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ABSTRACT. Non-hydrostatic version of Pennsylvania State ©rsity- National Center for Atmospheric
Research mesoscale model (MM5) is used to simthatsuper cyclonic storm that crossed Orissa avag9 October,
1999. Experiments are carried out with four cumylasameterization schemes namely; Kain-FritschtsB¥dtller, Grell
and Anthes-Kuo and two planetary boundary layemaipaterization (PBL) schemes namely; Hong-Pan andk-Bu
Thompson to study their impact on the movementdmalopment of the cyclone. The sensitivity is exead in terms
of movement, evolution of minimum pressure, rairgaktern and vertical cross section of temperature

All the simulations are able to develop the veryese cyclonic storm from very weak circulation epxcevith
Anthes-Kuo scheme. The evolution of the minimumti@mpressure shows much sensitivity among thewifft cumulus
schemes with Kain-Fritsch producing 966 hPa whiteh&s-Kuo 1004 hPa during the 4 days of the integrgeriod.
Different cumulus parameterization schemes showifgignt impact on the simulated movement of thelaye. The
results reveal that the evolution of minimum cenfeessure and horizontal as well as vertical stmes of winds,
temperature anomalies and rainband charactergsicdyclone are well brought out by the combinatbikain-Fritsch
and Hong-Pan schemes.

Key words — Super cyclonic storm, Cumulus parameterizafii, parameterization.

1. Introduction tropical cyclones. These important physical proessse
included in the model either explicitly or impligit

The heat and moisture fluxes from the oceanic depending upon the model resolution. Since the
surface and latent heat release in cumulus cedlsrejor convective elements range from 0.1 to 10 km, vamg f
driving forces for the development and maintenaofdbe resolution is required to resolve them. Most of thaedels
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use the cumulus parameterization in order to irecltice
impact of convective elements on model simulated
environment.

Currently many parameterization schemes are used

in numerical models. They are based on differeasen
assumptions for triggering convection and further
feedback to the environment. Kain-Fritsch schemainK
and Fritsch, 1993) rearranges the mass verticdlt t
eliminates the convective available potential eperg
(CAPE) within a specified time scale (approximat8y
minutes). Betts-Miller scheme (Betts and Miller 889 is

a moist adjustment scheme that adjusts the envieahm
towards a reference profile which is based on nooeer
observations. Grell (1993) scheme is based onitigges
cloud with parameterized updrafts and downdraftd an
Anthes-Kuo scheme (Anthes, 1977; Kuo, 1974) trigger
the deep convection based on the integrated meistur

convergence in the column. Many studies have been

carried out to study the sensitivity of cumulus
parameterizations schemes in different type of
environments. Wang and Seaman (1997) using MM5
compared the Betts-Miller, Anthes-Kuo, Grell andirika
Fritsch cumulus parameterization schemes for scamesc

of summer and winter rainfall events. Their findindid

not show any single scheme to be outperforming the
others for all the cases. In general the skill fanter
precipitation was better than for summer preciftat
Prater and Evans (2002), while simulating hurricaeae
(1999) with Betts-Miller and Kain-Fritsch schemésye
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Fig.1. 12 hourly observed best track (IMD),

simulated tracks for the experiments

analysis and

following sections we will describe briefly the nossale

noted that choice of parameterization schemes hasnodel, data, experiments carried out and results.

significantly impacted the modelled track and dinoe of

the hurricane. Puri and Miller (1990) studied the
sensitivity of the ECMWF analysis-forecast systeon f
four tropical cyclones during the Australian Monsoo
Experiment period to cumulus parameterizations. Two

parameterization schemes were compared namely, the

Kuo scheme and the Betts-Miller scheme. Both aealys
and forecasts show considerable sensitivity wighBhtts-
Miller scheme generating more intense cyclonic eayst
Braun and Tao (2000) carried out several experisnant
see the impact of planetary boundary layer schemehke
simulation of hurricane Bob (1991). Numerical sasdon

2. Methodology

2.1. The mesoscale model

The Pennsylvania State University/National Center
for Atmospheric Research (PSU/NCAR) Mesoscale
Model Generation 5 (MM5) described in detail by Diad
(1993) is utilized for the present study. The model
integrated with 50 km horizontal resolution and 23
unevenly spaced half sigma levels. More verticakle
are placed within the lower troposphere (with dasieg

ensemble forecasts have shown that there can beesolution above) to better resolve the planetaynidary

significant dependency of the forecasts on theiainit
conditions and model physics (Leith, 1974).

Mohantyet al. (2004) has shown the skill of MM5 in
simulating the super cyclone of Orissa (1999). ineent
paper discusses the sensitivity of different curaudund
planetary boundary layer parameterization schemdbe
simulation of Orissa super cyclone using MM5. Tives
one of the deadliest cyclones of the century antsed
considerable loss of life and damage to prypér the

layer and the moist processes. The domain extaods f
7° S to 38° N in the north-south direction and &to
115° E in the east-west direction with 111 grid npei
There are several physics options incorporated M5M
The physics selected for this study include an ieitpl
moisture scheme which predicts rain and cloud wattr
microphysical processes including simple ice-phg;sic
multi layer soil diffusion model, the long and shamave
radiation schemes are those described by Dudhi@9j19
the radiation effects due to clouds are consideaed
these effects are updated every 30 minutésmiand
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Figs. 2(a-d). 72 hour predicted wind vector and wind magnitade350 hPa for experiments (a) KF; (b) BM; (c) GRhd

(d) KUO. The shadings are for winds greater thams? representing the winds of cyclonic storm strength

99

Durrans (1983) upper radiative boundary conditisn i reflected off the upper boundary of the model. hdep
applied in order to prevent gravity waves from lgein to see the sensitivity to cumulus andLP&hemes,
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Figs. 3(a-d). 72 hour predicted mean sea level pressure amd@4accumulated rainfall in cm valid for 0000 UZ€ October,
1999 for experiments (a) KF; (b) BM; (c) GRL and Klo. Rainfalls greater than 1 cm are shaded. fithees
depict the location of the stations and amountwffall in cm
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Fig. 4. Satellite cloud imagery (IR) for 0600 UTC, 29 Cmto 1999

experiments are performed with four cumulus and two to model grids to obtain the topography and othefase
PBL schemes, the details of which are discussethen parameters over the model domain. The model is

next section. initialized with geophysical parameters derived by
interpolating  National Center for Environmental
2.2. Data and experimental design Prediction/National Center for Atmospheric Research

(NCEP/NCAR) global reanalyses data at A.&f.-Long.
Terrain and land use data (United States Geologicalresolution of 0000 UTC of 26 October, 1999 to thedel

Survey, USGS) at 10 minutes resolution are intereal grids. The same global NCEP/NCAR reanalyses abu$ h
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(0) KF T+96 (b) BM T+496
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Figs. 5(a-d). Same as Figs. 3(a-d) but for the 96 hour prediotadid for 0000 UTC 30 October, 1999

intervals are used to update the lateral boundary Four experiments are carried out with different
conditions. cumulus schemes namely Kain-Fritsch, Betts-Mil@&rell
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Figs. 6(a-d). Vertical cross section of temperature anomalfesugh the centre of the respective storm centre
predicted at 72 hour for experiments (a) KF; (b);Bb) GRL and (d) KUO

and Anthes-Kuo. Hereafter, the experiment with Kain Grell as GRL and Anthes-Kuo as KUO. In these
Fritsch is referred as KF, with Betts-Miller as BMith experiments the Hong and Pan (1996) planetary kaoynd
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layer parameterization scheme based on Troen-Mahrt TABLE1

re_pre_se_ntatlon_ of (_:ounter gradle_nt transports aidy e 12 hourly track errors (km) for different smulation experiments
diffusivity profiles in the well mixed boundary lay, with respect to the best track after IMD
incorporated in the NCEP Medium Range Forecast (MRF

model is used along with the other physics mentoine Forecast hour KF BM GRL KUO
the above section. Since KF produced the bettadtses 0 141 141 141 141
one more experiment is carried out using planetary

boundary layer scheme of Burk and Thompson (1989) 12 40 86 44 40
with Kain-Fritsch cumulus scheme in order to corspar

the performance of two PBL schemes. The latteerseh 24 64 153 89 84
is based on turbulent kinetic energy (TKE) formialat

Hereafter, the experiment with Hong and Pan scheiihe 36 136 208 147 223
be referred as MRF and with Burk-Thomson scheme as

BT. The model is integrated for 4 days for all the 48 %5 129 290 104
exp_eriments. The r_nodel results will be ve_rif_iediagathe 60 35 235 342 16
available observations for tracks and minimum press

reported by India Meteorological Department (IMD). 45 64 292 534 64
Since no observations are available for horizomatad

vertical structure for the cyclone, these featundls be 84 150 472 634 22
discussed qualitatively in the light of known faats 96 219 636 629 35

through the earlier works.

Note : 24 hour track error varies from 64 to 153 ki8, hour varies
3. Reaults from 55 to 290 km and 72 hour (near landfall) varietween
16 to 534 km. Ensemble average forecast for 24872 hour

. would be 97 km, 145 km and 239 km respectively.
3.1. Sensitivity to cumulus schemes P Y

3.1.1. Cyclone movement

respect to observation for the simulations withfedtént
cumulus parameterization schemes at 12 hour ifterva
Initially the cyclone position in the analysis ig11 km
south of the observed location by the IMD. As iaiseady
mentioned above, Table 1 shows that KF has produced

Fig. 1 shows the 12 hourly tracks from the
simulations along with the observed track (as regubby
IMD) and as in the analysis. The centre positioos f
analysis and other experiments are based on win8s0a
hPa. The observed movement is north-westwardsgjgnificantly less track error up to 72 hour in qearison
throughout the integration period. The track in@inalysis ;1" gther schemes except KUO at"eBour. However,
shows very erratic movement till 36 hours when the ;o scheme, following the observed track at theetiof

cyclone is away from the coast and thereafter showsiyqta|l produces the least track errors durirglést day
smooth west-northwesterly movement. The erratic of integration.

movement in the analysis in the initial hours may b

attributed to the non-availability of data in theeo ocean. 3.1.2. Wind

Although the initial position of the cyclone in thaalysis

is to the south of the observed position, the satedl The lower tropospheric winds in the cyclones are
position almost caught up the observed one aftéral@s.  .paracterized by relatively calm winds at the antr
Beyond this the predicted movement in KF shows very ¢, rrounded by very strong winds close to the ceatttae
good agreement with the observation up to 72 hours,,qjus of maximum winds and thereafter decreasing
however, it recurved northward parallel to the taaghe slowly outwards. During the first 24 hour GRL deygid
subsequent 24 hours. The experiment KUO produees th stronger winds at and around the cyclone centrepaoed
movement parallel to the observation but slightiyth till to other schemes (fig. not shown). But in the 4&rho
third day but has _Closely follo_wed the observation ¢, acast the cyclone development is better predietith
thereafter. The predicted centre in BM took thetmor (ki respect of areal coverage of strong windsnster
northwesterly course from the beginning till 72 hamd gradients and wind maxima to the right of the dicetof
subsequently recurved north to north-eastward ngakin ,ovement (figs. not shown). Figs. 2(a-d) shows 78e

landfall into West Bengal much to the north of the o forecast wind vector and magnitude at 850 \reid
observed position. GRL produces the west-northwigste ¢, 5000 UTC of 29 October. 1999. On this day
movement making landfall much south with respedh® 0 opserved cyclone attains its highest  intensity

observed position. Table 1 compares the track&mwith with estimated maximum wind of approximately 76'm
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TABLE 2

Minimum sea level pressure (hPa) as observed and for different simulation experiments.
Figuresin bracket show the fall from environmental sea level pressure

Forecast hour Observed KF BM GRL KUO

0 1002 (6) 1005 (5) 1005 (5) 1005 (5) 1005 (5)
12 998 (10) 1001 (9) 1000 (10) 999 (11) 1005 (5)
24 998 (10) 999 (11) 1000 (10) 994 (16) 1005 (5)
36 992 (16) 992 (18) 997 (13) 988 (22) 1004 (6)
48 986 (22) 983 (27) 995 (15) 990 (20) 1005 (5)
60 940 (68) 968 (42) 988 (22) 990 (20) 1004 (6)
72 912 (96) 966 (44) 983 (27) 991 (19) 1005 (5)
84 - 972 (38) 987 (23) 998 (12) 1006 (4)
96 - 972 (38) 987 (23) 998 (12) 1006 (4)

Note: Observed environmental sea level pressure wa@8 hPa. Environmental sea level pressure is assumed

1010 hPa for the experiments.

The simulated wind by KF and BM on 29 October 1999 1010 hPa as environmental pressure. During firdi@4#s

also shows the cyclones at their maximum intensitis

to be noted that KF produced better structure withds
greater than 32 rifs(~64 knots) corresponding to the
magnitude of very severe cyclonic storm encirclihg
centre [Fig. 2(a)] which is a well known featureaofery
severe cyclone. In BM winds more than 32 'mare
confined to the right [Fig. 2(b)] of the cyclonente
while in GRL [Fig. 2(c)] winds of this much strehgare
confined to a very small region over the land te fiont
sector of the cyclone. The high winds completely
encircling the centre in KF scheme are more plaesib
However the observed strength of this cyclone heenb
almost twice the simulated strength with different
parameterization schemes. The Anthes-Kuo has peaduc
the weakest storm throughout the integration period

3.1.3. Mean sea level pressure (MSLP) and rainfall

A tropical cyclone is characterized by very low
pressure values at the centre with steep gradiettisn
about a hundred kilometres radius of the inner odrine
storm. Pressure gradient reduces away from the tore
region. Table 2 shows the minimum central presase
reported by IMD and for different simulation expeents.

of integration KF with central pressure of 999 ldResely
resembles with the observation (998 hPa) while GRL
produces more intense system (994 hPa) and rergainin
two schemes produce weaker systems. ®u&y KF has
produced the intensity (983 hPa) comparable to
observation (986 hPa). Other schemes produced the
shallower systems. Figs. 3(a-d) shows the foreldgitP

at 72 hour and accumulated rainfall during 48-@Rrk.
These results are valid for 0000 UTC of 29 Octoth8g9
when the cyclone was about to make landfall withtice
pressure of 912 hPa and had attained its peaksityen
The high intensity of the cyclone is well reflectedthe
infrared (IR) satellite imagery (Fig. 4) of 0600 OTof

29 October 1999 which shows the eye surrounded by
deep clouds and rainbands extending northwardsarkd-
BM schemes also produce their peak intensity attthie
with  minimum pressure reaching 966 and 983 hPa
respectively (Table 2). However, GRL produces its
maximum intensity at 36 hours (valid for 1200 UT{2@
October, 1999) which is much earlier and KUO fail t
produce any intensification. Although no schemeslado
produce the observed pressure drop of 98 hPa frem t
initial pressure of 1010 hPa but KF with drop of HRBa
(Table 2) has followed the trend of the evolutidnttee

The numbers in the brackets are the pressure dsop asystem. The pressure distribution with many closed

reported by IMD and for simulation experiments taki

isobars and steep gradients very close ¢ocyhlone’s



106 MAUSAMY, 1 (January 2006)
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Figs. 7(a&b). 84 hour predicted wind vector and wind magnitatie
850 hPa for experiments (a) MRF and (b) BT.
The shadings are for winds greater than 17'ms
representing the winds of cyclonic storm strength

centre, depicted in KF [Fig. 3(a)], is much bettean the
other schemes. KF [Fig. 3(a)] shows a typical hbtké&
structure protruding to north and south and witimfedl
maxima of more than 40 cm to the right of the cgelo
which matches with the feature of cyclones ovalidn
region (Raghavan, 1990). The BM [Fig. 3(b)] witinfall
amount of 18-25 cm near the centre and with raidban
extending to the south is consistent with the dgwelent
during this period. The rainfall in GRL [Fig. 3(c3hows
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Figs. 8(a&b). Predicted 24 hour accumulated rainfall in cmdrali
for 0000 UTC 30 October, 1999 for experiments
(@) MRF and (b) BT. Rainfall greater than 5 cm are
shaded

vicinity of the centre. The observed rainfall ovitre
coastal stations of Orissa under the influence ho$ t
cyclone on 0300 UTC of 29 October, 1999 varied from
1 to 8 cm. The cyclone centre in KF, BM and GRLnigei
away from the observed position could hardly predine
rainfall over the observed locations [Figs. 3(a-c)]
However, KUO being nearer to the observed locatias

the fragmented rainy area as the simulated cycloneproduced the rainfall amount of 5-10 cm over cdasta

weakens between"2 and 3 day. KUO [Fig. 3(d)]
produces small amount of rainfall (less than 10 ienthe

Orissa. Figs. 5(a-d) depicts th& day predicted MSLP
and rainfall fields. At this time the super lyic storm
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has already made the landfall and very heavy rhiodzr
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3.2.2. Rainfall

24 hours was reported over the coastal Orissa with

Bhubaneswar receiving 42 cm. Only KF is able tadpoe
the 24 hour rainfall amount of 30-40 cm over thastal
Orissa which matches well with the areal coveragthe
clouds seen in the IR imagery (Fig. 4). All the \hea
rainfall reporting stations of Orissa coast are ered
under the simulated heavy rainfall region in KF
[Fig. 5(a)]. BM and GRL could not produce the heavy
rainfall over the observed locations as their sated
centres are far away [Figs. 5(b&c)]. The areal cage of
forecast rainfall in KUO is reasonably good butist
underestimated [Fig. 5(d)].

3.1.4. Vertical temperature profile

The intensity of a cyclone is directly related wite

temperature anomaly in its central region with more

temperature anomaly producing lower surface pressur

Some of the stations that reported very heavy allinf
on 0300 UTC of 30 October, 1999 under the influeoice
this storm over coastal Orissa are: Bhubaneswad2B
cm, Chandbali 24.8 cm, Balasore 19.5 cm, Puri T8nl
etc. The forecast field with MRF scheme valid f@00
UTC of 30 October 1999 shows very heavy rainfalBof
40 cm covering most of the cyclone affected Orissast.
Apart from this it shows rain-band structure prding
south and east from the central region [Fig. 8(@}je
rainfall in BT scheme is much less in magnitude and
spatial coverage [Fig. 8(b)]. The heavy rainfall
surrounding the centre of the simulated cyclon®MRF
matches well with the dense clouds as seen inatedlite
imagery (Fig. 4).

3.2.3. Temporal evolution of different PBL
parameters at a point near Bhubaneswar with
MRF scheme

Here, temperature anomaly values are the difference

between temperature and its latitudinal mean. FE{s-d)

In order to make an attempt to understand theable

shows the east-west cross section of the temperaturmodelled PBL parameters in the occurrence of heavy

anomaly for all the four experiments passing thiotige
respective simulated cyclone’s central latitud& athour.

precipitation associated with this super cyclonenadel
grid point located at 86.6° E; 20.6° N is selecfBuis grid

The KF produced the warmest core with temperaturepoint, which is closer to Bhubaneswar, shows heavy

anomaly of more than 7° C [Fig. 6(a)] in the uppeddle
troposphere of the model atmosphere. No intensidica
in experiment KUO may be attributed to the absewice
warm core region [Fig. 6(d)]. The temperature an@sa
are in good agreement with the simulated intersitthe
cyclone for different cumulus schemes except thafter
KUO.

3.2.  Senditivity to PBL schemes

3.2.1. Wind

rainfall of about 28 cm with MRF scheme. Fig. 9 what
this grid point the vertical-time sections of pdteh
temperature, specific humidity, convective and non-
convective rain rates, model surface pressure,ildens
heat and latent heat fluxes. Also shown in all\tkgical
time sections are the PBL depth (indicated by PBL)
diagnosed within the MRF scheme. The diurnal vianat

of PBL depth is found to be typical of tropical stal
stations till this grid point comes in the direcflience of

the cyclonic storm on 29 October. As the system
approaches, the PBL depth increases significantly
indicating the presence of enhanced turbulence. The
temperature and moisture profiles are found to hesser
gradients within the PBL suggesting well-mixed PBRis

the storm approaches, a significant moisture bujidis
found in the lower troposphere extending beyondttipe

The super cyclone has made landfall near Paradipof PBL. This has resulted in super saturation leqdb

between 0430 and 0630 UTC of 29 October, 1999.

Figs. 7(a&b) shows the horizontal wind vector and
magnitude (shaded) at 850 hPa for 84 hour forecdist
at 1200 UTC of 29 October 1999 for experimeniF

non convective precipitation, with maximum raineratf

3 cm hi* during the last day of integration. Enhanced
sensible heat and latent heat fluxes are also faurde
lower troposphere extending beyond PBL in assariati

and BT. The wind magnitude with sharp increase from with this heavy precipitation.

centre towards the maximum wind region and thew slo

decrease towards the outer side of it shows typical

structure of a cyclone of high intensity in simidatwith

MRF scheme [Fig. 7(a)]. Although the BT [Fig. 7(b)]
scheme also produced the high wind speed of mane th
35 ms* but confined to very narrow region over the land.

4., Conclusions

The Penn State University-National Center for
Atmospheric Research mesoscale model MM5 has been



TRIVEDIlet al. : PHYSICAL PARAMETERIZATION SCHEMES ON ORISSA SUPER/CLONE 109

used to simulate the super cyclonic storm of OrissaBetts, A. K. and Miller, M. J., 1986, "A new contae adjustment
(1999)_ The MM5 model successfully developed the scheme Part II: Single column tests using GATE wave

tropical cyclone from the very weak circulation tihe
initial condition with all the cumulus schemes gxcafter
Anthes-Kuo. The simulated track shows much setitsitiv
to cumulus parameterizations with Betts-Miller aacell

producing more while Kain-Fritsch and Anthes-Kuo

producing less errors. The Kain-Fritsch scheme witist
intense simulated cyclone brought out many wellvkmo
embedded mesoscale (mdgjo-features in a tropical
cyclone such as maximum wind region of 1° - 2° ekte
encircling the cyclone centre, spiralling rainbaadd
warm core structure.

In the experiments with PBL parameterization, it is

found that wind field at 850 hPa level and the ant@nd
location of precipitation associated with the cydoare
very well predicted by Hong and Pan scheme compared
Burk-Thompson scheme. The rainfall and
characteristic feature of hook type structure gjitiralling

rainy area around tropical cyclone is also very|wel

predicted by this scheme.

These set of numerical experiments
demonstrate that Kain-Fritsch cumulus scheme wigthdH
and Pan scheme of planetary boundary
parameterization has better simulated the supdpmigc
storm. It is not possible to categorically concludem

the

clearly

layer

BOMEX, ATEX and artic air-mass data set§yart. J. Roy.
Met. Soc., 12, 693-709.

Braun, S. A. and Tao, W. K., 2000, “Sensitivity bigh resolution
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