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ABSTRACT. In the present paper, the cyclone bogusing tedesidollowed in India Meteorological Department
(IMD) were discussed. Using the idealized vortexttie initial fields for Orissa super cyclone Octold®99, the
specialized cyclone model, Quasi-Lagrangian Mo@&IN]) 72 hours track forecast and also 36 hourscisewith IMD
limited area model (LAM) were simulated. In thisseathe QLM average track forecast errors base2be®8 October
initial conditions were 21 km for 24 hours, 91 kor 8 hours and 179 km for 72 hours. Also the Qlchtk forecast
error statistics during the last 7 years 1998-28@discussed. In addition, the impact of initiahditions on the LAM
forecast was examined. It was observed that the rfezesemble) forecast generated from differeniainibnditions was
shown track error of 123 km in 24 hours and 81 kn36 hours forecast which is less than individeaééast. These
experiments have established that the QLM mod¢h idealized vortex, provides track forecast witamaccuracy level
that was currently available from numerical models.
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1. Introduction numerical analysis. This is typically done by usiag
vortex with suitable horizontal and vertical sturet to
Prediction of track and intensity of a tropical loye derive a set of bogus observations for inclusion in
(TC) is one of the many challenging problems in analysis/assimilation cycle. Bogusing methods vary
meteorology, but very important for issuing timely between the centers but most involve a symmetritexo
warning for many agencies engaged in disasterwith some added asymmetry to take into accounteotrr
preparedness and mitigation. Since a TC has genesimovement of cyclone and environmental flow.
invariably over warm tropical oceans, a major diffty
arises in defining it accurately in the initial &rss fields. There are primarily three bogusing methods that are
With the advancement in observational technology, widely used in operational models, as summarized by
especially weather satellites, buoys and DoppledaRa Penget al (1993). The first is to bogus observational data
there is considerable improvement in the quantum ofbefore the objective analysis is carried out. Exesof
observational data around a TC and many forecasgtase  this type of bogusing are those used in the USoNati
utiise the prediction generated by high resolution Centers for Environmental Prediction (NCEP) global
numerical models for cyclone track forecast. Evieent forecast model (Lord, 1991), in the US Navy Operal
representing a TC in the initial analysis adeqyafia use Global Atmospheric Prediction System (NOGAPS), UK
in numerical weather prediction (NWP) models is&an Meteorological Office global model (Hemireg al 1995)
problem. At most NWP centers a ‘bogusing’ scheme isand India Meteorological Department ( IMD) limitadea
thus employed to force a tropical cyclone vorteto ithe model (Prasaét al 1997). The second approach is to add
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a more complex vortex circulation defined by an
analytical expression after the objective analybigt
before the model initialization. Examples of thype of
bogusing are those used in the Quasi-LagrangianeMod
(QLM) (Prasad & Rama Rao, 2003 and Mathur, 199d) an
Typhoon Model of the Japan Meteorological Agency
(JMA) (Ueno, 1995). The third approach is to bogus
'spinup’ vortex generated by the same forecast inmode
instead of using an analytical one. Examples af éiné the
multiple nested tropical cyclone model of the GFDL
(Kurihara, 1998) and the typhoon-Track Forecaste3ys
(TFS) of the Central Weather Bureau (CWB) in Taiwan
(Penget al, 1993). In addition to the different methods,
both the horizontal and vertical structures of the
axisymmetric vortex vary considerably between the
centers even for the same method.

IMD is running a limited area analysis and
forecasting system (LAFS) to provide numerical gnice
for operational short range forecasts.
operational system uses the 1° x 1° Lat./Long. yamal
and forecast model at 0.75° horizontal resolution |
addition to the LAFS, a specialized cyclone modkeé&
Quasi-Lagrangian Model (QLM) is also run for cyaon
track forecast up to 3 days during the cycloneasibun
over the Arabian Sea and Bay of Bengal. In the gires
study, using LAM and QLM models, the track and
intensity forecast in case of 25-31 October 199%<ar
Super Cyclone was discussed. In the present studgw
version of LAFS analysis and forecast model at 0.5°
horizontal resolution was created to simulate thelone
with high horizontal resolution. Using the initial
conditions from European Centre for Medium-Range

Weather Forecasts (ECMWF), NCEP, USA reanalysis and

National Centre for Medium Range Weather Forecgstin
(NCMRWF) global T-80 initial and forecast fields,
forecasts up to 36 hours were produced. In casgLM,
using NCMRWEF initial and boundary conditions 3 day
forecast based on 26, 27 and 28 were producedesnits

of both the models were discussed. Also the QLMkira
forecast error statistics during the last 8 ye&8712004
were discussed.

A brief description of the cyclone bogus methods
and forecast models used in IMD are given in thetiSe
2. Section 3 describes the experimental designthad
model simulation results. The track forecast erransl
conclusions given in Section 4 and 5 respectively.

2. Cyclone bogusing methods followed at IMD

2.1. Limited Area Analysis Forecast System (LAFS)
(i)
The grid point data for running the forecast model
are prepared from the conventional and non-conweati
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data received through the GTS in real-time. All tata
are quality controlled and packed into a speciathtd for
objective analysis. Provision exists for inclusiaf
cyclone bogus data in the input data file whenever
required.

The objective analysis is carried out by a three
dimensional  multivariate  optimum interpolation
procedure. The variables analyzed are the geopaliemt
and v components of wind and specific humidity. The
temperature field is derived hydrostatically frorhet
geopotential field. Analysis is carried out on lignsa
surfaces in the vertical and on a 1° x 1° Latitude-
Longitude grid for a 'regional’ or ‘limited areaohizontal
domain (0° - 150° E; 30° S - 50° N). The sigmddfieare
post-processed to pressure surfaces for display and
archival. The background fields (first guess) reegifor
objective analysis are obtained from the global ehod
forecasts of the NCMRWF, New Delhi.

(it)

The scheme used for initialization of tropical
cyclones generates synthetic observations base@non
empirical structure of cyclone. First, the surfaessure
field is constructed on a dense grid. Surface wiads
obtained from the surface pressure by use of thdignt
wind relationship. Upper winds are obtained frone th
surface winds with the aid of composite verticaindvi
shear factors. Inflow and outflow angles are adabethe
computed winds to ensure proper convergence in the
lower levels and divergence in the upper levelse Th

humidity field is prescribed as near saturatiorugakithin
the field of the vortex. These steps have beemdnuired

The present

Initialization of TC’s (The first approach)

to ensure a proper spin up of the vortex duringcigrse
of integration of the forecast model. Details c¢ 8theme
are provided in the following paragraphs.

(iii) Construction of surface pressure field

We make use of the empirical model developed by
Holland to prescribe the surface pressure fielde Th
relationship is given by :

P =P+ (P.—P¢) exp ('a"b)

Where P, : is the pressure at radiusR, : is the
environmental pressur®, : central pressure, and a and b
are empirical constants.

The constants ‘a’ and ‘b’ are related to the radifis
maximum wind (RMW) in a cyclone by the following
equation.

RMW = (a)®

The constants ‘a’ and ‘b’ have to be determined
empirically and may differ from region to regionda@ven
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from cyclone to cyclone. It has been found by Marzaal
Gupta (1992) that the value of ‘b’ is a functioncytlone
intensity has impact on the profile shape variemfd..0 to
2.5 for cyclones for the Indian seas and that deha
unique value.

Application of the above method for deriving the

surface pressure distribution is dependant upon thecomposites constructed by McBride (1981).

availability of central pressure, radius of maximwimnd
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proposed by Andersson and Hollingsworth (1988)egiv
below :

Surface850 hPa 700 hPa 500 hPa 400 hPa 300 hPa

1.0 0.9 0.8 0.7 0.65 0.35

The above factors are based on the rawinsonde
The
composites indicate a wind speed varying very stowl

and value of constant ‘b’. The central pressure iswith height up to 400 hPa with rapid decrease abdhe

estimated with the help of the pressure drop cpomeding
to the satellite T - Number classification of thierm and
the pressure of the outermost closed isobar. Teiegaf
maximum wind may be estimated from the radius ef th
eye as available either from the radar report|réaaly in
the range of a coastal cyclone detection radaiostabr
the satellite imagery if the storm is out at seae Value of

factors would vary from case to case and depend upo
thermal stability and stage of development of thetesm
(Andersson and Hollingsworth, 1988).

In order to ensure a proper low level convergence
and an upper level divergence in the vortex fiedd,
inflow angle is added in the lower levels varyimgm 30°

RMW is taken as 30 km based on the average observedt the surface becoming zero at 500 hPa. The aionl at

value of cyclones over the Indian seas. As mentione
earlier, the value of constant ‘b’ needs to be miitzed
for the region and the particular cyclone empiticaln
the present case, however it is taken as 1.5, wisch
tentatively found to be appropriate for the Indragion.
Pressure data are generated up to 400 km raditssgad

of 50 km spacing.

(iv) Surface winds

After the surface pressure distribution is definthe,
surface winds are derived using the gradient watdltion.
A correction for storm motion is applied. In thesahce of
friction, an expression for wind speeW, inside the
cyclone field is obtained in the form :

V = o + (@®+ r/p.oplor)*?

where &r = fr - V; sin 6, f = Coriolis parameter,
r = radial distancey, = storm speed) = Azimuthal angle
measured clockwise from direction of motion (taken
as 0°)

The above expression is obtained from the gradient

wind equation expressing balance of forces in tieeace
of friction :

1/r.dplor —fV - VA4r +VV,sild /r =0

(v) Upper winds

the upper levels 250 and 200 hPa is made anticgchonl
an outflow angle of 20° is added.

(vi) IMD Limited Area Forecast Model (LAM)

The forecast model is a semi-implicit semi-
Lagrangian multilayer primitive equation model. uses
the sigma vertical co-ordinate system and has etadg
Arakawa C-grid in the horizontal. The present \arsdf
the model has a horizontal resolution of 0.75° ¥50.
Lat./Long. and 16 sigma levels (1.0 to 0.05) in the
vertical. The lateral boundary conditions for rumithe
forecast model are obtained from the global model
forecasts of the NCMRWF. The model is run on
operational mode twice a day using 0000 UTC and)120
UTC observations. The detailed description of model
formulation, horizontal and vertical descretizatiand
time integration scheme of the model has been ibestr
in detail by Krishnamurtet al (1990) and Prasaet al.
(1997). In the present study the LAFS analysis and
forecast model at 0.5° Lat./Long. resolution wasduto
minimize the track forecast error in the initial dan
subsequent model forecast.

2.2. Quasi-Lagrangian Limited Area Model (QLM)

IMD’s operational cyclone track prediction model is
known as the Limited Area Quasi-Lagrangian Model,
specially designed for cyclone track predictione Thodel
is an adapted version of the hurricane predictiaadeh of
the National Centers for Environmental PredictibiCEP
- erstwhile National Meteorological Center), Wagjton
(Mathur, 1991). The model has been implementeVax, |

The upper winds are derived from the surface winds New Delhi in year 2000 after validating the modi the

by assuming an vertical wind shear, which decredses
strength of the vortex with increasing height. \ésuof

cyclones formed during 1997-2000 over the Arabiea S
and Bay of Bengal. A special feature of the QLM is

composite vertical wind shear factors are taken asprescription of an idealized vortex and a steedogent.
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The idealized vortex is created from the three disienal
structure of a cyclonevia empirical functions. The
construction of idealized vortex is done from therent
observed structure of the storm and needs infoomditie
the present location of the storm, the central qaness the
value of the outermost closed isobar, size of tmsetc.,
which are gathered from the preliminary synoptialgsis
and satellite imagery. The vortex so generatedeerly
symmetric with size and intensity close to thattoé
observed storm. The procedure in brief for geimegahe
initial vortex and merged analysis are given below.

(i)

A new version of the IMD’s operational optimum
interpolation scheme for objective analysis (used f
generating initial fields for IMD LAM) has been
developed to suit the QLM grid structure, whichgiste
different from the grid structure of LAM in horiztai and
vertical. The symmetric vortex (as described in tiest

Data assimilation
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Psic(r) = Po r=R

wherex = r/R, a is a specified constant and the other
two constants,pn.x and Ap are evaluated from the
COﬂditiOﬂSpSfc(O) = pc, andpsfc(R) = pb.

The large pressure gradients observed in intense
cyclones cannot be prescribed well with the useaof
coarse grid (40 km in the QLM). Therefore a lowierit
has to be set to the central pressure, which is tH&®
whenever a lower value occurs. This has beeneatrat
based on past cases of model runs. In the rars easen
the reported storm sizRis less than 170 knR is reset to
170 km, because at least four grid points in thaiata
direction are required to capture a storm’s basicture.

The winds at pressure levels are specified asvistio

First, the windvy(r) at 1000 hPa is obtained from the
gradient law:

subsection) and the analysis are then merged using

appropriate weighing functions. The symmetric vorte
fields are first projected on the QLM grid and thearged
with the analysed fields. The background fieldsifatial
analysis and lateral boundary conditions are géeera
from operational analysis and forecasts producedhby
global spectral model of NCMRWF.

The NCMRWEF forecast fields are a set of spectral

coefficients being the outputs of a T 80 GCM orsitina
levels. The spectral coefficients are transformredtM
grid and vertical interpolation carried out to getM
sigma fields from GCM sigma levels. Ol analysis is
carried out directly on the QLM sigma levels. Firdte
analysis valid at the map time is carried out bgaimng
the NCMRWF GCM forecast, 12H (for 1200 UTC run) or
24H (for 0000 UTC run) with current observations by
optimum interpolation (Ol) scheme. However in the
present case, NCMRWF model initial analysis and
forecast fields at 6 hourly for boundary conditame used.

(i)

The prescription of idealised vortex is based am th
storm’s central pressug, the pressure of the outer most
closed isobap, and its distanc® (size) from the centre.
These parameterp p, andR) together with the location
of the storm centre are derived from synoptic agialgnd
satellite imagery information like T - Number estita.

Initialization of TC (The second approach)

The surface pressurpsc (r) at a radiusr in the
idealised symmetric vortex is obtained from:
r<R

Psic (1) = Prmax [AP eXp(3)] / (1+ad)™? @)

Vol 1+ fvg- 0@l or =0 2)
wheref; is the Coriolis parameter at the latitude of

the storm centre, g is the acceleration due toityrand

geopotential @ at 1000 hPa is obtained from

the approximate relatiop = 8[psi (r) — 1000] (with pstc

in hPa).

A set of horizontal and vertical functions are used
derive the winds at higher levels.

v(r,p)=[FE-GEH[)] v

Where F p) = 0.5 [ 1+ tan h {t(p-P.)/APy)]

®3)

G ) =sec h[p-P,)/AP,]

H ¢) = sec h [ —Ry/ AR

The location of maximum cyclonic winds
controlled by the parameter ‘a’ in Eqn. (1); theeraf
decrease of cyclonic winds in the vertical Byand AP,;
and the strength and location of anticyclonic wimdshe
higher atmosphere By, andAR..

is

Fixed values of a = 100 was chosen to conform with

the typical capacity for current numerical system t
resolve the core region at distance of 2 to 3 gadhts
away from the center. The other parameRgrs 150 hPa,
AP,= 200 hPaR,= 280 km and\R,= 200 km are used in
the QLM, although it might be more realistic to sie
some of these parameters as functions of stormagide
intensity. With the above specifications and theues of
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P., PpandR corresponding to a mature cyclonic storm, the
structure of the winds obtained from Eqn. (3) csissif
cyclonic winds everywhere in the lower levels witre
maximum winds located at 2 to 3 grid intervals frtme
centre, cyclonic winds extending into the middle
troposphere with a slight decrease in their stigntjie
cyclonic winds decreasing rapidly above the middle
troposphere, and anticyclonic winds appearing ie th
upper troposphere.

The mean geo-potentials on the circle with radius
at any standard pressure level is evaluated froen th
initialized analysis. The geo-potentials at thesiiir grid
points are obtained from the wind field with thee usf
gradient wind relation using the geo-potential atinsR
as the boundary condition. The hydrostatic assungs
used to derive the virtual temperature from the-geo
potential.

The vertical column at the vortex centre is spedifi
to be nearly saturated. Somewhat lower values ofaRH
specified atR. The RH at intermediate grid points is
interpolated linearly from the values at the ceranel R.
The rate of convective precipitation depends on RH
distribution. Since this rate is expected to be lEnan
weaker storms, the RH values are reduced by arfacto
B = 0.85 + 0.015 f, - p.) for an initial disturbance with
Py - Pc < 10 hPa. Prescription of near saturation values of
RH is necessary to induce proper convection instbem
field, which has a significant contribution in
development and movement process.

its

The following relation is used for the merging
process :

X=wX,+ (1w) X,

whereX is one of the variablag, v, 8, g andps;. and
the subscriptsv' and ‘a’ denote a field in the vortex and
analysis respectively.

The weightw is given by :

w=cos (1M2.r/R) r<R;

w = 0 otherwise.

(iii) Prescription of a steering current

A steering current, which is specified, based an th
current storm speed and direction is superimposethe
analyzed fields. The steering current is computed b

constructing a dipole circulation. The dipole winasd
geopotential height fields (incremental heightscakted
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from dipole winds geostrophically) are added toubeex
fields at all levels.

Thus the two special attributes of the QLM are :
(i) merging of an idealized vortex into the initialadysis
to represent a storm in the QLM initial state; aidl
imposition of a steering current over the vortegaawith
the use of a dipole.

(iv) Forecast model

QLM is a multilevel primitive equation fine-mesh
model cast in the ( = p/ps) coordinate system (Mathur,
1991). The numerical integration of the model asried
out by using the so-called quasi-Lagrangian methblde
model has a limited domain in a Cartesian grid esyst
The horizontal grid spacing is 40 km and the iraégn
domain consists of 111 x 111 grid points in a 44Q2100
km? area that is centred on the initial position oé th
cyclone. The QLM uses 16 layers (170 interfaces) in
the vertical. Resolution in the lower portion dfet
atmospheric column is finer where the vertical grats
are usually large. The full details of the modehamics
and initialization procedure can be found
Mathur (1991).

in

(v) Physical parameterisation

The model incorporates physical processes which
include surface frictional effects, sea-air exchangf
sensible and latent heat, convective release eftidteat,
divergence damping, horizontal diffusion, and isaha
condensation of water vapour. Radiation and turitule
processes, which have only marginal impact in the
development, are currently excluded to minimize
computational time. The numerical integration of th
model is carried out by using the so called quasi-
Lagrangian method. The details of the physical
parameterization schemes used in the model are @give
Mathur, 1991. Some of the details of the modelgven
in Appendix I.

3. Forecast experiments

This section describes results of track forecast
experiment, which were carried out in respect efshper
cyclonic storm of October 1999 over Bay of Bendwdtt
hit Orissa coast near Paradip. The parametersreshfor
cyclone vortex generation used for constructingvibreex
and steering currentiz., the location of the storm, the
central pressure, the outermost isobar, size ofstbem,
current storm speed and direction of movement ate.
derived from the synoptic and satellite imagery
information. These parameters are of crucial irguare

in the model forecasts and care has to be eastaihile
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Figs. 1(a-d). Stream flow and isotach (speed in knots) patter85 hPa QLM initial analysis and 24, 48 and 72 rhoforecast

based on 0000 UTC of 26 October 1999 initial coodg

finalizing their values. In the following subsect® we
provide very brief characteristics of the storms vichich
track forecast experiment was run.

3.1. Super cyclonic storm over Bay of Bengal,
25-31 October 1999

The initial development of the storm was seen & th
Gulf of Thailand on 24 October. It emerged inte th
Andaman Sea on 25 October. It moved in a nortresgst
direction throughout its history. It intensified rétugh
several stages during its long journey over the Bay
Bengal and reached a super cyclonic storm stage avit
peak intensity of T-7.0 (maximum wind speed 140t&ho
on the morning of 29 October before its land fédise to

Paradip on Orissa coast. After crossing the cohst,
storm tracked very slowly further northwest andnthe
remained Eractically stationary for 36 hours fro®00
UTC of 29" to 0000 UTC of 31. Afterwards, the vortex
moved slightly eastwards and eventually drifted
southward. It finally dissipated off north coastaidhra
Pradesh and adjoining sea areas of northwest Bay of
Bengal by the morning of 1 November (India Met. Dep
2000).

3.2. QLM forecasts
The sigma level data sets required for initial and

boundary conditions for running the model were wigtc
from the NCMRWF. Sigma data files & furly
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(b)

Mean sea level pressure (hPa) analysis valid 00 UTC of 26 October 1999
and track forecast based on 26 October/00 UTC initial conditions
with idealized vortex; (e : observed; A: predicted)

(d)
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Mean sea level pressure (hPa) analysis valid 00 UTC of 27 October 1999
and track forecast based on 27 October/00 UTC initial conditions
with idealized vortex; (e : observed; A: predicted)

Mean sea level pressure (hPa) analysis valid 00 UTC of 28 October 1999
and track forecast based on 28 October/00 UTC initial conditions
with idealized vortex; (e : observed; A: predicted)

Figs. 2(a-d). (a) INSAT picture at 0400 UTC of 29 October 1999; c, d) Mean sea level pressure (hPa) QLM aisalysd track forecast &

observed track based on initial conditions of Z6a@id 28 October 1999 (circle : observed; triangledicted)

intervals were used for calculating the boundary valid for 29" October, the strength reduced to 30-45 kts,
conditions. In Figs. 1(a-d) the stream flow andtash where as the observed system attained strengthOoktk.
pattern at 850 hPa initial analysis based on 000C Uf In Figs. 2 (a-d) the satellite picture of 0400 UTaE 29

26 October 1999 when the system was in a cycldorers ~ October 1999, observed track of the storm and ridoekt
stage and corresponding 24, 48 and 72 hours fdrecadorecasts obtained from initial conditions of 000UC for
fields are given. The analysis shows 30-45 ktshe t 26, 27 and 28 October with the corresponding 12liou
northeast of the circulation center. In the 24 Bour predicted positions up to 72 hours superimposedhen
forecast, the wind speed increased to 45-65 kts andVSLP analysis are given. It shows, the model wads
maintained up to 48 hours. However, in 72 hoursdast capture the north-west movement very well is tase.
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TABLE 1

QLM forecast verification for Super Cyclone October1999

Date 12H 24H 36H 48H 60H 72H
Vector errors (km) 26 Oc99 68 15 139 70 168 199
27 Oct'99 106 25 128 118 118 159
28 Oct'99 77 22 74 85
Mean 84 21 114 91 143 179
Angular deviation between observed and26 Oct'99  10.7 -2.0 1.7 4.6 8.6 8.8
predicted track vectofs(deg.)
270ct99 3.6 3.6 8.4 8.7 7.1 9.7
28 0ct'99 12.6 2.6 -4.0 -7.9
*Errors (km) in distance travelled 26 Oct'99  -47 4 -138 20 -38 62
(Distance travelled in observed — Distanc@7 Oct'99 -105 5 -88 13 -45 -7
travelled in forecast)
28 0Oct'99  -44 13 -64 30
Landfall point errors DPE (km) 29 O&9 22 118 199
@ Observed track vector : Initial (a§)To observed (atgF 12H ... To+ 72H) positions
Predicted track vector : Initial (ag)To predicted (at g+ 12H ... To+ 72H) positions
The track forecast errors of the case were given inand NCMRWF global model T-80 fields at 1.5°

Table 1. The day-3 forecast based on 26 Octob#alini
conditions, the model predicted landfall about 1kfa
northeast of the observed location where the observ
storm made its landfall south of Paradip and theleho
track forecast errors in 24 and 48 hours are 1578nkim.
The predicted track based on 27 October input gfdla
forecast of landfall point was 118 km to the rightactual
position. The track and landfall point based or®8ober
initial conditions almost coincided with the obseaivrack
with error of 22 km south of the observed positigiso
the track forecast errors of 24, 48 and 72 hou@0
UTC positions) are less compared to the 12, 36 &hd
hour forecasts (1200 UTC positions). This is dug¢h®
fact that the observed movement of the system 660
UTC to 1200 UTC is large compared to 1200 UTC to
0000 UTC from 27 onwards. However the model
predicted uniform speed up to 72 hours forecaserélv
the mean forecast error in the present case wasttas
100 km up to 48 hours.

3.3. LAM forecast
In this experiment the model forecast for the aafse

Orissa super cyclone October 1999 are generatext lwas
the initial conditions of 0000 UTC for 27 and 28tGluer.

Lat./Long. resolution.

In Figs. 3(a-d) the 850 hPa initial analysed wind
fields based on ECMWF and NCEP reanalysis data for
0000 UTC of 28 October with (experiment) and withou
(control) synthetic vortex were given. The ECMWF
(control) wind field shows wind speed of 20-30 Isafith
the center coinciding the observed center. Howenehe
NCEP initial fields, the center is located 100 koutheast
of the observed position with wind speed of 20-@ated
2° to 3° away south & southeast of the center. rAtie
synthetic vortex inserted in the initial fields, tho
ECMWF and NCEP fields show symmetric vortex with
sustained wind speed of more than 50 knots decigagi
minimum at the center of the storm. However, theERC
analysis shows large size of vortex approx. 800 kms
compared to ECMWF analysis of 400-600 kms and
strength of the basic fields outside the vortex aiewmd
same in both the analysis. The large vortex in N@&HBs
may be due to the asymmetric circulation in theiahi
analysis (control). The 36 hours LAM forecast based
0000 UTC of 28 October with the above initial cdiatis
valid for 1200 UTC of 29 October were given in
Figs. 4 (a-d). In this case, with the ECMWF initial
conditions, the control forecast 850 hPa wind Bedtiows

The basic data to run the cases were taken ECMWFweakening of the system into a trough of low witirth-

NCEP re-analysis global data at 2.5° Lat./Longolugfon

south orientation along east coast of Indidwaith the
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(a&b) Wind flow (speed in knots) 850 hPa ECMWHRial analysis, without and with synthetic vortefc&d) same with NCEP

analysis for 0000 UTC of 28 October 1999 (cycloymalsol: observed position)

NCEP initial conditions, the trough were seen dBérar

to Telengana region. In the experiment, the fortesdth

ECMWEF initial conditions shows the center of thateyn

is close to the observed center, whereas with NDHERBI

conditions the center is nearly 60 km southwesthef

observed center.

produced by the model. In this case, the 36 hawechst
center of the storm with ECMWF analysis shows 18V k
to the east, forecast with NCEP analysis 113 km
southwest, forecast with NCMRWF analysis 212 knt eas
and finally the mean forecast shows 81 km southehst
the observed position. In respect of intensity bé t
system, based on ECMWEF initial conditions, the 86rk

In Figs. 5(a-c) the 36 hours LAM forecast 850 hPa forecast shows 20-30 knots winds to the north @& th
wind fields based on 0000 UTC of 27 October initial system, forecast using NCEP initial conditions sh@0-

conditions of ECMWF, NCEP and NCMRWF valid for
1200 UTC of 28 October along with the mean (ensejnbl
of all the three forecasts [Fig. 5(d)] are giverhe3e
forecasts were produced after adding the synthvetitex
in the initial fields. This experiment was carriedt to

examine the impact of initial conditions on theeftaist

30 knots winds to the northeast of the system anecast
with  NCMRWF initial conditions shows 10-20 knots
winds to the north and east of the system. Howether,
mean forecast shows 10-20 knots wind speed todtth n
and east of the system with symmetric vortex closthe
observed position of the system.
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Figs. 4(a-d). (a&b) LAM 36h forecast wind flow (speed in knot850 hPa valid for 1200 UTC of 29 October 1999 Hase ECMWF
initial analysis, without and with synthetic vortegc&d): same with NCEP initial analysis (cyclosymbol: observed position)

4. Track and intensity prediction vectors (deg.) are positive if the forecast posities right
of the observed track in the northern HemispheD |

A quantitative assessment of the performance ofregularly evaluates the performance of LAM and QLM
forecast model was made by computation of trackforecasts at the end of each year. However, it was
prediction errors. Direct position errors (DPE) éddheen  observed that the QLM forecast track errors ars than
calculated by taking the geographical distance eetwthe LAM and from 2002 onwards the operational cyclone
predicted position in each case of forecast and thetrack prediction model QLM track errors are only
corresponding observed position, which gives a omeas reported. The QLM real-time run for the super cyelo
of the absolute error of prediction. The vectooesr(VE) 25-31 October 1999, the mean position errors forhe4
are the differences of the vectors joining theiahit forecast was 108 km and for 36 hours 186 km (Prasdd
position and the forecast position coupled with wdag Rama Rao, 2003). In the present case of rerun with
deviations of the two lines. They give an indioatbf the additional late observations, the track forecast stzown
bias. Negative values mean a slow bias. The angulasignificant improvement with mean forecast errors
deviation between the observed and predicted track(Table 1) based on 26-28 October 1999 werd&n2for
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Figs. 5(a-d). (a) LAM 36h forecast, wind flow (speed in kno850 hPa valid for 1200 UTC of 28 October 1999 baseE CMWF initial analysis

with synthetic vortex, (b) with NCEP initial analys(c) with NCMRWF initial conditions of 0000 UTZ8 October and (d) the mean
forecast of all the three (cyclone symbol: obsenvesition)

24 hours, 91 km for 48 hours and 179 km for 72 &our
The angular deviation was shown with 10 deg. parsiti
(right of the observed track) bias. However, thetoe
errors shown large negative values for 12, 36 @nhddurs
positions which show the slow bias compared to 481,
and 72 hours positions. The LAM forecast error show reducing the intensity and at the end of 36 hoarsdast,
(Table 2), 24 hours position error varies from b6  the sustained wind speed in 850 hPa reduced td1Qs?
254 km and 36 hours forecast shown 113 to 212 kmfrom the initial fields of 50-60 kts.

depending upon the initial fields. However the mean

intensity forecasting with operational numerical dels

still remains a major problem which needs to be
addressed. In case of QLM, the model has shown the
intensification up to 48 hours and then graduatge t
reduced intensity. In case of LAM, it has showndgialy

(ensemble of 3 members) forecast shown the track ef
123 km in 24 hours and 81 km in 36 hours foredA#tile

the track forecasts are reasonable, the model hasexal

72 hours and for

QLM model is running up to 36 hours operationally
till 2004. Recently, the model code modified to mmto

validation of the model

hind

tendency to weaken the intensity of the system.e Th cast experiments were conducted for the cyclstuoms
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TABLE 2

LAM forecast verification (Direct position errors i n km)

Initial conditions 12 h 24 h 36 h

Super cyclone October 1999 ECMWF 104 139 127
based on 0000 UTC of 27 Oct. 1999  NCEP 265 254 113

NCMRWF 154 116 212

Ensemble 116 123 81
Mean errors of IMD 86(37) 145(37) 312(29)
(1997-2004) -16 cyclones

TABLE 3

QLM & LAM forecast verification (Direct position er rors in km)

24 Hour forecast 48 Hour forecast 72 Hour forecast

Year

QLM LAM PERS. CLIM QLM (36 hrs) LAM  PERS. CLIM QLM
1998 143 (2) 169 (4) 206 216 224 254 234 299 --
1999 119 (3) 136 (3) 341 205 248 287 497 250 --
2000 100 (3) 140 (3) 208 264 173 193 333 383 --
2001 106 (3) 137 (3) 269 204 183 204 373 402 --
2002 150 (2) - 191 131 115 --- 247 278 425 (2)
2003 187 (3) - 267 231 251 --- 382 358 280 (2)
2004 176 (4) - 141 221 223 --- 242 215 240 (2)
Mean error 140 145 232 210 202 234 330 312 315

Figures in brackets: Number of cases.

occurred from 1997 to 2004 (Prasad, 2004; RamaaRdo 2002 onwards. The increase in track forecast eroring
Prasad, 2005). Table 3 shows the operational trackthe recent years may be due to the erratic natiitbeo
forecast errors of QLM & LAM from 1998 onwards. The movement of the cyclonic storms. Similar trendsoals
QLM mean forecast errors during 1998-2004 were 1400bserved in UKMO cyclone track forecast (UKMO web
km in respect of 24 hours and 202 km in 36 hoursdast site) errors over North Indian Ocean.

and 315 km in 72 hours. Similarly the mean position
errors of LAM based on 1998-2001, 145 km for 24 hrs 5.
forecast and 234 km for 48 hrs. The model foreeastrs

of both the models shows less than persistencesesral The experiments on cyclone track forecast predictio
climatology. However, the model has not shown any with QLM and LAM carried out for Orissa super cyato
trends in improvement forecast prediction skill®nfr October 1999 has established that the model,

Concluding remarks

with
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idealized vortex, provides track forecast within an Kuo, H. L., 1965, “On formation and intensificatiofi tropical cyclones

accuracy level that are currently available frormeucal
models. The QLM track forecast error for super ogelis
minimum compared to other cases. This may be dtleeto
system nearly followed the climatological track thie
storms in this month. The large scale/steering floas
better predicted in this case. Also the model mtedi
error was minimum all 24 hours forecasts. In theecaf
LAM forecasts, the forecast generated with bogugexo
using different initial fields have shown large iaéion in
track forecast of the storm in 24 and 36 hoursdases.

However, the mean (ensemble) was able to evolve wit

minimum of track error. As a future work programrtieg

authors propose to continue further developmentkwor

with the QLM for improvement in the track and inség
forecasts. The improvements are expected to beghto
about by {) improved initial analysis with incorporation
of enhanced observational data base and bettegfiess

from the outputs of higher resolution global model;

(i) increasing the horizontal and vertical resolutidrihe
model and increased domain; ariid) (better treatment of
lateral boundary conditions by updating at morejdient
intervals. The intensity change issues are orteeofmost
crucial aspects of the cyclone prediction probldor,

which models of very fine resolution are needed.e W

intend to adopt the nested grid approach, whichbester
handle the intensity change problems.
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Appendix |

An outline of the QLM

Independent variablesz,y,t)

Dependent variables: surface pressure, 0, q
Horizontal resolution: 40 km

Time step: 50 sec

Vertical resolution: 1& layers (17c interfaces). The 1@ interfaces carry the following values: 1.0, 0.96®22, 0.872,
0.816, 0.754, 0.688, 0.618, 0.546, 0.472, 0.3%24).0.250, 0.181, 0.114, 0.054, 0.0.

Domain size : 4400 x 4400 Km

Storm’s center: Storm’s center is initially locatgtthe center of the domain. The domain fixedrduthe forecast.
Convection: Kuo (1965) with large scale condensesiorface fluxes

Surface fluxes : Bulk over Ocean, none over land

Quasi-Lagrangian time-differencing scheme



