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ABSTRACT. This paper contains a review of some past and recent developments in cyclone
track prediction problem by dynamical models. The early atiempts aimed al predicting tropical cyclone
motion by using simple barowropic models based on vertically integrated vorticity tendency equation.
Baroropic models are still used operationally in some cenwres due to their simplicity. However,
cuwrrent emphasis 15 on advanced primilive equation models incorporating physical processes, like
cumulus convection, which are necessary to account for a major component of the cyclone movement.
An important aspect of cyclone prediction by dynamical models is prescription of a correctly analysed
synthetic vortex in the initial fields for running a forecast model. Several approaches developed by
various groups for generating synthetic voriex are discussed. Examples of some cases of wack
prediction by limited area model in IMD and by global models are illustrated.
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1. Introduction 3 : .
of the tropical oceans where an accurate specification

Prediction of tropical cyclone by numerical models
is, in principle, auempicd by formulating a suitable
numerical model, initialize it with observed data and
integrate the time-dependent hydrodynamic equations
numerically for a suitable time period 10 obtain the
desired forccast. However, when a model is applied
to the tropics, especially to tropical cyclone forecast
problems, certain difficulties arise. Firstly, tropical
cyclones occur most frequently over data sparse regions

(225)

of the initial state of the awmosphere is difficult.
Secondly, the high-wind region of a tropical cyclone
is small when compared to synoptic-scale sysiems.
This makes it impractical to resolve the details of the
vortex using a single mesh or grid length. Thirdly, the
dynamics of the tropical atmosphere and the interaction
of a tropical cyclone with its surrounding environment
are not as well understood as the circulation regimes
found in middle latitudes.
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Recent technological advances and the use of
ingenious numerical methods or schemes have partly
solved some of these problems. The problem of grid
scale size has been solved to some extent by
development of high speed supercomputers, capable of
handling the vast amount of dawa required by a
multi-level large-area, fine- mesh numerical model. The
so-called nested grids have been employed o resolve
the structure of tropical cyclones with a fine-mesh
grid, centred on the storm and "nested” within a large
grid which is used to define the storm’s environment
adequately. The smaller (fine) grid is moved, or
rclocated, as the storm traverses the large stationary
grid. Programmes, such as the Global Atlantic Tropical
Experiment (GATE), which focussed on the problems
ol understanding the dynamics of the tropical
atmosphere and the interaction of tropical weather
sysiems/disturbances with their environments, have
served 1o improve our diagnostic and predictive skills
in relation o these phenomena,

The capability of primitive equation models in
tropical cyclone prediction problems has been
elfectively demonstrated by several groups in recent
times. Specially designed numerical models, coupled
with some special techniques of initialization of tropical
cyclones, have been successfully applied in track
predictions. We provide a historical perspective of the
numerical models applied in wopical cyclone prediction
studics in section 2. Section 3 contains a brief overview
ol the operational numerical weather prediction system
operative in India Meteorological Department (IMD)
for producing cyclone forecasts and a few case studies
of track prediction with IMD model. Performance of
a few global models in cyclone forecasting with
particular reference to Indian seas is illustrated in
section 4. Information about skill of current NWP
models in cyclone wack prediction in different ocean
basins is given in section 5. Section 6 contains
concluding remarks.

2. Tropical cyclone prediction by numerical models
— a historical perspective

2.1. Early siudies using barotropic models

The early auempts at prediction of tropical cyclones
were cssentially based on single level barotropic models.
The so called SANBAR barotropic model, after Sanders
and Burpee (1968), was the first such model used for
cyclone wrack prediction studies. SANBAR is a filtered
barotropic model which uses winds averaged with
respect 1o mass through the troposphere. The model,

originally developed by Sanders and Burpee and later
modified by Pike (1972), predicts tropical cyclone
motion by the tracking of minimum stream function
and maximum vorticity centres. The pressire-depth
over which the initial wind observations are averaged
is the 1000 to 100 hPa layer. These winds are objectively
estimated from the automated 200 hPa and low Tevel
analyses. Both observed and estimated winds form the
basis of an objective analysis, which produces a wind
field specified at the grid points. Once the initial winds
are specified, their non-divergent components are
obtained by relaxation for the stream function in the
interior of the grid. With suitable boundary conditions
specified, a simple barotropic vorticity equation is used
to predict the movement or track of the stream function
minima and the vorticity maxima. The basic dynamical
framework of this model is a simplified form of the
vorticity equation averaged over the depth of the
troposphere.

ai/at=—-\7 VN =V VN + 00000 — ©100) (1)

where, 7 is the absolute vorticity. V" and 1" denote
the deviations of winds and vorticities from the
vertical averages.

Since details of the wind structure of a storm’s
vortex are not available and unresolved by the model
grid, the storm is replaced by an idealized,
symmeltrically circular vortex. Pike (1972) also
suggested inclusion of the current storm motion at
forecast time, which resulted in much improved
forecasts of the storm’s direction of movement,
especially during the first 24 hours. However, there
still remained too slow a speed bias. Sanders et al.
(1975) found that this bias was largely the result of :

(a) Truncation error in the finite difference analogue
of stream function y, and the prediction equation
calculations resulted in underestimated phase speeds,
especially for short wavelengths and

(b) Relaxation of y produced a steering flow which
was too weak. These problems were later corrected.

De las Alas and Guzman (1976) used a similar,
but simpler model to predict typhoon tracks in the
vicinity of Philippines. Their model employs a relaxation
of the nmon-divergent barotropic vorticity o compute
the stream function. The track of the typhoon is
computed by following the trajectory of a point
representing the initial surface position of the vortex
centre as it is advected by the large-scale wind field.
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Initial experiments with this model on a small number
of cases produced encouraging results.

Though barotropic models have their own limita-
tions, the interest in using them continues even in the
present times. A justification for choosing a barotropic
(versus a baroclinic) model for tropical cyclone
prediction is to achieve higher horizontal resolution
for a better representation of the storm structure and
the interaction between the vortex and its environment,
which is possible due to its simplicity and modest
requirements of computing resources. Amongst the
current operational barotropic models for cyclone track
prediction are the Hurricane Research Division model
called VICBAR and Bureau of Meteorology Research
Centre (BMRC) model. VICBAR utilizes a nested grid
with high resolution near the centre and coarser grids
at greater distances (De Maria et al. 1992). In the
operational version the inner grid resolution is 50 km.
The initial analysis contains a symmetric vortex profile
fit to the maximas of wind, eye size and storm size
values esumated by the National Hurricane Centre
(NHC). The VICBAR model is initiated whenever a
named tropical storm (maximum winds > 34 ki) exists
in the Adantic region. VICBAR's performance has
been found to be comparable or even better than some
of the best known models like NHC-90 or a limited
area quasi-Lagrangian baroclinic model.

Holland er al. (1991) have installed a barotropic
model for wopical cyclone track prediction on a
workstation at BMRC Australia. This model is run
interactively to test various scenarios that might apply
in a particular situation, e.g., with different displace-
ments and structures,

Disadvantages of the barotropic models are that
the model performance diminishes after about 36 h
when baroclinic effects become more prominent,
particularly during recurvature stages after interaction
with a westerly wave. Secondly, vertical shear effects
in wopical cyclone structure and environment cannot
be represented by barotropic dynamics. For this reason
baroclinic models based on primitive equations have
been developed and are the primary dynamic track
prediction tools in major forecasting centres,

2.2, Experiments with baroclinic primitive equation
models

In a first such study, Bengtsson et al. (1982)
described "intense hurricane-type vortices” which
developed in many ECMWF operational grid-point

model forecasts of 1980 around the fourth day of their
forecasts. Although in some cases the model storms
appeared similar o actual storms, there were several
cases where spurious cyclogenesis occurred. The model
exhibited a definite bias in development of storms in
the north west Pacific region. The authors felt that
this was attributable to relatively high sea-surface
temperatures used in the model. That was required to
enhance the transport of moisture upward from the

boundary layer.

Dell’Osso and Bengtsson (1985), in a latter study
made forecast experiments on typhoon Tip of 1979.
Tip was a major super typhoon of that year. The two
models were the ECMWF operational global grid-point
model and a limited-area version (ELAM) of the same
model. The global model output was used to provide
boundary conditions for ELAM. ELAM’s grid resolution
was around 57 km, as compared to roughly 208 km
for the global model. The most striking aspect of the
ELAM was its ability to provide a reasonable track
forecast. The wack of the typhoon in the global model
run was somewhat poorer. It appeared from this study
that model resolution had a significant impact on the
accuracy of track forecasts. Such an increase in skill
may in part be due to the simulation of the mesoscale
typhoon structure on the finer grid. The typhoons’
cross sectional structure was much more realistic in
the ELAM forecasts. The ELAM storm exhibited
realistic tangential velocity, a smaller radius of
maximum wind, a stronger warm core, and a steeper
surface pressure gradient compared to the global model.
Another remarkably realistic aspect of the ELAM
forecast was the prediction of very realistic-looking
spiral precipitation bands, the location of these bands
corresponded closely with those seen on satellite
photographs. In this study, the authors demonstrate
that, beginning with large scale data, sufficiently high
resolution model can, with reasonable accuracy, simulate
the development, structure, and motion of a tropical
cyclone; although the model’s need for time to develop
the mesoscale structure from the large-scale data
contributes substantially to errors in the track forecast.

Heckley et al. (1987) described two forecasts of
Hurricane Elena starting from 31 August 1985. These
were made with a global spectral model at a resolution
of T 106 waves (Triangular Truncation). The passage
of this storm along the northern Gulf of Mexico was
of interest here. One of these was an operational
forecast while the other used an experimental version
of the operational global spectral model. The only
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difference in these two experiments was in the
parametrization of cumulus convection. The operational
model utilized a version of Kuo's parametrization
scheme (Kuo 1974) for deep convection. The
experimental model used a lagged adjustment scheme
(Belts 1986, Betts and Miller 1986) for its parametri-
zation of deep and shallow convection. The operational
forecast was somewhat poor, it carried the storm
roughly 200 km to the south of the Louisiana coast,
whereas the experimental forecast, showed a landfall
very close to the reported location on the Louisiana
coast.

Krishnamurti et al. (1988) reported results of
prediction experiments of several major hurricanes/
typhoons in the Atlantic/Pacific region with a high
resolution global spectral model. The cases examined
were those of Hurricane Frederics (1979), Hurricane
David (1979), Typhoon Hope (1979) and Typhoon
Abby (1983). The spectral model utilizes the transform
method for the calculations of nonlinear and physical
processes. The physical processes include the
parameterization of the planetary boundary layer, deep
and shallow cumulus convection, radiative processes
(including cloud feedback processes, diurnal change
and surface energy balance) and large scale
condensation. ‘Envelope orography’ is used to represent
steep mountains globally. Qcean temperatures are
prescribed from a preceding 10-day averaged data set
for the storm periods.

Sensitivity of the storm forecasts to horizontal and
vertical resolutions, data sets and representation of
physical processes were examined. The experiments
showed useful skill of the high resolution global model
in track prediction. The position errors at the end of
three days in these experiments were of the order of
200 to 300 km which compared very well with the
best estimates of operational forecasts provided by
statistical or movable nested grid models. The high
resolution model produced a reasonable steering flow
which is important for cyclone motion. The sensitivily
experiments carried out on data density, model
resolution and physical parameterization processes
brought out the following important results:

(i) A major difference in the quality of forecasts
appeared when the model was run with high
density FGGE 1IIb data sets as against
operational FGGE Illa data with short cut off
time sets of NMC Washington which highlighted
the importance of data coverage in the tropics.

(if) A modified Kuo’s scheme for cumulus
parametrization yielded successful results in the
prediction of formation and motion of a monsoon
onset vortex (a typical storm) in Arabian Sea
off the southwest coast in India in June 1979.

(iif) The role of radiative processes was important
in a reasonable prediction of sub-tropical highs.
This had an impact-on the successful forecast
of the recurvature of Typhoon Abby of August
1983. The prediction motion of ‘Abby’ in 24
and 48 hours had a good closeness of fit with
the best track positions, the errors being around
1° latitude. The prediction of sub-tropical highs,
which is very sensitive to the radiative forcing,
contributed to an improved prediction of the
high and the attendant steering flow.

(iv) Marked improvements were seen in the track
forecasts by increasing the resolution from
T 21 wo T 106.

(v) A major factor wmmed out to be the improved
resolution in the planetary boundary layer. It
was found that the surface fluxes in the constant
flux layer are markedly enhanced by an
improved vertical resolution near the earth’s
surface. The hurricane maintenance is particu-
larly sensitive to the latent heat flux.

(vi) The global models with the highest resolution
of T 106 used in their study was able Lo resolve
maximum winds of only 3540 ms™' which
were underestimated by a factor of 2. The
central pressure was overestimated.

The model could not resolve the inner rain area
of the storm which is located within 100 km from
the storm centre. Resolution of the model needed to
be further refined in order to resolve the inner rain
area.

In another cxperiment with a mesoscale multilevel
regional primitive equation model of the landfall of
an intense tropical cyclone in Bay of Bengal during
May 1979, Krishnamurti et al. (1990) showed the
efficacy of the model in accurate prediction of the
landfall. The predicted motion field showed very litle
error in the first 72 hours. The predicted track was
remarkably close o the observed track.

In yet another sensitivity experiment Krishnamurti
et al. (1990) used the Australian Monsoon Experiment
(AMEX) data sets to initialize tropical storms IRMA
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and CONNIE which formed in the Australian region
during the AMEX special observing period. Incorpo-
ration of the additional AMEX data had a very
substantial impact on the initial conditions. Additional
data improved the location of the middle-level cyclone,
strengthened the horizontal wind shear across the
low-level monsoon trough, enhanced the curvature and
outflow jet of the tropical upper tropospheric trough,
made the vorticity at all levels over the genesis area
cyclonic, strengthened the low-level convergence over
the genesis area, and enhanced the mid to low-level
moisture. All these features led the regional forecast
model to generate a tropical cyclone with attendant
mesoscale structure in the correct location and with
correct temporal evolution in both the cases - IRMA
and CONNIE. However, the movement of these systems
was not well forecast. The reason attributed was a
gradual contamination of the large-scale steering
influenced by the inadequacies in the physical processes.
The authors observed that accurate representation of
the 4-dimensional structure of convective heating is
important for track prediction.

In the control experiments without inclusion of
AMEX data, the forecasts of motion and strength of
the storms were reported 1o be extremely poor and
the model failed to predict cyclogenesis. Without proper
data the weak vertical motions, relatively weak low
level cyclonic vorticity and a small Coriolis parameter
in the initial fields resulted in inefficient convective
heating and slow adjustment between the mass field,
the divergent wind component, and the rotational wind
component. This not only adversely influences the
motion directly (via the divergence term in the vorticity
equation) but also indirectly by degrading the large-scale
(rotational) steering flow. The importance of adequate
data coverage was thus again brought out.

2.3. Recent advances and operational cyclone
prediction models

In the recent years; several studies with much
advanced multilevel primitive equation (PE) models
(regional and global) have been carried out in tropical
cyclone intensity and track prediction and simulation,
specially at the European Centre for Medium Range
Weather Forecasts (ECMWEF), the U.K. Meteorological
Office; the Bureau of Meteorological Research Centre,
Australia; the Geophysical Fluid Dynamics Laboratory,
Princeton; the National Meteorological Centre
Washington and the Japan Meteorological Agency,
Tokyo. These studies have amply demonstrated the

capability of current numerical models in handling the
tropical cyclones. The models, while providing
reasonable forecasts of the genesis, intensification and
movement of cyclones, do not, however, have the
capability to resolve their core structure and the inner
rain area. This is due to the fact that the finest
resolution operational models currently available have
a horizontal grid resolution of the order of 50-100 km
which could at best resolve the outer structure of the
systems. Further, the vertical motions in the cumulus
bands in tropical cyclones are essentially nonhydrostatic,
whereas the models are usually constructed on
hydrostatic assumption. In order to resolve the core
structure adequately one needs to design models of
5-10 km horizontal resolution and which are based on
nonhydrostatic formulations. At the same time the
model should have a domain which extends over several
thousand kilometres. Currently, it is feasible computa-
tionally only to use a small limited area with a grid
spacing of tens of kilometres.

Many centres currently include special cyclone
forecasting models in their operational NWP systems.
As is well known and as mentioned in the beginning,
application of numerical models in cyclone forecasting
is fraught with special kind of problems primarily
because of the fact that the initial structure of a storm
cannot be resolved due to lack of observations in the
storm field. The storms form in data sparse oceanic
regions where observations are not adequate to resolve
even the large-scale environmental flow. In some cases,
even if observations in the vicinity of a storm are
available, quality control checks on the (observation-first
guess) residuals may prevent these data from entering
the analysis system. Because of these deficiencies in
the initial analysis, the forecasts produced by the models
are generally in large error. This problem has in recent
times attracted the attention of NWP community
engaged in cyclone forecasting, and a correct
representation of the storm vortex in the initial gridded
fields through artificial means has been a subject of
deeper study. Procedures have been developed to
construct an idealized vortex in the storm location
based on current information about the size and intensity
of the observed storm that are usually inferred from
satellite data and synoptic analysis. Several schemes
have been suggested to produce the idealized vortex
and merge it with initial analysis. Broadly speaking,
there are two approaches followed in generating an
idealized vortex for assimilating into the analysis system.
In one approach, a spin-up voriex, whose structure
depends on the observed size and intensity of the




230 MAUSAM, 48, 2 (April 1997)

storm is generated and merged into the objectively
analysed fields. For example, such an approach is
followed in the quasi-Lagrangian Model (QLM) of the
National Centre for Environmental Prediction (NCEP;
formerly National Meteorological Centre), Washinglon
(Mathur 1988, 1991). The prescription of a symmetric
bogus vortex is based on the storm’s central pressure,
the pressure of the outermost closed isobar and size
of the storm. The symmetric fields so obtained are
projected on the grid of the forecast model which is
a fine resolution (40 km) limited area model. In addition
to introducing a bogus vortex in the initial analysis,
a steering current is also introduced through a dipole
secondary circulation.

A similar merging procedure is used at the Japan
Melteorological Agency (Iwasaki er al. 1987), but the
specification of the idealized vortex is different from
the NCEP Washington QLM. JMA runs a typhoon
forecast model (TYM) alongwith a Global Spectral
Model (GSM) and a limited area Asia Spectral Model
(ASM) for typhoon predictions. The initialization of
typhoon is accomplished by generating bogus data
from standard axi-symmetric vortices for well-developed
tropical cyclones based on a few manually analysed
parameters such as storm position, central pressure and
radius of gale force winds (WMO 1994). Relative
humidity is prescribed as 90% in the troposphere
around the cyclone centre, so as to enhance the spin-up
of the voriex through convection scheme. The bogus
typheon is superposed onto the objeciively analysed
figlds through a weighted mean formula. After the
bogus typhoon is embedded into the analysis fields, a
non-lincar normal mode initialization is applied to the
fields to reduce excitation of gravity-inertia oscillations.
Finally asymmetric flow field of wave number 1 with
respect to typhoon centre is superposed onto the entire
wind field including the bogus typhoon lo get a
reasonable initial movement of the model typhoon.

Kurihara et al. (1993) have propsoed a scheme in
which a crudely resolved tropical cyclone is first
removed from the large scale analysis with the help
of suitably designed filters and a new specified vortex
is then merged with the analysis. The specificd vortex
consists of both axisymmetric and asymmelric
components. The symmetric component is gencrated
by the time integration of an axisymmetric version of
a hurricane prediction model. The symmetric flow Uius
produced is used to generate an asymmetric wind field
by the time integration of a simplified barotropic
vorticity equation. The asymmiteric wind field, which

can make a significant contribution to the vortex motion,
is then added 1o the symmetric flow. Bender et al.
(1993) in a companion paper have demonstrated good
improvements in the performance of the Geophysical
Fluid Dynamics Laboratory high resolution nested
movable mesh hurricane model in predicting track and
intensity of cyclones by using the above procedure of
generating vortices in the initial analysis. Peng et al.
(1993) use the spin up vortex approach to generate
three categories of vortices (strong, weak and large,
weak and small). The catalogued vortex is selected
that most closely matches the present storm.

The second approach is to generate synthetic
observations from an idealized storm structure, and
these observations enter the analysis system as if they
are real observations. Several different schemes have
been suggested under this category. The procedure
used at the United States Naval Environment Prediction
Research Facility (NEPRF) consists of first simulating
a nearly steady state storm starting from a symmetric
vortex, and then the data generated from this simulated
storm inserted as bogus observations in the analysis
(Hodur 1989). At the European Centre for Medium
Range Weather Forecasts (ECMWEF), Andersson and
Hollingsworth (1988) performed somie experiments to
study the impact of bogussing in the prediction of
tropical cyclone movement by the ECMWF global
spectral model. The bogus observations were generated
with a simple idealized tropical cyclone model which
consists of two parts; (i) an idealized symmetric vortex
and (ii) a background field. The two parts are merged.
The symmetric wind field at all levels is modelled by
a ‘Rankine Vortex’. Gradient wind relation is vsed to
compute winds from geopotential field. Upper winds
are obtained by applying a composite and constant
vertical wind shear factor, which is a function of
height. The observations enter the analysis sysicm as
if they are conventional radiosonde observations. The
authors reported improvements in gyclone prediction
by using the above methodology. In the United Kingdom
Meteorological Office (UKMO) system (Morris and
Hall 1987, Hall 1988, Morris 1989), the analysis of
uopical cyclones was done earlier by inserting bogus
winds at four positions around the centre at each level
between 850 and 500 hPa. UKMO was applying the
above method of bogussing of tropical cyclones in its
global model since 1986. By this method while the
24 h forecast position errors were observed to be rather
large as compared to manual forecasts, at 48 hours
and beyond, the model showed considerable skill in
predicting the positions of cyclones. A new scheme
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for the initialisation of tropical cyclones for use in the
UKMO global model has recently been developed by
Heming er al. (1995). In this scheme a profile of wind
speed at the surface is constructed by using information
from TC advisories (e.g., radius of 35, 50, 100 knot
winds) and combining these with any real observations
of surface or low level winds in the arca if the
maximum sustained wind of the storm is greater than
30 knots. A simple exponential curve-fitting routine is
used to produce a best-fit curve through the observations
and advisory information. The introduction of new
bogussing scheme produced substantial reductions in
forecast errors of tropical cyclone tracks.

Both the above approaches have their own
advantages and disadvantages. The advantage of the
first approach is that the spin-up vortex is consistent
with the model dynamics and physics which ensures
a smooth start of integration with minimum noise
(Elsberry 1987). However, this procedure has the
obvious limitation that it is not possible to always
ensure that the prescribed vortex has the intensity,
three dimensional structure and the size characteristics
similar to the actual storm. The second method
overcomes the disadvantage of the first in that it is
possible to generale observations atg@ny fine resolution
conforming to the three dimensional structure of a
cyclone, and reproduce the analysed structure as close
as possible to the actual storm. However, a drawback
here is that proper assimilation schemes as yet do not
exist to handle observational data at a very high density.
Nevertheless the second aproach is more close to the
natural process where actual observations are used for
analysis, being simpler at the same time, and hence
more desirable.

A large number of studies with operational
numerical models on cyclone track and intensity
prediction with bogus vortex introduced in the
initialized fields have shown that these predictions
improve very substantially. The success of these
experiments has prompted some of the major NWP
centres running global models to introduce bogus
vortices on a worldwide basis in their operational
data assimilation systems. A similar study in India
Metcorological Department based on the second
approach above was initiated by Prasad (1990) and
applied for cyclone track prediction by Prasad et al.
(1992). A procedure for generating synthetic observa-
tions in the cyclone field was developed and
combined with a multivariate optimum interpolation
analysis scheme of objective analysis. Several

experiments on cyclone track prediction in Bay of
Bengal and Arabian Sea have been carried out with
a multi-level limited area primitive equation model.
The remainder of this paper described the NWP
system used for cyclone forecasting in IMD and
results of some case studies.

3. Cyclone forecasting with NWP model in India
Meteorological Department (IMD)

3.1. The Limited Area Analysis Forecast System
(LAFS)

A Limited Area Analysis Forecast System (LAFS)
consisting of automated data decoding procedures,
multivariate optimum interpolation scheme of objective
analysis and a high resolution (1° x 1° lat/long. grid)
multi-layer (12 sigma levels) primitive equation model
runs in operational mode on Cyber 2000U computer
system in IMD, twice a day based on 00 00 UTC
and 12 00 UTC inputs. The initial grid point fields
for running the forecast model are prepared from the
conventional and non-conventional data received
through GTS. The analysis system uses observational
data from surface (SYNOP/SHIP), upper air
(TEMP/PILOT), satellite (SATEM, SATOB) and
aircraft (AIREP) which are extracted and decoded from
the raw GTS data sets. All the data are quality controlled
and packed into a special format for objective analysis.
First guess and lateral boundary data files are
constructed from the global model forecasts run by
the National Centre for Medium Range Weather
Forecasting (NCMRWF). The LAFS gives several
products of basic flow variables and derived fields, as
also forecasts of accumulated precipitaton. The forecast
model is a semi-implicit semi-Lagrangian multlayer
primitive equation model cast in sigma coordinate
system and staggered Arakawa C-grid in the horizontal
(Krishnamurti et al. 1990). The present.version of the
model has a resolution of 1° x 1° lat/long. (91 x 51
grid; covering a domain 10°S - 40°N and 40°-130°E),
in the horizontal and 12 sigma levels (1.0-to 0.05) in
the vertical. The model incorporates physical processes
such as planetary bounday layer parameterization,
shallow and deep cumulus convection, and radiation
etc. Envelope orography is used in the current version.
Model is run up to 48 h forecasts.

3.2, Cyclone track prediction

The same model has also been implemented for
tropical cyclone track prediction in conjunction with
a bogussing scheme for initializing the cyclone vortex
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Fig. 1. Observed and predicted (24 H, 48 H) wracks of the severe cyclonic storm,
7-10 November 1995; (adapted from Prasad et al. 1994)
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\ \ 7] L
- | HIcOM) 48 PREDKTED | computed from surface winds by using composite
IN2{2H | . .
P mm \ 00U OFam vertical wind shear factors proposed by Andersson
F/ 200t} j and  Hollingsworth  (1988). Inflow and outflow

angles are added to the computed winds to ensure
! proper convergence in  the lower levels and
L _@-;7  egE divergence in the upper levels. Humidity is prescribed

as near saturation value within the field of the
Fig. 2. Observed and predicted (24 H, 48 H) tracks of ~ vortex. The lauer siep is necessary 1o ensure  a

the severe cyclonic storm, 21-25 November 1995; proper spin up of the vortex during the course of
(adapted from Prasad et al. 1994) integration of the forecast model. The bogus
observations are included in the data assimilation

through synthetic data. The scheme basically gencrales system as if they are conventional observations,
radial distribution of surface pressure within the vortex Details of the scheme are discussed in Prasad er al.

from an empirical formula proposed by Holland (1980). (1994).
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Fig. 3. Observed and predicted (24 H, 48 H) wacks of the severe cyclonic storm, 7-10 November,
1995 with 60% RH as initial bogus; (adapted from Prasad et al. 1994)

In a recent study using the above scheme with the
limited area model, Prasad e al. (1994) have reported
results of several track prediction experiments in Bay
of Bengal and Arabian Sea for storms occurring during
the period 1990-95. Inital analysis was corrected in
all cases by supplementing GTS data with synthetic
observations generated by the above scheme. The cases
included both westward moving and northward moving
(recurving) storms. Figs. 1 & 2 show two typical
cases of track prediction by the IMD model in
respect of severe cyclonic storms of 7-10 November
1995 and 21-25 November -1995 in Bay of Bengal.
The skill of the limited area model is demonstrated
in forecasting the movement of the cyclones in both
the cases. A noteworthy feature of the model’s
performance is that recurvature of the system is well
predicted in_the case of Bangladesh cyclone of 21-25
November 1995. Capability of the model to predict
intensity changes of the disturbance was also
demonstrated.

Cumulus convection plays a dominant role in storm
movement. In a sensitivity experiment JMA (WMO
1994) found that replacement of the Kuo convective
scheme by Arakawa-Schubert scheme helped in
reducing the northward bias in storm movement existing
with the former scheme. Krishnamurti and Oosterhof
(1989) have also demonstrated that improvements in
Kuo type cumulus parametrization resulted in good
track forecasts of a super typhoon. These studies thereby
established the dominant role of convection in storm
movement. The initial humidity analysis greatly
influences the convection process in turn during course
of integration of the model. In order to examine the
impact of initial humidity field on track forecasts, the
authors carried out a sensitivity experiment on the
initial conditions of 8 Novemebr 1996/0000 UTC, in
which the bogus relative humidity observations within
the cyclone field were prescribed at near-saturation
value of 95% in one case and at a medium level of
60% in another case, all other conditions remaining
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NW

>

=-i0r

o

S

w -5

- A %@%%%

= oA A e

w

>
Il 1 i 1 1 1 1
6 12 8 26 30 36 42 4B

TIME( hr)

-15'— Sw 1
Z -0 l
o |
o
-l
- 9.7
- ol VA oz % AV e T
[+ 4
w
>

i 1 L 1 1 L

L L
] 12 18 26 30 36 42 4B
TIME(hr)

Fig. 5. Evolution of vertical velocity with time

in

-15 NE
-10¢
*%%@% %
-0 1
1 1 1 1 1 1 1 L
[ 12 16 26 30 ¥ 42 48
TIME( hr)
-15 33
a0+
s} %
A %
1 I 1 L L 1 L A
3 12 18 2% 30 36 42 4B
TIME ( hr)

model integration in four quadranis around the

moving storm with RH bogus prescription at 95% level; (adapted from Prasad et al. 1994)

identical. The focus of the impact study was on the
predicted tracks under the lwo conditions ol inital
humidity vis-a-vis evolution of the crucial dynamical
paramelters, like vorticity, vertical motion and integrated
moisture flux divergence. A large deviation in the
predicted track vs actual in the case of 60% RH was
noticed. The cyclone moved northwestward in forecast
with a speed much slower than actual, resulling in a
very large position error at 48 h (nearly 500 kmy), in
sharp contrast to the 95% RH case, where the predicted
track was very close to the actual wack with the

position error just around 100 km at 48 h. The predicted
rack in 60% RH case is shown in Fig. 3.

Time cvolution of some crucial dynamical
parameters, which could account for such wide
deviations in storm tracks in the two cases, viz., the
distribution of the vorticity maxima at the centre,
vertical motion ficld and integrated moisture flux
divergence in four quadrants around the moving
vortex within a radius of 2° lat/long. were looked
into. The cvolution of vorticity field showed that
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Fig. 6. Evolution of vertical velocity with time in model integration in four quadrants around the
moving storm with RH bogus prescription at 60% level; (adapted from Prasad et al. 1994)

while in the saturation RH case the model showed
intensification of the vortex with time, in the other
case weakening of the system was evident (Fig. 4).
In the vertical motion field, as the model integration
proceeds, there is a sustained increase in upward
vertical motion with time in the saturation case.
With the initial humidity field prescribed at 60%
level, the model brought out a clear spin up problem
as the vertical motion failed to take off even after
many hours of integration; the direction of vertical
motion was in fact found to be downward in the
first 6-12 hours. The time evolution of vertical motion
is shown in Fig. 5. (95% RH case) and Fig. 6
(60% RH case). Likewise the distribution of integrated
moisture flux divergence from 1000 to 300 hPa,
which is a good parameter to monitor the net
moisture convergence occurring in the total vertical
column and a good indicator of the precipitation
process, showed similar outcome. The sensitivity
experiment clearly established the dominant role of
initial humidity field and the attendant convection
in influencing the vortex motion due to positive
vorticity tendencies.

4. Cyclone predictions by global models

Many centres now run global NWP models with
fine resolution comparable to limited arca models of
earlicr years. Due to increase in model resolution and
better data coverage these models have shown an
improved skill in tropical cyclone predictions. A few
examples of the performance of global models in
cyclone track predictions in the Indian seas would be

of interest here.

Krishnamurti (1996) gives an example of successful
track forecast by a T 213 (transform grid separation
60 km) global spectral model with physical initialization,
developed in Florida State University, in the case of
a major cyclone in Bay of Bengal which hit Bangladesh
in April 1991 and caused extensive loss of human
life. Though the initial analysis had some deficiency
in representing exact location and intensity of the
storm, the model was able to produce a reasonably
accurate track forecast and landfall.

Another example is that of the ECMWF model
forecast in respect of an unusual case of a cyclonic
storm in the Bay of Bengal in June 1996 which
developed at the time of advance of southwest monsoon.
A depression appeared in a southerly latitude around
10° N in the south and adjoining central Bay on
12 June. It initially moved northwestward upto 14th
morning. It intensified into a cyclonic storm on 14th
evening, recurved northeastward and kept moving in
that direction very close t0 Andhra coast upto 15th
evening. It made the landfall on 16th morning. Track
of the cyclonic storm is shown in Fig. 7(a). We
examined the performance of the ECMWF operational
model in capturing the storm. ECMWF operational
model is again a T 213 model and its grid point
forecast data are received in IMD through GTS and
processed on the Cyber computer. Figs. 7(>d)
show low level (850 hPa) 72 h tropical area forecast
wind charts in the Bay region valid for 1200 UTC of
12, 13 and 15 June respectively, based on the
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and (d) 15 June 1996

corresponding day-3 initial conditions. Though ECMWF
operational system does not provide for any bogussing
procedure for correcting the initial storm posilion, as
far as author is aware, the voriex was captured in
their assimilation system on all the days from whatever
obscrvational data might have been available in that
region. It is encouraging to see that the model was
able to predict the movement correctly, particularly its
recurvature, and even its initial formation on 12 June,
with a lead time of three days, as can be easily inferred
from the wind flow paterns shown in Fig. 7.
This would go to demonsuate that the present day
alobal models with very high resolution are able 1o
provide uscful advance guidance of tropical cyclone

movement,
2. Forecast errors

The skill of a numerical model in storm track
forccasting is best seen in terms of forecast errors.

These are usually calculated in two ways @ (i) absolute
displacements between the actual and the model realized
positions, and (if) along-track and cross-track
displacements. More usually the absolute displacements
(position errors) are measured. It would be interesting
to know the magnitude of forecast errors reported by
various groups working on the problem. Mathur (1991)
reported errors of the order of 180 km for the 1988
and 1989 hurricane seasons in respect of Adantic
hurricancs by the NCEP QLM. Likewise, 24 h forecast
errors reported by Japan Meteorological Agency in
respect of their Typhoon Model and Asia spectral
model during 1988 and 1989 vary between 180 and
190 km (Kitade 1990). The statistics reported by
UKMO in respect of their global model during the
year 1994 vary from 176 to 278 km for 24 h forecasts
and 312 to 370 km for 48 h forecasts for different
ocean basins (UKMO 1995). The mean 24 h position
errors in respect of the IMD model for all the cases
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studied from 1990 to 1995 work out to about 170 km
and the mean 48 h position error or 1995 cases (5 in
number) is around 210 km.

Many groups have reported a slow and poleward
bias in their model predictions, for example UKMO
(UKMO 1993) and JMA (WMO 1993). In fact all
the JMA models have a noticeable start bias error
and also northward drifting bias error in tropical
cyclone movement (WMO 1994). Similar biases have
also been noted by Prasad er al. (1994) in respect
of IMD model. These biases are attributed possibly
to cumulus parameterization scheme and the method
of gencrating bogus data. In a sensitivity experiment
carried out at JMA it was found that both the
slow-start bias error and northward bias error can
be reduced by introducing asymmetric components
into the bogus data.

6. Concluding remarks

The review has brought out the capability of limited
arca and global models in producing successful cyclone
track forecasts. An encouraging feature of these models
is their ability to capture recurving motions much in
advance; prediction of recurvature by dynamical models
has been recognized as a difficult problem. Resolution
of the model, initial moisture analysis and initial correct
representation of the tropical cycfonc vortex through
an appropriate bogussing procedure scem to be the
key factors in successful forecasts of cyclone movement
by the models. An accurate moisture analysis in the
tropical oceanic regions has o place a heavy reliance
on the satellite retrievals. Additional data sources, such
as rainfall rates and satellite OLR estimates need to
be tapped which can provide proxy data for the data
assimilation system through suitable inverse algorithms
(physical initialization).

An emerging area for the future analysis systems
is the three-dimensional and four-dimensional
variational analysis (3DVAR and 4DVAR) which has
the capability of assimilating those data coming from
salcllites which do not constitute direct model variables.
Beuter results are expected from a combination of all
the above factors as far as track predictions are
concerned. Prediction of intensity variations in the core
region of a cyclone needs further atlention.
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