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ABSTRACT. The super cyclone that crossed Orissa coast ddcRSber 1999 was the most intense storm in the
history of Orissa with 12 coastal districts of ttate were battered by winds reaching 250 kmph. flihe of winds
continued for more than 36 hours after landfaltie# storm. The storm caused huge damage to prepexrtid nearly
10,000 people lost their lives. In the present \stwktensive numerical experiments are conducteédvestigate some
important aspects that may lead to the improverimentesoscale simulation of the storm. The aspéetisare addressed
here include non-hydrostatic dynamics, model haitizb resolution and parameterization of importamysical
processes. The mesoscale model MM5 is used to pedshday simulation of the storm.

The influence of non-hydrostaticity is investigatey simulating the storm with hydrostatic (HS) andn-
hydrostatic (NS) dynamics at same resolution (30 &nd with same time step. The storm, in particitlintensity is
better simulated with non-hydrostatic dynamics. Trhportance of increasing model horizontal resoluiis investigated
by simulating the storm at 90 km, 60 km and 30 lasolutions with non-hydrostatic dynamics and fotachave
perceptible impact in simulation of the storm.

Numerical experiments also are conducted to firdhtbst possible combination of the parameterizaggiremes
available in the model for the important physicedqesses cumulus convection, planetary boundasr IEBBL) and
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radiation. The combination of Grell cumulus coni@ttand Hong-Pan PBL scheme along with CCM2 raatiati
parameterization scheme is found to provide therassilt compared to the other schemes tested.

Key words — Super cyclone, Hydrostatic, Non-hydrostatic, Hanizd resolution, Cumulus convection, Planetary
boundary layer and radiation.

1. Introduction convection, cold fronts etc. has been studied byraber
of researchers (Clark, 1977; Durran and Klemp, 1983

Tropical cyclones are one of the most devastatingOrlanski, 1981; Dudhia, 1993; and many others).
and deadliest meteorological phenomena worldwide.However, the effect of non-hydrostatic dynamics in
Conceived over warm tropical oceans and nurturethby  simulation of the Bay of Bengal cyclones has nehesn
converging moisture, the mature tropical cyclones a investigated and hence it is very important to ldoto
associated with violent wind, torrential rainfaticastorm this aspect. It can be mentioned here that a piredim
surges. The Bay of Bengal is potentially energtticthe study (Mohantyet al., 2004) was conducted earlier to
development of cyclonic storms and accounts foruabo examine the capability of the modeling system in
7% of the global annual total number of storms {Gra simulation of Orissa super cyclone.
1968). Though, much weaker in intensity and smafier
size as compared to the cyclones of other regitvsBay The model horizontal resolution is an importantiéss
of Bengal cyclones, in particular, the post monsoonin present day numerical weather prediction, paldity
cyclones that cross east coast of India or Bangladee in tropical cyclone prediction. A regional modelnca
highly devastating. This is mainly due to denseutated capture the fine structure of the cyclones, if thedel
coastal region, shallow bathymetry, nearly funhel of resolution is increased sufficiently. The topogiaph
the coastline and the long stretch of the low-lyohgjta features and sub-grid scale physical processedbetter
region embedded with large number of river systems.represented with increase in horizontal resolutibrthe
Timely and reasonably accurate prediction of trackl model. Further, all physical parameterizations in a
intensity of these storms can save lot of lives eedlice numerical model are sensitive to model horizontal
damage to properties and therefore is of great itapoe. resolution.

There have been considerable improvements in the It is well accepted that the physical processey pla
field of numerical weather prediction in last twecddes  dominant role in the initiation and developmentrapical
and numerical weather prediction models are regentl weather systems unlike in the mid-latitude, where
proved to be more successful in the operationadided dynamical forcings are dominant. As far as develepm
cyclone prediction as well. Much of this succesdus to of tropical cyclones are concerned, cumulus comvegt
increase in computing resources, developments insurface fluxes of heat, moisture and momentum;iozrt
numerical techniques, improved understanding ofay mixing in the planetary boundary layer (PBL) andoal
processes and improvements in observing systemsradiative heating & cooling play important rolesnthes,
objective analysis and initialization. With incraap 1982). These physical processes cannot be resolved
computing resource, in last half decade, the fazos the explicitly by the regional/mesoscale models at rthei
use of high-resolution mesoscale models. As far ascurrent resolution and hence need to be parametkeiiz
formulation of these models is concerned, the thisis terms of large scale variables at the grid poifiteugh, a
undoubtedly on relaxation of hydrostatic approxiorat number of parameterization schemes are developed fo

implicit treatment of these important physical msses,

The hydrostatic approximation holds good in these schemes have certain limitations (Ztetrad., 1994;
systems with horizontal scale much larger tharvéécal Kuo et al., 1997) and are regime specific. Thus, it is
(Eckart, 1960). This does not necessarily mean tt@t  important to find the suitability of these paraniziation
use of hydrostatic dynamics is invalid in numericaidel schemes and their combinations (for these processes
with horizontal resolution 10 km or higher. But,eth simulating the Bay of Bengal cyclones.
weather system may be inadequately simulated (Mesijn
1997). This may depend on the weather system as wel In addition, providing initial condition to the Hig
One major concern with the use of non-hydrostatic resolution mesoscale models is a challenge to the
dynamics is the increase in number of prognostiaiées modelers and more so for tropical cyclone predictibhe
and hence need of better computing resources. iajitia tropical cyclones form in the data sparse regioer dhie
development in computing power, a number of fulbhnn warm seas. Due to which, the location and interfitthe
hydrostatic models have been developed in recestt pa initial vortex is poorly represented in the largale
The effect of non-hydrostatic dynamics in simulatiof analyses used to provide the initial condition feodel
mountain waves under adiabatic conditions, moistintegration. Thus, one needs to improve théainiortex
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Fig. 1. Mean sea level pressure (in hPa) chart valid3800JTC
26 October 1999 (Courtesy : IMD)

specification and hence the model initial conditidimis
can be achieved through assimilation of satell@eved
meteorological parameters into the large-scale yaisal
and synthetic vortex initialization. It is anotherportant
and challenging problem in tropical cyclone reskarc
though beyond the scope of this paper.

In the present study, PSU/NCAR mesoscale model
MMS5 is integrated continuously for 123 hours (exithg
12 hours analysis nudging) to produce 5-day siraratf
Orissa super cyclone. Numerical experiments are =%
conducted to investigate the influence of non-hgtitic
dynamics and model resolution in simulating therrato
and hence improving the forecast skill of the model

%x :

Figs. 2(a&b). Satellite pictures of the storm as obtained from

Extensive sensitivity experiments are performedina EUMETSAT METEOSAT Courtesy : NOAA Website)
the possible best combination of cumulus convegtion (a) at 0900 UTC 28 October 1999, (b) at 0530 UTC
planetary boundary layer and radiation parametéoiza 29 October 1999

schemes. In this respect, four cumulus convectimo,

PBL and two radiation parameterization schemes are
tested. Sea as a well-marked low-pressure area at 0000 25C

October. It intensified into a deep depression 2YQL

Following introduction, synoptic features assodate UTC of the same day and located near 15 98.0 E.
with Orissa super cyclone in provided briefly icsen 2. ~ Moving in the west of northwesterly direction it
Section 3 presents a short description of the mbtié5, intensified into a cyclonic storm by 0300 UTC 26t@er
used in the study. Various numerical experimentsand centered at 139N / 95.0 E. The mean sea level
conducted and data used are described in sectidfet. pressure chart from IMD valid for this time is givén
simulation results and related discussions areigeov ~ Fig. 1. This shows the storm with central SLP 1062
section 5. Some broad conclusions/summary of th@yst and the closed isobars extended over a large Bye@300

are put forward in section 6. UTC 27 October, it intensified into a severe cyaon
storm with central SLP of 992 hPa (estimated). s t
2. Synoptic situation stage, it came under the influence of the upper

o level (200 hPa) ridge providing the outflow thatlged

The initial vortex of the storm was observed over t in further intensification of the storm and is cldied

gulf of Thailand at 0000 UTC 24 October 1999 and is into a very severe cyclonic storm by 1500 UTC. BY0
believed to be a remnant of the tropical cyclone UTC 28 October, the upper level outflow came nearly
‘TS992EVE’ over the South China Sea. Moving westivar over the center of the storm and led to further

across Malaysian Peninsula, it emerged in northafmah intensification of the storm. Moving in the sameedtion,



82

MAUSAM7, 1 (January 2006)

TABLE 1

Overview of the MM5 model used in the present study

Dynamics

Hydrostatic/Non-hydrostatic

Model domain
Horizontal grid distance
Integration time step
Map projection
Horizontal grid system

Vertical co-ordinate Terrai

10°S-3FN,58 E-110 E
90 km; 60 km; 30 km
180 sec; 120 sec; 60 sec

Mercator
Arakawa B-grid

n-following sigma co-ordte

23 sigma levels (7 within boundary layer)

Time integration scheme
Spatial differencing scheme

Lateral Boundary condition Time

Leapfrog scheme (with tplé technique)
"rder centered

and inflow/outflalependent

(Hydrostatic)/relaxation (non-hydrostatic)

Top boundary condition

1. Rigid Lid (non-hydrostati

2. Sponge (hydrostatic)

Radiation parameterization

1. Dudhia’s long- anofstvave radiation

2. NCAR CCM2 radiation scheme

Surface layer parameterization
Cumulus parameterization
2. Grell

3. Kain-

Multi-layer soil rabd
Anthes-Kuo

Fritsch

4. Betts-Miller

PBL parameterization

Blackadar

2. NCEP MRF

Microphysics

Simple ice scheme

it further intensified into super cyclonic storm RB00
UTC 28 October. The storm crossed Orissa coase ¢tos
south of Paradip around 0530 UTC 29 October. Fig. 2
shows the satellite picture of the storm at 090@Wh 28

3. Model description

The mesoscale model MM5 developed at

Pennsylvania State University (PSU)/National Cerfter

October and at 0530 UTC 29 October as obtained fromAtmospheric Research (NCAR) is used in the present

METEOSAT-5. After landfall, the storm is found tayl
center around 20°5N / 86.0 E by 0600 UTC 29 October
(close to Bhubaneswar). It remained practicallyiatary
at this location up to 0000 UTC 31 October. Thersto
maintained cyclonic intensity almost up to 1200 U3C
October. The super cyclonic storm caused excephona
heavy rainfall over Orissa during 29-31 October 499
Heavy rainfall was recorded on 1 November as well.

study. This is a primitive equation hydrostatic/non
hydrostatic model with pressure perturbatipn three
velocity componentsu( v, w), temperaturd and specific
humidity q as the main prognostic variables. Model
equations are written in surface pressure weiglffiied
form in the terrain following sigma co-ordinate ssalved
in Arakawa B grid. Leapfrog time integration schewith
time splitting technique is used for integrating tmodel.
It is to be mentioned here that version 3 onwalus t

Though, there was no recorded storm surge, amodeling system supports non-hydrostatic dynamidg. o

number of post-storm surveys carried out providmeso
estimate of storm surge associated with the stdrne
National Center for Disaster Management (NCDM)

The most useful feature about the modeling system i
its flexibility in terms of many options that areser

estimated maximum storm surge of 7.95 m. Damagespecified. Setting these parameters to appropvialiges,
assessment survey by Ministry of Urban Developmentthe model can be used for a wide range of appdioati

provides an estimated storm surge of 7.5 m. This
apparently includes astronomical tide of 0.8 mhattime

of landfall. Government of Orissa reported tota sevel
rise of 20 ft.

These include hydrostatic/non-hydrostatic dynamics,
number of nests, nature of nesting, type of coneect
PBL and radiation parameterization schemes etcth&mo
advantage with this modeling system is that it $edie-of-
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Figs. 3(a-d). Model simulated mean sea level pressure (all aD00TC) with contour interval one hPa valid on
(a) 28 October 1999 with hydrostatic dynamics,2®)October 1999 with hydrostatic dynamics, (c) Same
as (a) with non-hydrostatic dynamics, (d) Sameéasvith non-hydrostatic dynamics

the art model under continuous development. A Betai reanalysis (central sea level pressure is alway® ni@n
description of the model is available in Dudhiag3Pand 1004 hPa; even on 29 October 1999) used to provide
Grell et al. (1995). The overview of the model used in this initial condition to the model. The influence of mo

study is shown in Table 1. hydrostatic dynamics is investigated by integratthg
model at 30 km horizontal resolution with hydrostat
4. Experimental design (HS) and non-hydrostatic (NS) dynamics. To study th

impact of horizontal grid spacing on forecast skillthe

The numerical experiments conducted to address thenon-hydrostatic version the model, the storm isuated
important aspects — non-hydrostatic dynamics, modelwith the model at 90 km and 60 km resolutions hesithe
resolution and selection of physical parameteiirati simulations at 30 km.
scheme are described in this section. All thesedsgare
discussed in the light of simulation of the supgclane To find a possible suitable combination of cumulus
that crossed Orissa coast on 29 October 1999. TM& M convection, PBL and radiation parameterization sthe
model described in the previous section is integiatp to among the schemes tested (four cumulus convection
123 hrs producing 5-day simulation of the stormtitg schemes, two PBL schemes and two radiation schemes)
at 0000 UTC 26 October 1999. This helps to test thenumerical experiments are conducted at two stdgdhe
validity of the model forecast in 24, 48, 72, 9&1 &R0 first stage, a series of eight experiments areiezhrout
hours. This is a relatively long integration asdaruse of  with eight possible combinations of four convectiamd
mesoscale model is concern but helped to avoid retwo PBL parameterization schemes along with CCM2 (2
initialization of the model with coarse resolutigiobal generation Community Climate Model) radiation schem
analysis. It can be mentioned here that the intgithe (Briegleb, 1992 and Kiehlet al., 1994). The four
storm is very poorly represented in the NCEP global convection schemes are Grell (Grell 1993), Bbtiller
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Figs. 4(a-d). Same as Figs. 3(a-d) but vertical component dizbital vorticity (all at 0000 UTC) (in 1Bec’) with
contour interval 5

(Betts, 1986; Betts and Miller, 1986), Anthes-Kuug, model resolution to save computing time. For adsth
1974; Anthes, 1977) and Kain-Fritsch (Kain and Jeéfit, experiments, the model initial and boundary condii
1993), which hereafter referred as GR, BM, AK anid K are provided from NCEP reanalysis interpolated tamleh
respectively. Two PBL schemes are Blackadar grids and the model is initialized through 12 hours
(Blackadar, 1976, 1979; Zhang and Anthes, 1982) and(1200 UTC 25 October to 0000 UTC 26 October) nudgin
Hong-Pan (Hong and Pan, 1996) as implemented inCE to the large-scale analysis.

MRF model, which hereafter referred as B and M

respectively. These schemes are selected, asdhedhe

most widely used schemes in the mesoscale modeés. T 5.  Results and discussion

experiments using MRF PBL scheme in combinatior wit

GR, BM, AK and KF convection schemes are referred a As discussed in the previous section, the model is
experiments M-GR, M-BM, M-AK and M-KF integrated up to 123 hrs starting from 0000 UTC 26
respectively. Similarly experiments using Blacka&®L October to 0300 UTC 31 October 1999 (last 3 hrioiis
scheme in combination with GR, BM, AK and KF the verification of rainfall as the observed 24 twu
convection schemes are referred as experiments BBGR accumulated rainfall is available at 0300 UTC). The
BM, B-AK and B-KF respectively. In the second stage simulation results are presented in this section@gwith
one more experiment is conducted with the posdiblt verification analysis (analysis corresponding toe th
combination of PBL and convection schemes obtainedforecast time) and observations. The intensityhefgtorm
from the first stage along with Dudhia’s (1989)derand is poorly represented in the reanalysis (figure siaiwn),
short-wave radiation scheme also known as SimpdeicCl  which is attributed to its coarse resolution. Tindial
scheme (SC). All the experiments are conducted &né and subsequent positions of the storm ase ialerror
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Figs. 5(a-f). Model simulated wind at 1000 hPa and 24 hours raotated precipitation valid on (a) 28 October 19¢@h
hydrostatic dynamics, (b) 29 October 1999 with lbgtltic dynamics, (c) 30 October 1999 with hydrista
dynamics, (d) Same as (a) with non-hydrostatic thing, (e) Same as (b) with non-hydrostatic dynamics
(f) Same as (c) with non-hydrostatic dynamics
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Figs. 6(a-f). Model simulated 24 hours accumulated precipitatialid at 0300 UTC (in cm) (a) 29 October 1999 whitydrostatic dynamics,
(b) 30 October 1999 with hydrostatic dynamics, 3@) October 1999 with hydrostatic dynamics, (d) Same(a) with non-
hydrostatic dynamics, (e) Same as (b) with non-bsidtic dynamics, (f) Same as (c) with non-hydtistiynamics
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TABLE 2

Observed/estimated (IMD) and model simulated centidgpressure drop (in hPa) in Orissa super cyclone &% (of observed)
improvement with the use of non-hydrostatic dynamis

Time\Experiment Forecast at 30 km Resolution Non-hydrostatic Observed/Estimated

Non-hydrostatic Hydrostatic 60 km Resolution 90 Rersolution (IMD)
FCST FCST-OBS FCST FCST-OBS FCST FCST-OBS FCST FCST-O0BS

Day-1 10 (10%) 00 09 -01 10 00 09 -01 10
(24 hours)

Day-2 23 (30%) 03 17 -03 20 00 14 -06 20
(48 hours)

Day-3 45 (13%) -53 32 -66 31 -67 25 -73 98
(72 hours)

Day-4 25 11 24 10 19 05 20 06 14
(96 hours) (-7%)

Day-5 15 (0%) 03 15 03 12 00 11 -01 12
(120 hours)

TABLE 3

Vector displacement error (in km) in track forecastcompared to the observed/best-fit track (IMD)
in Orissa super cyclone and % improvement with noriydrostatic dynamics

Time\Experiment Verification analysis Forecast at 30 km resolution Non-hydrostatic

Non-hydrostatic Hydrostatic 60 km resolution 90 km resolution
Day-1 (24 hours) 063 196 (21%) 248 181 155
Day-2 (48 hours) 111 157 (22%) 200 167 283
Day-3 (72 hours) 054 197 (37%) 314 155 272
Day-4 (96 hours) 228 137 (36%) 214 191 197
Day-5 (120 hours) 350 302 (29%) 426 323 402

* Initial positional error in NCEP reanalysis waS5 km and is reduced to 122 km in the processagfahinitialization using 12 hours analysis

nudging technique

compared to its positions in the observed tracle ihitial

positional error in the analysis was 155.3 km tlsat
reduced to 122 km after initialization through 1@ubs

nudging to large-scale reanalysis.

5.1. Hydrostatic vs. non-hydrostatic dynamics

The model simulated mean sea level
(MSLP) with hydrostatic (HS) and non-hydrostaticS)N

0000 UTC 29 October, the NS and HS simulations show
963 hPa and 976 hPa central pressure respectively
(Figs. 3(b&d). The corresponding estimated cen@ialP

was 912 hPa. This indicates that the fast deepenfitige
storm between 28 and 29 October is better simulaséedy
non-hydrostatic dynamics though the estimated lbwes
pressure was much lower (912 hPa) than the sintulate

pressureone was with NS simulation. The vertical componeit

horizontal vorticity from NS and HS simulations idafor

dynamics is presented in the left and right panelsday-2 and day-3 is presented in Figs. 4(a-d). Chaarly

respectively in Figs. 3(a-d). In all 5 days, N@dation
shows more intense storm than in HS simulation taied
difference between intensities in these two sinmuest is
very prominent on day-2 (48 hours) and day-3 (7@rép
Figs. 3(a&c) illustrate 48 hours forecast of MSL#lie at
0000 UTC 28 October (day-2) by HS and NS simulation
respectively. The storm is with central SLP of 98%a
and 991 hPa in the NS and HS simulations respdgtive
compared to 986 hPa in the observation. On daye3at

indicates initiation of stronger vertical velocity the NS
simulation. Relaxation of hydrostatic approximation
helped in development of intense convection ands thu
favoring intensification of the storm.

On day-4i.e, at 0000 UTC 30 October, after
landfall, the storm is found to be located at 19N/
85.C° E and 19.3N / 84.4 E with central SLP of 982 hPa
and 984 hPa respectively in NS and HSukition
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Bhubaneswar where maximum precipitation of 42.6 cm
was recorded. The precipitation at Bhubaneswar $ H
and NS simulations are 18 cm and 25 cm respecti@aty
day-5, NS simulation shows maximum precipitatiorB8f
cm around 213 N / 86.6 E compared to 36.3 cm

14m | ‘:\3_ observed around 20.N / 86.8 E. HS simulation shows
! pouTe 27 3 19 cm maximum precipitation in northwest Cuttackeven
12H WuTE2s observed precipitation was 25.4 cm. This cleartlidates
/I that the rainfall associated with the storm is also
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dynamics.

Fig. 7. The track of the storm during 26-31 October 1289

obtained from model simulations, NCEP reanalysid an

. . The model simulated (NS and HS) track of the storm
IMD observation / best-fit

is compared with the IMD observed track and thektra
obtained from NCEP/NCAR reanalysis. The track @& th
storm during 26-31 October with its location in gv@4
hours is presented in Fig. 7. The vector displacgragor

in track forecast compared to the observed/bestditk
obtained from IMD is provided in Table 3, which
indicates that the track of the storm is also Ibette
simulated with the relaxation of hydrostatic
approximation.

(figure not presented). Though, the landfall isageld in
both simulations due to slow movement of the stdira,
landfall point is better predicted in NS simulatiéturther,
the fast filling up of the storm as it approachdu t
coastline is also better predicted in NS simulation
compared to that in HS simulation. The pressure dro
the storm centre as obtained from NS and HS simuakt
are provided in Table 2. The values in the brackeé
percentage improvement relative to hydrostatic
simulation.

The significant improvement in the simulation of
track and intensity of the storm with the use ohno
hydrostatic dynamics is in contrast to the resolitained
. . _ by Dudhia (1993). In a similar study on a mid-ladié¢

Figs. 5(a-d) shows model simulated wind vector at cycione, he found no significant change in the krand
1000 hPa with 24 hours accumulated precipitati@mfr  jqsensity of the cyclone with inclusion of non-hypstatic
HS and NS simulations. This shows that the stregth dynamics. This is due to less buoyant convectiggnte

the wind is also better simulated with non-hydrdeta ' mig.jatitude cyclones, which was indicated bg flact
dynamics. The spiral rain bands shows typical M&#6s bt the convective precipitation in the said cass only

structure as expected both from HS and NS dynamicsgpaut 1-2 % of the total precipitation. In the @rescase,
This also shows very heavy rainfall associated witbh  hare was intense convection and the convective
intense storm is well simulated by the model. As yracipitation had the major share in the total jiation.
mentioned earlier, heavy rainfall was recorded @massa
during 29-31 October and the model simulated 24rdou
accumulated rainfall during this period is compatedhe
observed (IMD) rainfall in order to evaluate the dab
performance.

Kato (1997) found that with unaltered model
physics, use of non-hydrostatic and hydrostaticadyins
provides significantly different simulation of mobis
convection at 20 km model resolution and the déffee
becomes more prominent at 10 km and 5 km model

The 24 hours accumulated precipitation valid for resolutions. The present results provide similaidation
day-3, day-4 and day-5 as obtained from HS and NSthough the model is not tested at higher resolstidue to
simulations are presented in Figs. 6(a-f). The ritada limited computing resources.
of precipitation, which is closely related to timeinsity of
the storm, is also significantly better predicted NIS
simulation. With the track of the storm, the préteifion
band in the HS simulation is also shifted to thi. I©n
day-3, though, the magnitude of maximum preciptati

5.2. Impact of horizontal resolution

The results obtained from simulation of the stotm a
90, 60 and 30 km model resolutions with non-hgthtic
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Figs. 8(a-f). Model simulated mean sea level pressure withatorinhterval one hPa (all at 0000 UTC) (a) valid2x October
1999 at 90 km model resolution, (b) same as (apb80 km model resolution, (c) Same as (a) b@0adm model
resolution, (d)-(f) Same as (a)-(c) but valid onG&ober 1999
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SIMULATION VERIFICATION ANALYSIS
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Figs. 9(a-h). Vertical cross section of temperature anomaly gbaith the central latitude of the storm (all vatit
0000 UTC) from (a) model simulation at 30 km vadid 27 October 1999, (b) same as (a) but valid on
28, (c) same as (a) but valid on 29, (d) same)dsutavalid on 30, (e) verification analysis vatid 27,
(f) same as (e) but valid on 28, (g) same as (eydlid on 29, (h) same as (e) but valid on 30
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Fig. 10. The track of the storm during 26-31 October 199%btained from model
simulations at 90, 60, 30 km resolutions and IMBeation/best-fit

dynamics are presented in this section. It is to beobserved one due to delayed landfall. The presdiop

mentioned here that the simulation results at 90ar&l 30
km model resolutions are all interpolated to °0.5
resolutions for the shake of better comparison.

on all the 5 days as obtained from model simulatiand
observation/estimation are provided in Table 2.

Though the trends of intensification and dissipatio
of the storm is well simulated by the model, thetfa

The model simulated (at 90, 60 and 30 km) mean sealeepening of the storm between day-2 and day-3fs n

level pressure valid on day-1 and day-3 is preseire
Figs. 8(a-f). Model simulations show intense stomith
strong pressure gradient whereas the verificatimalyais

well captured by the model. As pointed out by Yaahkas
and Kurihara (Nagataet al., 2001), the explosive
deepening of cyclonic storms cannot be simulatedhiey

(figure not shown) shows weak storm extended over aeye-wall thermodynamics alone. It is importantesaive

larger area. As mentioned earlier, the intensityd an
location of the storm in the verification analyse large
error due to its coarse resolution. Figs. 8(atwdysMSLP
valid at 0000 UTC 27 October (day-1) as simulatg®®,

60 and 30 km resolutions of the model. The storfousid

to be with central SLP of 999 and 998 hPa respelgtiv
90, 60 and 30 km model resolutions compared toHF28

in the estimation. On day-2, the central SLP of gterm
was 994, 988 and 985 hPa respectively in 90, 603and
km model simulations (figure not presented) comgace
986 hPa in the observation. Figs. 8(d-f) illustsateodel
simulated MSLP valid on day-3 and the storm is with
central SLP of 983, 977 and 963 hPa respectivel§0in
60 and 30 km resolutions of the model. The estithate
central SLP was 912 hPa. This indicates that ttengity

of the storm is better simulated with increasingdelo
resolution and is well simulated by the model atksd®
resolution. Similar results obtained on day-4 aag-8 as
well though the simulated storm is more intensen tthe

the downward motion at the center of the storm that
contributes in deepening of the storms. This can be
achieved with the use further higher resolution etod

Figs. 9(a-h) shows temperature anomaly (actual —
mean) from model simulation at 30 km (non-hydras}at
resolution and verification analysis (NCEP reanialys
which is used to provide initial and boundary coiodi to
the model) valid at 0000 UTC 27, 28, 29 and 30 Oeto
1999. The left panel shows the temperature anofmaiy
model simulation and right panel shows the samenfro
verification analysis. This clearly shows that tharm
core structure of the storm is very well simulatgdthe
model with the core extended up to the lower lewel
intense stage (on day-Be, 29 October 1999) of the
storm. This usual worm core structure of the stggmot
observed in the coarse resolution (2.5° x 2.5°|utism)
verification analysis as it can not well represe¢hé
intensity of the storm.
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s. 11(a-h). 72-hrs forecasts of mean sea level pressureR#&) talid at 0000 UTC on 29 October 1999 with coniaterval 1 hPa
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(f) Experiment B-BM (g) Experiment B-GR and (h) Expnent B-KF
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TABLE 4

Model simulated central pressure drop (hPa) in Orisa super cyclone with different combinations of
parameterization schemes at 60 km resolution usingon-hydrostatic dynamic

Experiments

Day-1 (24 hourdpay-2 (48 hours)Day-3 (72 hours) Day-4 (96 hours) Day-5 (120 hours)

Observed 10 20 98 14 12
M-AK-CCM2 07 10 15 09 08
M-BM-CCM2 07 12 24 34 17
M-GR-CCM2 10 20 31 19 12
M-KF-CCM2 06 11 28 25 16
B-AK-CCM2 05 05 05 02 01
B-BM-CCM2 08 12 22 32 20
B-GR-CCM2 07 11 25 24 17
B-KF-CCM2 06 08 12 18 19
M-GR-SC 09 17 30 15 08

The model simulated wind and 24 hours of the storm as well in the range of 20-30%. Simila

accumulated precipitation also shows that the Bitgrof
the storm is better simulated at higher model resni.

The tracks of the cyclone obtained from model
simulations at different resolutions are comparéth whe
observed track and is presented in Fig. 10. Thektra
simulated by 30 km, 60 km and 90 km resolutionshef
model are found to follow similar path with the one
simulated by lower resolution are further away frtm
observed one. The displacement errors in traclcémteat
different model resolutions are provided in Tabldt3s
evident from Table 3 that model resolution hastiedty

results obtained in other day simulations as wedlugh
the percentage of improvements is relatively |€Bse
simulated pressure drop using all the possible coamion

of schemes in all 5 days is shown in Table 4. Bhisws
that the location and intensity of the storm is tdret
simulated with the use of MRF PBL scheme in
combination with the GR, AK and KF convection
schemes. Though, there is some improvement in the
simulation results using BM convection scheme in
combination with MRF PBL scheme, the improvement is
not so prominent. The strength of the surface visnalso
better simulated with the use of MRF PBL scheme.

less impact on simulated track of the storm than on

intensity. This is probably due to the fact thake th
movement of the storm is mainly governed by thegdar
scale steering flow that is well simulated everegtively
coarse resolutions of the model.

5.3. Evaluation of PBL schemes

The MSLP from all the eight experiments valid on

The model simulated 24 hours accumulated rainfall
with the eight combinations valid at 0300 UTC 30
October, the day after the landfall when maximumfed
recorded over Orissa is shown in Figs. 12(a-h).sThi
shows that the magnitude and distribution of sitada
rainfall is also sensitive to the PBL parameteiorat
scheme used in the model. The rainfall associatédtine
storm is improved even in the range of 12-15 cmd@®

day-3i.e., 29 October, when the storm was most intense iswith  GR scheme and 15 cm with KF) with some

presented in Figs. 11(a-h). Left panel shows sitiana
results with MRF PBL scheme and right panel with
Blackadar scheme. Comparison of the figures inléfie
panel to the corresponding figures in the right gban
indicates that the intensity (central SLP) of therm is
better predicted by the MRF PBL scheme in combamati
with all convection schemes. The influence is mumim
on BM convection scheme with pressure drop is imgdo
by 2 hPa only. In combination with other convection
schemes, it caused additional pressures drop imathge

of 8-11 hPai.e., about 8-11% of the observed drop (98

convection schemes. Similar results are obtained
simulation of 24 hours accumulated rainfall validday-3
and day-5 as well. The position and hence trackhef
storm is also better simulated with the use of MREL

scheme.

in

Better simulation results obtained using the MRF
PBL scheme is probably due to stronger verticalimgix
(non-local closure) allowed in this scheme. Witk tirid
scale saturation of the boundary layer (which igi@ls in
presence of tropical cyclones), the strong vertioading

hPa). In combination with GR, AK and KF convection will facilitate convection and hence intensificatiof the
schemes, the MRF PBL scheme reduces positionat errostorm.
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Figs. 12(a-h). Model simulated 24 hours accumulated precipitatia cm) valid at 0300 UTC 30 October 1999 with
logarithmic contour interval

5.4. Bvaluation of convection schemes schemes indicates that performance of the model is
sensitive to cumulus convection schemes used in the
A comparative study of the simulation results model. On day-1, GR scheme provides relativelynisge
obtained using different cumulus parameterization storm with central SLP 998 hPa (same as observigd, w
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MRF PBL scheme) compared other schemes. Similarand discussed in the previous section. In the bjlatbove

results obtained on day-2 with central pressurepdro
varying up to 10 hPa from one scheme to other aRd G
scheme producing most intense storm with centr& 8L

988 hPa compared to estimated SLP of 986 hPa. @8 da

discussions, the outcome of the study can be suinadar
as follows:

With unchanged model physics, the use of non-

[Figs. 11(a-h)], once again, GR convection schemehydrostatic dynamics improved the simulation ofckra

simulates most intense storm with central SLP af BPa.
It is found that AK scheme provides weakest sto@m.
day-4, GR and AK schemes show dissipation of tbarst

and intensity of the storm. In terms of pressu@pdthere
is 9% average (5 days) improvement in prediction of
intensity of the storm. Relaxation of hydrostatic

after landfall whereas BM and KF schemes show theapproximation allows stronger vertical velocity highly

storm still over sea with no sign of filling up. fact, with
BM and KF scheme (in combination with Blackadar PBL
scheme) model simulation shows further intensiiocabf
the storm. Strength of the surface wind simulatgdhe
model is also found to vary significantly with difent
convection schemes, which is again better simulat¢ul
the GR scheme. This shows that the intensity oftbam

is better simulated with GR scheme.

As mentioned earlier, Figs. 12(a-h) shows model
simulated 24 hours accumulated rainfall on daysing
different cumulus parameterization schemes. It shthat
the amount rainfall varies up to 17 cm from one alus
convection scheme to another where observed maximu
rainfall was 42.6 cm. Day-3 and day-5 simulatiosoal
shows similar results. This indicates that the rhode
simulated rainfall is highly sensitive to the cuosil
parameterization scheme used in the model. The maimou
of precipitation is simulated reasonably well bg thodel
using GR, BM and KF schemes, with GR scheme
providing rainfall matching more closely with the
observed one. These results indicate that GR schieme
combination with the MRF PBL scheme is the most
efficient combination as far as the overall perfante of
the model is concern. It is to be clarified herat tthough
the location and movement of the storm is betrauted
by AK scheme but the intensity is very poorly
represented.

The sensitivity of the model forecast skill to the
radiation parameterization scheme is examined uthing
most efficient combination of cumulus convectiondan
PBL parameterization schemed.e, the M-GR
combination. The comparative study of the results
indicates that the model simulated location anénsity
of the storms are sensitive to radiation and CCM2
radiation parameterization scheme provides bettechst
of the storm compared to Dudhia’s (Dudhia, 198%rsh
wave long-wave radiation parameterization scheme.

6. Summary

The results obtained from extensive numerical
experiments to address various aspects for impreaem
mesoscale simulation of Orissa super cyclone isgmted

buoyant convective regime and thus favors intecesifbn
of tropical cyclones through deep moist convectitimere
is significant improvement in prediction of track the
storm as well with average (5 days) error in tréarecast
compared to the observed (IMD) one is reduced 8%.29

Model horizontal resolution has significant impact
on the simulation of intensity of the storm. Thentcal
pressure drop at peak intense stage of the storm is
increased by 80% (25 hPa at 90 km to 45 hPa atn30 k
resolution) as the model resolution is increasednfO0
km to 30 km. The precipitation associated with st@m,
particularly when it is over land, is better simath at

r.[{iner model resolution due to better representatidn

orography and localized mesoscale convection.

The forecast skill of the model at the resolutions
used in the present study is sensitive to the cusnul
convection and planetary boundary layer paramettoiz
schemes. The radiation parameterization is alsaddo
have perceptible impact on model simulation.

The Grell cumulus parameterization scheme with
MRF PBL scheme provides the optimal combination of
the schemes for simulation of the storm. The Anties
cumulus parameterization schemes produce weak storm
whereas the trends of intensification and dissipatif the
storm is not well represented by Betts-Miller andiri
Fritsch schemes.

Comparison of two radiation parameterization
schemes (NCAR CCM2 and Dudhia’s short- and long-
wave) in association with MRF-Grell combination
indicates that the intensity of the storm is besierulated
using NCAR CCM2 radiation parameterization scheme.

Among the numerical experiments conducted, the
non-hydrostatic simulation at 30 km model resohuitio
provides the best forecast of both track and iritg$ the
storm. This emphasizes the use of further higher
resolution non-hydrostatic model in prediction/slation
of explosively deepening storms.
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