At this stédwe
due to the assimilation of synthetic vortex in ihéial lowest central surface pressure was estimated 2$HBa
analysis. Yang and Ching (2005) simulated Typhoonwith an associated maximum wind speed of 140 knots.
Toraji - 2001 using NCAR MM5 and studied the The cyclone had its landfall near Paradip (20.586F, E)
sensitivity to different parameterisation schem&keir on the east coast of India between 0430 UTC and 053
study indicates Grell convection scheme and GoddardUTC on 29 October. Satellite observations indicaight
Graupel cloud microphysics scheme gives the baskir  weakening of the cyclone just before landfall and
where as the warm rain scheme gives the lowestatent continued to loose its intensity rapidly after thadfall to
surface pressure and MRF planetary boundary layerthe stage of cyclonic storm at 0300 UTC of 30 Oetob
simulates the track and intensity agreeing with the and depression at 0300 UTC of 31 October 1999.rAfte
observations. They have also indicated that therahke crossing the coast, the system moved northeastarlgg
mean rainfall with the 15 experiments is close he t 1200 UTC of 29 October and 0300 UTC of 30 October
observations than individual experiments. Ensenalie and then southeasterly between 0300 UTC of 30 @ctob
super ensemble approaches for cyclone track predict and 0300 UTC of 31 October. In some analysis (Kals
are reported to reduce the errors in the foreq@tang 2005 in this volume) the storm is thought to have
and Krishnamurti, 1997; Vijaya Kumar and Krishnathur remained stationary between 29 to 31 October, 1999.
2003). Heavy rainfall was recorded along the Orissa coatt
reports of 53, 25, 22, 25, 43, 18 and 25 cm atd¥ayra

In this study, an attempt has been made to simulateChandbali, Balasore, Cuttack, Bhubaneshwar, Pudi an
the movement of Orissa super cyclone using NCAR Gopalpur respectively on 30 October and rainfall26f
MM5, a high resolution mesoscale model. A caseysaid 36, 10, 12 and 15 cm at Paradip, Chandbali,
Orissa super cyclone is chosen as it is the mdshse Bhubaneshwar, Puri and Gopalpur respectively on 31
cyclone of the past century and caused enormousigiam October. A storm surge estimated to vary betweed n6
and destruction to the coastal regions of the @rsdate.  caused enormous damage inundating the coastalneegio
A brief description of the Orissa cyclone is givan At the end, the Orissa super cyclone caused exensi
section 2 followed by the details of the modelécton 3; damage and destruction with a loss of life of 10,00
initial and boundary conditions in section 4 and th people and perished lives stock of 450,000, danmage
description of the experiments and results in eadi 200,000 hectares of crop area etc.

2. Description of Orissa Super Cyclone (1999) 3. Modd

The Orissa Super Cyclone (OSC-99), as referred by NCAR MMS5, a non- hydrostatic primitive equation
the IMD, is the most intense cyclonic storm expared model, developed by Pennsylvania State University
over Bay of Bengal since the false point cyclond 885, (PSU)/ National Center for Atmospheric Research
with an estimated minimum central sea level pressifir (NCAR) is used in the present study. A detailed
912 hPa and associated maximum wind of 140 knots.description of the NCAR MMS5 is given by Gredt al.
This storm had its genesis over the Gulf of Thailan (1994). This model has versatility to choose thendim
located as a low-pressure area on 24 October TH48. region of interest; horizontal resolution; interagtnested
low pressure moved westwards and was identifiegh as domains and with various options to choose
well-marked low pressure over north Andaman Sea atparameterisation schemes for convectigianetary



64

MAUSAM7, 1 (January 2006)

TABLE 1

Detailsof NCAR MM5 model

Model Name

PSU/ NCAR MM5 V3.6

Model type
Vertical resolution
Horizontal resolution

Domain of integration

Radiation scheme

Surface scheme

Sea surface temperature
Convection scheme

PBL scheme

Explicit moisture scheme

Primitive equation, Non- hydrostatic
23 sigma levels
90 km

30 km 10 km

64.1668° E — 103.832° E 77.6588° E —98.4334° E 80. 2672° E- 93. 932° E

4.16439° S - 31.3731° N 4.46226° N — 26. 6558° N 9.1942° N - 24.055° N
Dudhia scheme for short wavetiadia
Rapid Radiative Transfer Model for long wave radiat
OSU/Eta Land- Surface Model
Real sea surface temparatur
Anthes-Kuo (AK); Grell (GR); BetMiller (BM); Kain - Fritsch 1 (KF1), Kain - Rsch 2 (KF2)
Medium Resolution Forecast (MRF); MelMamada (MY); Blackadar (BL); Pleim - Xiu (PX)

Warm Rain (WR); Simple (88, Mixed Phase (MP); Goddard Microphysics (GM)

boundary layer (PBL), explicit moisture; radiatiand soil 100 %

processes. For the present study, the model igrksbito mrf // .
have three interactive nested domains with horaont T

resolutions at 90, 30 and 10 km covering the Bay of S% )

Bengal and neighborhood as shown in Fig. 1. Differe

sensitivity experiments have been conducted to Isiteu M %
r{f Domain !
‘\

details of the options used in this study are giwen
Table 1. For all these experiments, the modeltegimted
for 120 hours starting from 0000 UTC of 25 October
1999.

4. Data

the development stages of the Orissa super cycldine WK
D Domain2
-]

The initial conditions for the three model domains
have been interpolated from NCEP FNL data available
1° x 1° resolution corresponding to 0000 UTC of 25
October 1999. The model topography for the 90, 30 a E o
10 km domain regions are obtained from the USGS
topography data at 30", 10" and 5" resolutions.

Domainl

Fig. 1. Model domains with 90, 30 and 10 km resolutions

The time varying lateral boundary conditions are
derived at every 12 hr interval during the peridaD@ . .
UTC of 25 October 1999 to 0000 UTC of 30 October the model results. The observations of rainfalbreed at
1999 from NCEP FNL analysis. The time varying SST the coqstal stlations are cpllecteq from IMD repdais
data are also prescribed at 12 hr interval takem fNCEP ~ Comparison with model derived rainfall.
data interpolated for the three model domains.

5. Results

The intensity and the position of the Orissa super
cyclone are taken from the reports on the India
Meteorological Department (2000) for comparigotin

In this study several model prediction experiments
of the OSC-99 were carried out using NCAR MM%hwi
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Figs. 2(a-f). Model simulated track positions of the Orissaesugyclone along with the IMD observations for #heriments with different
convection schemes of (a) Anthes-Kuo (b) Grell BeXts-Miller (d) Kain-Fritsch 1 (e) Kain-Fritsch @d (f) All together in
combination with MRF and simple Ice schemes for RBH explicit moisture

three nested domains of horizontal resolution a80and convection as Anthes-Kuo (AK), Grell (GR), BettsHii
10 km. The experiments were categorized in to three(BM), Kain-Fritsch 1 (KF1) and Kain-Fritsch 2 (KF#)
groups, choosing different parameterisation schenfes combination with Medium Range Forecast (MRF) scheme
convection, planetary boundary layer and explicit for PBL and Simple Ice (SI) for explicit moisture
moisture processes to study their role in the mar@m processes. The model predicted track positions
and intensification of the OSC-99 under study. Tdfou are presented individually for each of the experitee
model results are available for the three domaimsglel [Figs. 2(a-e)] and together [Fig. 2(f)] to facitiathe
predicted track positions are shown and discussethé evaluation. The results indicate that the experisievith
30 km domain only, where as the model intensity AK [Fig. 2(a)] give the worst simulation, considagiboth
estimates are presented for the 10 km domain. i$tdse the estimates of intensity and track errors. These of
to the stronger intensity with the 10 km domainjioclh ~ GR [Fig. 2(b)] provides reasonable estimates oftthek
covers the passage of the OSC-99 only from 0000 BfTC positions up to 48 hours.€, 0000 UTC of 27 October)
27 October and that the track positions from 30 Hhdém and the error increases there after. The BM scheme
domains are almost the same. [Fig. 2(c)] gives good track position agreeing withe
observations, but with an underestimation of thelane
5.1. Sensitivity experiments with  convection motion. The schemes of KF1 [Fig. 2(d)] and KF2
schemes [Fig. 2(e)] give very good estimate of the tracksition
agreeing with the observations. Though 24 hr ptigtic
In this group, five experiments were performed with errors are higher in these schemes, the error esdisom
the variation of the parameterisation scheme for48 hrto 120 hr, particularly in KF2 scheme. sltifficult
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Figs 3(a&b). Time variation of model simulated (a) central skael pressure (hPa) and
(b) maximum wind (mseY for the experiments with different convection esates in
combination with MRF and simple Ice schemes for R explicit moisture processes

along with IMD estimates

to assess at this stage, from a single case sthey,
probable reasons for this drastic reduction in refrom
24 hr to 120 hr forecast with KF2 scheme. Theselte
indicate that the movement of the tropical cycldee
sensitive to the convective processes and thaKdie-

Fritsch2 scheme gives the best representation based
this single study. The time variation of the CSLRda
maximum wind for this group of experiments are show
in Fig. 3. As noted earlier, these results corradpto
10 km resolution and are presented from 0000 UfTZ70
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Fig. 4. Model simulated track positions of the Orissa esup
cyclone for the experiments with different PBL egtes in
combination with KF2 and simple Ice schemes for

IMD
— —KF2+MRF+S|

convection and explicit moisture processes alor M D 2 - - - Kr2ewves)
estimates KF2+BL+SI
— = KF2+PX+S|
20

October to 0000 UTC of 30 October. The resultsdatd Figs. 5(a&b). Time variation (;??r(]h(;::;se)zl simulated (a) central kmeel
that the schemes of KF2 and GR give a minimum CSLP pressure (hPa) and (b) maximum wind (m3dor the
of 960 hPa where as KF1 and BM gives 970 hPa and experiments with different PBL schemes in
AK scheme does not show any intensification. combination with KF2 and simple Ice schemes for
Correspondingly the attained maximum wind speeés ar convection and explicit moisture processes alortg wi

55 m set¢ with KF2; 50 m se¢ with GR and KF1 and IMD estimates

about 45 m setwith BM. Though KF2 and GR seem to

yield the same intensity, KF2 performs better asttime

occurrence of the minimum CSLP and maximum wind Mellor-Yamada (MY) and Pleim-Xiu (PX). The predidte
occurs at about 90 hr coinciding with the obseorad; track positions from these four experiments alorith w
where as GR experiment attains the maximum inteasit IMD observations are presented in Fig. 4. It isedothat
108 hr (.e., with a lag of 18 hr). In any case the intensity all the four experiments give good prediction o thack
predicted falls short of the observed intensitySByto 60  up to 48 hr and with increasing errors there after.
hPa even with KF2 and GR and KF1 and BM. PerhapsSpecifically, MRF provides the least track error tp
the intensity simulated may correspond better tita 120 hr and MY provides the worst error beyond 48§ hr

observed if the resolution is further reduced bel®km. BL and PX slightly deviating to the right of the
observations and with an error range of 50-200 fomf
5.2. Sensitivity experiments with PBL schemes 48 to 120 hr. MY gives good track prediction upddhr,

later with deviation farther to the right of obsatiens and

As per the results noted in the previous sectidfi2 K gradual increasing to an error of 300 km at 120riclihe
convection scheme gave the best prediction of thekt ~ model predicted CSLP and maximum wind from 0000
and the attained intensity. So the second group ofUTC of 27 October (48 hr) to 0000 UTC of 30 October

experiments was carried out with KF2 and SI for the (120 hr) are presented in Figs. 5(a&b). The distitn of
convection and explicit moisture processes and with  the CSLP indicate that MY scheme gives the maximum

choice of four PBL schemes as of MRF, Blackaédu)( storm intensification with a CSLP of 900 hPaimied at
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Fig.6. Model simulated track positions of the Orissa esup
cyclone for the experiments with different explicibisture
schemes in combination with KF2 and Mellor-Yamada
schemes for convection and PBL processes along with
IMD estimates

around 84 hr. Contrastingly the schemes of BL Bixd
give a CSLP of 940 hPa, where as MRF gives only 965
hPa. All the four schemes give the maximum intgn6it

hr earlier than the observations. The distributadnthe
maximum attained wind show 70 m gdor MY and PX;

65 m set for BL and 55 m setfor MRF. The schemes of
MY, PX and BL produce early intensification ahed@4,

30 and 12 hr; where as MRF prediction coincidesh wit
IMD observations. These results indicate that the
combination with MRF scheme gives the best track bu
with large underestimation of the intensificatiorhere as
MY scheme gives good prediction of the intensifimat
but with larger error in track prediction during -420
hours than of MRF scheme. It is also to be nated PX
scheme gives maximum wind of 70 m $exssociated
with 950 hPa which may indicate model storm quite
smaller than the observation.

5.3. Senditivity experiments with explicit moisture
schemes

It was inferred, from the results discussed in
the previous two sections, that the combination of
KF2 scheme for convection and MY for PBL produce th
best simulation for the OSC-99. So faimulation
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Figs. 7(a&b). Time variation of model simulated (a) central sea
level pressure (hPa) and (b) maximum wind (rsec
for the experiments with different explicit moistur
schemes in combination with KF2 and Mellor-
Yamada schemes for convection and PBL processes
along with IMD estimates

experiments were performed with the options forlieip
moisture processes as Sl, Warm rain (WR), MixedsBha
(MP) and Goddard Microphysics (GM) along with KF2
and MY. The model simulated track positions arevah

in Fig. 6 along with the IMD estimates. It is nottuht,
though the initial positions of the model and olsagons
are slightly different, the track positions aregicéed well
from 24 — 60 hr and the errors gradually incredsset
after. The combination with MP scheme gives thet bes
simulation where as GM overestimates the cyclontamo
and the schemes of WR and S| have larger errorsdha
MP. The time variation of CSLP and maximum wind are
shown in Figs. 7(a&b). As noted earlier the combora
with S| produces the strongest cyclone with CSLP@J
hPa where as GM produces slightly weaker than SI.
However the time of attainment of the maximum isign
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occurs earlier than the observations, a head affértSI
scheme and 24 hr for GM scheme. MP also gives an
intense storm with CSLP of 925 hPa where as WR
produces the weakest storm with a CSLP of 950 lnidla a =

these two schemes have the time of maximum intensit e
coinciding with the observations. The time variataf the

maximum wind show features consistent with CSLP Figs 9(a&b). Ensemble mean values of the model simulated
variation. The maximum wind obtained by the differe (@) central sea level pressure (hPa) and
schemes is 75 ms‘é(by GM: 70 mseé by MP and SI (b) maximum wind along with IMD estimates
schemes and 60 mseby WR scheme. The GM scheme

produces the maximum much earlier than the obdenst

where as the schemes of MP, SI and WR have thestatistically (if at all) the best combination oiffdrent
occurrence of the maximum agreeing with the schemes for producing optimum track and intensity
observations. These results indicate that expizitsture predictions.

processes modulates the intensification throughPtBe

30

processes which may be due to the fine resolutfohOo 5.4. Ensemble experiment
km for the innermost domain. It may also be inférfi®m
the above discussion that the combination of KF2 fo The results presented in the previous three section

convection, MY for PBL and MP for explicit moisture show the sensitivity of the cyclone track modeldicgon
produce the best track where as the schemes of MBM, to different schemes of convection, PBL and explici
and Sl support stronger intensification than WR. isl moisture processes. Keeping in view of the dispersi
difficult to conclude the reasons for the bestkeafrom nature of the predicted track, a simple ensemblannué#
experiments with GM and MP based on only one casethe track positions at different time points arenpoted
study. It can however be inferred that the exphuitisture (excluding Anthes- Kuo experiment) and are shown in
schemes of GM and MP contribute to modulate theFig. 8. The ensemble mean produces a very good
cyclone movement in combination with the KF2 prediction for this case study with almost an idt=ait
convection scheme with the resolution as 10 km. &om track from 24 — 120 hr. These results seem to suppe
experiments with higher resolution of less tham®b rkay use of ensemble method for improvement in track
indicate the specific role of explicit moisture pesses.  predictions. The ensemble mean of CSLP and maximum
Also many such experiments are needed iog bout wind are presented in Figs. 9(a&b). It iseubthat the
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TABLE 2

Errorsof track positions (km) for different sensitivity experiments

Hours (Valid on dates at 0000 UTC)

24 (26 Oct)

48 (27 Oct) 72 (28 Oct) 96 (29 Oct) 0120 Oct)

Sensitivity of convection schemeswith MRF and SI combination

Convection scheme

AK 64 352 0 333 404

GR 7 176 372 607 894
BM 200 188 240 209 191
KF1 78 56 55 94 116
KF2 124 78 55 11 0

Sensitivity of PBL schemeswith KF2 and Sl combination

PBL schemes

MRF 124 78 55 11 0
MY 59 66 175 364 523
BL 64 22 55 433 235
PX 89 0 55 89 188

Sensitivity of explicit moisture schemeswith KF2 and MY combination

Explicit moisture scheme

Sl 59 66 175 364 523

MP 78 55 149 190 134

WR 78 56 124 269 397

GM 78 78 184 157 337
Ensemble mean 73 37 55 42 153

ensemble mean produces a strong cyclonic storm avith
CSLP of 945 hPa and maximum wind of 55 mseEhe
ensemble mean estimates of the CSLP and maximum

5.5. Errorsintrack prediction

The vector errors of the model simulated cyclorre fo

wind have an error of 33 hPa and 15 m/sec resmdygtiv
which are better than majority of the experimeritbe
ensemble mean can never be superior to all thethe sensitivity experiments with different conveati
experiments as it minimises the error due to disparof
different experiments as some not so good forezzastel
Though the ehéem
average is an underestimate of the observed imyerise
time of attainment of the maximum intensity coiresd
with the observations. For operational purpose aeran
ensemble average based on different combinatiad) e
experiment is to be run individually which would ede
huge computing resource as the forecast has tesbed
within certain time slots. There is also a podisjbthat
the prediction may be sensitive to initial condiotoo,
which aspect has not been examined in this stuolygthn

out with some excellent forecast.

it is quite important.

different experiments conducted in this study are
computed and presented in Table 2. It is to bechdtem

schemes that KF1 and KF2 schemes have the smallest
error varying from 50 to 120 km and KF2 scheme has
smaller error than KF1. BM scheme follows with erro
varying from 180 — 250 km where as GR has errors
increasing from 150 to 900 km. AK scheme does not
produce intensification of the cyclone and withearatic
track prediction. The track produced with this suoke
shows faster movement than the observations duheg
24 — 48 hour period, with an error of 352 km athé@irs
and then slowing down with stationary position up t
72 hours and then retarded motion. The zero eptadhat

72 hours should not be mistaken for a good premics it

is due to the stationary position and looping &f ¢lrclone
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Figs. 10(a-h). Distribution of sea level pressure. Left panebgs model predicted fields
and right panel shows IMD charts at 0300 UTC of Q@tober (a,b);
28 October (c,d); 29 October (e, f) and 30 Octd®®9 (g, h)
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Figs. 11(a-d). Model derived vorticity and divergence field{1sec') at 1200 UTC of 28 October 1999. (a) Low level
(850 hPa) cyclonic vorticity (b) Upper level (13Pa) anticyclonic vorticity (c) Low level (850 hPa
convergence and (d) Upper level (150 hPa) divergenc
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Figs. 12(a-d). Vertical section along 19.5° N at 1200 UTC of @8tober 1999 of

M, _.:-'_- _ __ |
C I T T R L

(@) wind (m s8c(b) temperature anomaly (°C)

(c) vertical velocity (cm se§ and (d) relative humidity (%)

from 48 to 72 hours. The errors correspondinghte t
second group of experimenis., with different PBL
schemes indicate that MRF has the smallest eramigimg
from 0-124 km; followed by PX with error of 0-188nk
BL with 22-433 km and MY with 59-523 km. These
numbers indicate that MY has good prediction ug&dr
but with increasing errors there after. The thiat ef
experiments with different explicit moisture scheme
show that the combination of KF2, MY and MP show th
best track with errors of 50 to 190 km.

It is of interest to note that all the four schenmas
explicit moisture, in combination with KF2 and MYiawv
very good prediction up to 48 hr with an error @&0

of KF2, MY and MP have smaller errors than any othe
combination established through the consideratidn o
model predicted track and intensity.

In view of the result that KF2+MRF+SI has smaller
track errors, for this case study, than the expemnisiwith
KF2 + MY + MP but with less attained intensity, amer
experiment was carried out with the combination of
KF2 + MRF + MP. The results (not shown) of this
experiment indicate that the track errors are ntoa@ of
KF2 + MRF + Sl but with little change in the attath
intensity. Considering these results, it is codell that
KF2 + MY + MP seem to produce the best simulation
amongst all the performed experiments for this chsey.

km only. Beyond 48 hr, MP scheme gives the bestMany such experiments are needed to produce staligt
prediction followed by GM; WR and SI respectively. the best combination of schemes.

Though the combination of KF1, MRF and S| seem to

have slightly smaller track errors than KF2, MY avié,
the model intensification is better with the
combination. These results indicate that the coattmn

The ensemble mean produces the best track positions

later with errors in the range of 30-150 km, less thaly an

individual experiment.
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Figs. 13(a-c). The model simulated total precipitation (left phrand non-convective precipitation (right parielzm/day
corresponding to 0000 UTC of 28 October (b) 29 ®etand (c) 30 October 1999
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5.6. Characterigtics of the model simulated cyclone

For the experiment with the combination of KF2,

75

The structure of the model simulated cyclone
for the experiment with the combination of KF2, M¥d
MP schemes, at its mature stage, 1200 UTC of 28

MY and MP schemes, the development of the cyclane a October is analysed. The vertical sections of thirdw

predicted by the model and its structure at theureat
stage are analysed and presented.

The model simulated CSLP distribution at 0300
UTC of 27, 28, 29 and 30 October along with IMD
analysis are presented in Figs. 10(a&b). It is aidtat the

model produces the development of the low pressur

system at 0000 UTC of 25 October (not shown), @ato
severe cyclonic storm at 0300 UTC of 27 Octobehwit
CSLP of 975 hPa. IMD reports indicate a severeaycl

storm with estimated CSLP of 990 hPa. The simulated

location of the storm is to the northeast of theDIM
estimates at a distance of 104 km. At 0300 UTC &f 2
October, the model simulated a very severe cyclstomm
with a CSLP of 940 hPa and maximum wind of 65 ritsec
Correspondingly IMD also identifies the system assy
severe cyclonic storm with estimated CSLP of 97& hP
and maximum wind of 38 mséc The location of the
model storm is slightly north of IMD estimate. AB@D
UTC of 29 October, the model simulation shows that
cyclonic storm just crossed the coast with its eerst

20.8° N, 86.5° E where as IMD analyses indicate its

position right on the coast at 19.9° N, 86.7° Eidating
an error of about 102 km. The simulated storm skibws
a CSLP of 940 hPa and maximum wind of 60 rifsec
where as IMD reports indicate the CSLP of 912 hié a
maximum wind of 70 mséc The model storm lost its

intensity to become a cyclonic storm at 0300 UTC of

30 October, which agrees with the IMD observatidrise
results indicate that the model
intensification of the OSC-99, the trend agreeinthwhe
IMD estimates. The model simulates a pressure dfll
55 hPa in 36 hours as compared to 86 hPa from 00U

of 27 October to 1800 UTC of 28 October in the IMD
estimates. This is a good simulation within thaestmints

of model resolution.

The cyclonic/anticyclonic  vorticity and the
convergence/ divergence corresponding to the |¢8&0
hPa)/ upper (150 hPa) tropospheric levels at 1200 ©Of
28 October are presented in Figs. 11(a-d). Thelémel
cyclonic vorticity Fig. 11(a) shows strong cyclonic
circulation concentrated with in a radius of 150 km
indicating a fully evolved storm. The upper level
anticyclonic vorticity Fig. 11(b) shows weak anttynic
circulation around the region of the low level @yl
circulation. The low level convergence Fig. 11(attprn
shows strong spiraling inflow regions towards tleater
of the storm. Upper level divergent flow indicates
Fig. 11(d) outflow regions, concentrated in thewfard-
right and rear-left quadrants around the regiolowflevel
convergence.

could simulate the

flow; temperature anomaly; vertical wind and relati
humidity at the Latitude 19.5° N are presented in
Figs. 12(a-d). The distribution of the wind flowgFil2(a)
shows cyclone intensity winds throughout the trgbese
within a radius of about 400 km. Super cyclone dsin
exceeding 60 mséare found up to about 700 hPa level.

®The caim region at the center slowly expands upward

associated with decreasing intensity of the cycloni
circulation and outflow at higher levels. The temgtere
anomalies Fig. 12(b) indicate warm core with a mmaxn
heating of 14° C in the 700-400 hPa layer. Theargif
warming also slowly expands outward at higher Igvel
The distribution of the vertical velocities Fig.(t?shows
downward motion at the center which also expands
upward conforming to the wind and temperature
distributions. Strong vertical motion is observedhwn
the 30-60 km radius coinciding with the radius of
maximum wind. Small regions of downdrafts are
observed, which are due to subsidence associatdd wi
convection. Beyond the dry region Fig. 12(d) of 5@
radius, highly moist region prevails up to abou®4dn
radius throughout the troposphere. Saturated atnessp
at higher levels above 600 hPa level shows thdaoutf
region associated with the convection. Strong anjicl
winds throughout the troposphere with the radius of
maximum wind at 50 km; warm, dry, subsidence region
at the center; strong upward motion with high hutyid
expanding upward indicate the distinct characiesstf a
mature cyclonic storm.

5.7. Model ssmulated rainfall

The model predicted rainfall computed for the
preceding 24 hr period, from the experiment witle th
combination of KF2, MY and MP schemes, is analysed
for 0000 UTC of 28, 29 and 30 October 1999. Thaltot
rainfall, sum of the contribution from convectivedanon-
convective processes and for the non-convectivefaidi
(grid scale condensation) alone are shown sepwratel
Figs. 13(a-c) to assess the respective contribsitié
0000 UTC of 28 October, rainfall was observed owath
central Bay of Bengal with precipitation exceeding
20 cm/day. It is noted that much of the rainfab@gated
with the active storm region is contributed by téd-
scale precipitation. Rainfall around the storm oegis
from the sub-grid scale convective processes. A1000
UTC of 29 October, the rainfall maximum moved
northwest coinciding with the storm motion. Non-
convective precipitation contributes to most of thmfall
over the storm region where as sub-grid scale aziore
contributes in the outer region. On both 28 and 29
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October, the precipitation distribution shows nasist-
southeast elongation with the rainfall maximum
(40 cm/day) located to the left side of the stormtion.

At 0000 UTC of 30 October, the precipitation distiion
becomes more circular, as the storm crosses ttst. ddze
region of high precipitation reduces in horizongatent
but still with the maximum exceeding 40 cm/day. As
observed earlier, non-convective precipitation dwates
the storm region where as sub-grid scale precipitat
contributes for the meager rainfall in the outagioe. It is

to be noted that the precipitation maximum (40 awd
shifted to the right half of the storm motion, aamy to
the trend before the landfall.
precipitation exceeding 20 cm/day with isolated immex
of 40 cm/day over the regions near the landfalhpaie
comparable with the rainfall observations of 43, 25, 18

The model simulated
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maximum wind of 70 msétfollowed by BL and PX
giving 940 hPa and MRF only 965 hPa. All the four
schemes give good track prediction up to 48 houd a
MRF scheme gives the better track positions as eoeap
to the other three schemes. These results indicateVY
scheme gives the best intensification though thergiin
the track position with MY scheme are slightly ménan
MRF. Of the PBL schemes, MY produces the maximum
intensification, where as MRF shows the weakedt o
intensification starts from the 48 hr itself bothh MY and
MRF schemes where as the steep fall of pressunerocc
from about 72-86 hr in the IMD reports.

The third group of experiments with KF2 scheme for
convection, MY for PBL and with different optionsrf
explicit moisture processes indicate that the MReste

and 15 cm/day recorded at Bhubaneswar, Chandbaligives the best simulation in terms of track as vedl

Cuttack, Puri and Paradip respectively.

6. Summary and conclusions

intensity. Though SI scheme produces the strongest
cyclone the track errors are higher. The experinti
S| produces the strong intensification with the maeng
stage from 48 to 84 hr while the rapid intensifizcat

The present study reports results from numericaltaking place 72-86 hrs in the observations and WR
prediction experiments of the Orissa Super Cyclone produces the worst.

(1999) as sensitive to the parameterisation scheofies
convection, planetary boundary layer
moisture. The case study of OSC-99 is chosen iatlie
most intense cyclone reported during the past cgniine

and explicit

From the above model simulations it is to be noted
that different schemes produce different intenatfan
characteristics and that none of the experimentddco

model simulated movement and the development of theexactly predict the rapid intensification from 78-Brs as

OSC-99 during its evolution from a low pressuretays
to a super cyclone are studied using NCAR MM5. €hre
sets of experiments have been carried out withingry
options of the parameterisation schemes,
convection, then for PBL and for explicit moisture
processes.

The results from sensitivity experiments with
different schemes for convection, in combinatiorthwi
MRF for PBL and Sl for explicit moisture process,

indicate that the movement of the cyclone is quite

sensitive to the convection processes. The schefrié€isl
and KF2 produce the best track positions agreeiitg w

of the observations.

A simple ensemble mean of the experiments carried

first for out, excluding Anthes-Kuo, gives a very good estarat

the track positions with errors less than any singl
experiment. The ensemble mean also produces agstron
cyclonic storm with a minimum CSLP of 945 hPa.
Though this is a slight underestimation of the obsea
intensity, the time of attainment coincides withe th
observations.

The computed errors of the track positions of the
different experiments show that the experiments \lie

the observations. The schemes of KF2 and GR produceombination of KF2+MY+MP and KF1+MRF+SI have

the maximum cyclone intensification with CSLP 0f096

the minimum errors in the range of 30-150 km, lgmm

hPa, better than the other two schemes. Thesetgesul the other experiments.

indicate that KF2 scheme performs better than other

convection schemes as evaluated from the trackiposi
and time and strength of maximum attained intensity

Following the results from the first set of
experiments, the second set of experiments wasedarr
out for KF2 scheme for convection, S| for explicit
moisture and with different schemes for PBL proeess
These results indicate that PBL processes playairale
in the intensification of the storm. MY scheme proes
the maximum intensification with a CSLP of 900 rdral

The model simulated development and the
characteristics of the cyclone at the mature stagehe
experiment with KF2 for cumulus convection, MY for
PBL and Sl for explicit moisture is examined. Thedal
simulated development clearly indicates the difiere
stages from depression to the super cyclone. Thgemo
could simulate a steep pressure fall of 55 hPa&bih@urs

as compared to 86 hPa of the IMD reports. The
characteristics of the simulated cyclone agree witise

of earlier studies. The model simulates strong level
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convergence within 150 km radius; upper-level
divergence over a wider region; warm core alofy, and
subsidence motions at the center within the 50 &dius;
strong upward motion in the 50-100 km radius thtaug
the troposphere indicate the distinct charactedstf a
mature cyclonic storm.

The model predicted rainfall distribution and
intensity agree with the observations. The modellcto
simulate asymmetrical distribution of the rainfaljth
maximum exceeding 40 cm/day, located towards tfte le
of the storm track before landfall and towards tigfter
the landfall. Precipitation from cloud resolvabl®gesses
contributes for most of the rainfall associatedhwihe
cyclone where as sub-grid scale convection cortgbin
the outer environment.

The results of this study clearly indicate the rofe
the convection, PBL and explicit moisture processes
the movement and intensification of the tropicatlope.
It may be concluded from these experiments thatgsith
scale and grid scale convective processes modthate
movement of the tropical cyclone and PBL processes
important for the development and intensificatiés. the

model innermost domain has 10 km resolution, grid

resolvable convection dominates the rainfall ovkee t
active cyclone region where as sub-grid scale ottiose
contributes in the outer environment. Though difico
conclude from one case study, 10 km resolution seem
be sufficient to resolve the convection inside ¢lyelone.
As expected, the different experiments performedthia
study show dispersion of the predicted track. Hamwe
ensemble mean seems to be a very good approxinattion
the best track. As the results of this study amecerned
with a single case of the Orissa super cyclonesrs¢case
studies of different types of cyclones with differéracks
and attained intensities are to be made to artigefnite
conclusions.
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