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Simulations have been made of tropical cyclone Connie which developed during the
Australian Monsoon Experiment (AMEX) Phase 2. The aims are to investigate
factors which affected the cyclone’s movement. Experiments were made using a
primitive equation model with parametrised physical processes, which has been
developed at JMA (Japan Meteorological Agency). Reprocessed objective analyses
from the European Centre for Medium Range Weather Forecasts (ECMWF), and
the JMA’s typhoon implantation scheme were used to generate the initial
conditions.

Analysis of the vorticity equation using data from the 24-hour simulations shows
that the horizontal advection of absolute vorticity and the divergence term were
dominant effects on the motion. This suggests that the track was determined by (a)
steering flow, (b) the beta effect and (c) lower layer convergence which was generated
and intensified by parametrised condensational heating. With regard to the beta
_effect, we illustrate that the motion in the three-dimensional atmosphere had .
similar characteristics to the motion of a vortex in a nondivergent barotropic flow.
That is, the track was sensitive to tropical cyclone size, but insensitive to its inner
core structure. Further, the track differences simulated from initial data containing
. circulations of different size became larger with simulation time. We conclude that
to a first approximation, tropical cyclone Connie moved in a similar way to a vortex
in a nondivergent barotropic flow, but its movement was modified by condensational
heating.

Introduction

Because of their potential for severe weather, fore-
casting of tropical cyclones is one of the most
important applications of numerical weather
prediction. Recently, with increasing computer
power and improvements in numerical prediction
techniques, it has become possible to forecast
tropical cyclone (TC) tracks using numerical
models. Many operational models provide useful
guidance to forecasters.
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However, track forecasts by operational models
are not always accurate. Researchers are
addressing the problem of track forecast error in
numerical weather prediction systems in many
different ways. One approach is to improve the
forecast model by changing physical parametrisa-
tion schemes, model resolution, the method of
inserting the TC vortex into initial conditions,
etc. Another approach is to theoretically under-
stand the mechanism of TC movement using an
idealised model like a barotropic model. Results
of these idealised experiments can then be applied
to real forecasts. Both approaches are necessary,
but effectively combining the two becomes diffi-
cult. One reason for this is that TCs in the real
atmosphere have complex three-dimensional
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structures and are surrounded by complex large-
scale circulations. Although two-dimensional
models have provided important insights into
first-order processes that define the motion. (see,
for example, Holland (1983) and Smith (1991)),
they cannot represent the complex structures and
processes present in the real atmosphere. To
overcome this situation, we need to simplify the
problem to find the basic factors which affect TC
movement in the real atmosphere. For this
purpose, we have run simulations of TC Connie
observed during AMEX (the Australian Monsoon
Experiment) Phase 2. Results shown here are
obtained from only one case, and more research is
needed, but we believe that the experiment has
provided useful information on TC motion.

In the following simulations, a spectral limited
area model, which has been developed at JMA
(Japan Meteorological Agency) was used. The
ECMWF (European Centre for Medium Range
Weather Forecasts) reanalysis data for AMEX
(Puri et al. 1990) and the typhoon bogussing
scheme developed at JMA were used to generate
the initial conditions.

Observed features of tropical cyclone

Connie and the ECMWF reanalysis
data

AMEX Phase 2 took place from 10 January to 15
February 1987. During this experiment, special
observational data (upper air, SYNOP, radar,
satellite data, etc.) were obtained from a densely
distributed observational network over northern
Australia (Gunn et al. 1989). TC Connie was one
of four TCs (Connie, Irma, Damien and Jason)
which formed and developed in the experimental
area during this period.

TC Connie developed from a tropical
depression which formed on an 850 hPa shear line
over the northwest coastline of Australia. This
depression moved along the northwest coastline
and was upgraded to TC status at 1200 UTC 17
January. Figure 1 (from Gunn et al. (1989) and
Puri et al. (1990)) shows the best track for TC
Connie. From 17 to 19 January, TC Connie
continued to move along the coastline and
matured. Around 0600 UTC 19 January, it
recorded a minimum central pressure of 950 hPa
and made landfall, after which time it rapidly
weakened. At 1800 UTC 20 January, it decayed
over Western Australia. .

For this AMEX period, Puni et al. (1990)
produced reanalysis data using observational data
from AMEX and the ECMWEF objective analysis
system. The differences between the reanalysis
and the ECMWF operational analysis are: (a) the

Fig. 1 Best track for TC (tropical cyclone) Connie and
TC Jason. Positions and central pressures are
indicated for 1200 UTC 17, 18, 19, 20 and 21
January. (From Gunn et al. (1989) and Puri et al.

(1990).)
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reanalysis was produced using all the AMEX data,
many of which were either not received or
rejected in the operational analysis due to severe
quality control; and (b) in the reanalysis, the fore-
cast error correlation function of the analysis sys-
tem was tuned to allow analysis of small-scale
features. As a result, the reanalysis data represent
TCs quite well, and analysed locations are in good
agreement with the best track from the Bureau of
Meteorology (BOM). Using this data, Davidson
and Puri (1992) and Puri et al. (1992) simulated
the motion of TCs Connie and Irma and obtained
promising results. This seems to confirm the qual-
ity of the dataset.

Simulation model and implantation
of synthetic TC vortex

The simulation model is the JMA’s Asia Spectral
Model (ASM). The domain, resolution and
vertical layer settings were changed for the TC
Connie simulations on the CRAY computers at
the Australian BOM. The resolution used was
70 km on a Mercator projection and nine sigma
levels (0.991, 0.925, 0.811, 0.664, 0.500, 0.336,
0.189, 0.074, 0.008) were used. Otherwise, the
time integration scheme and physical processes
are the same as the original ASM (Numerical
Prediction Division (NPD)JJMA 1990). The
main structure of the simulation model and the
differences from ASM are shown in Table I.
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Table 1. Description of the simulation model and differences from the Asia Spectral Model.

Asia Spectral Model

Simulation Model

(a) Dynamical Process
Equation
Horizontal scheme
Mesh size
Grid number
Vertical levels
Time integration scheme

(b) Physical Process
Planetary boundary layer

Surface process

Precipitation

Radiation

Gravity wave drag

Surface parameters over land
Ground surface temperature
Sea-surface temperature

3-dimensional primitive eq.
Spectral method (Tatsumi 1986)
75 km (Polarstereo)

129 X 109

16 '

Semi-implicit

Level 2

(Mellor and Yamada 1974)
Louis’ scheme

(Louis et al. 1981)
Moist convective adjustment
Large-scale condensation
Evaporation from raindrops
Short wave. Long wave
Included (NPD/JMA 1990)
Climatology
Forecast
Analysis

same

same

70 km (Mercator)
73 X 73

9

same

same

same

same

same

same

Constant at all area
same

Climatology

We have also used the typhoon implantation
scheme developed at the JMA (Ueno (1989) and
NPD/IMA (1990)) to insert TC circulations
which are somewhat different from the TCs
contained in the reanalysis fields. The scheme has
also been successfully tested in the BMRC
tropical prediction system (Davison et al.
1993).

In the scheme, an axisymmetric vortex is
implanted in the original field. The structure of
the vortex is defined using observational data on
the position of the centre, the central pressure
(PC) and the 15 m/s wind radius (R15). The flow
of the scheme can be briefly described as
follows.

(a) From the central pressure, size and environ-
mental pressure, the radial surface pressure
distribution is calculated using the formula of
Fujita (1952). The surface pressure profile is
modified to satisfy the requirement for 15 m/s
wind at R15.

(b) The vertical temperature profile at the centre
is defined by the moist adiabat from the
surface and the environmental temperature.
The warm core structure vanishes at
20 hPa.

(c) Height anomaly at the centre is calculated
using the hydrostatic relation from the
temperature profile. The axisymmetric height
anomaly away from the centre is calculated by
interpolation.

(d) From the height anomaly, the wind field is
obtained from the gradient wind equation.

(e) The relative humidity in the troposphere
within the radius of 1.7 XR15 isassumed to be
95% (this is modified from 90% within the
radius of 1.0XR15 in the original scheme to
enhance the spin-up of simulations).

(D The bogus vortex is implanted in the initial
field using a weighting function. Inside of R15
radius, initial fields are replaced by the
axisymmetric bogus vortex and outside of
2XR15 radius, initial fields are not
modified.

Initial fields

The original global reanalysis data were
interpolated to the 70 km simulation model grid.
The reanalysis data (REANALYSIS) contain
large-scale representations of TCs, but they lack
detail around the centre. Using the initial data
from REANALYSIS, the simulation model could
not maintain the TCs during the integration. To
preserve the TCstill the end of the simulations, we
used the typhoon implantation scheme of JMA
described above (TYPLANT). For position and
central pressure data, BOM’s best-track data were
used. As the radius of 15 m/s wind (R15) was not
observed, we used the observed radius of outer
closed isobar (400 km) for R15. Although these
radii are not exactly equivalent, Davidson et al.
(1993) suggest that for this application they could
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be used interchangeably. Figure 2(a) shows an
example of the reanalyses for MSLP (mean
sea-level pressure) at 1200 UTC 19 January. In
. the reanalysis, the central pressure (PC) is
992 hPa, while the observed central pressure is
955 hPa.

The result of TYPLANT (R15=400km) is
shown in Fig. 2(b). Using the observed central
pressure of 955 hPa, the scheme implanted a
vortex with central pressure of 974 hPa. The TC
structure is still weaker than the real TC in the
inner area, however, the circulation at larger radii
agrees well with surface observations and upper
air sounding data at this map time (see Heckley
and Puri 1988). From this initial condition, the
Connie circulation was maintained during the
simulation, though it did weaken with time.

We also show TYPLANT (R15=600 km) in
Fig. 2(c). In this case, R15 is assumed to be
600 km and the same central pressure and
positional data are used as in TYPLANT
(R15=400 km). The PC of the implanted TC is
now 961 hPa. In the scheme, the central pressure
of the implanted TC is dependent on R135. If
different values of R15 and the same central
pressure are given, TCs of different size and
central pressure are implanted by TYPLANT as
shown in Fig. 2(b) and (c). The implanted TC is
obviously more intense and larger with

Fig. 2(a) MSLP (mean sea-level pressure) of ECMWF
reanalysis for 1200 UTC 19 January.
Although the observed central pressure of TC
Connie is 955 hPa, the central pressure in the
reanalysis is 992 hPa. Isolines are drawn at
every 2 hPa.

Ohr TROP Prognosis valid 870119 11 PPTN

Fig. 2(b) MSLP of TYPLANT (R15=400 km). The
central pressure of the implanted TC is
974 hPa.

Fig. 2(c) MSLP of TYPLANT (R15=600 km). The
central pressure of the implanted TC is
961 hPa.

Ohr TROP Prognosis__valid 870118 11 PPTN
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Fig. 3 Result of simulation from 1200 UTC 17 January (TYPLANT (R15=400 hPa)). Twenty-four-hour and 48-hour
simulations are shown for MSLP and 850 hPa vorticity. Isolines for the MSLP and the vorticity are drawn at every
2 hPa and 20X 1076 s~!. Filled-in circles in the MSLP maps are the observed pasitions of the TC.
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R15=600km than with R15=400km. These
data were produced to investigate the impact of
initial intensity and size on the TC track. The size
of a TC is sometimes difficult to define. In this
paper, we defined it unambiguously by the area of
steep vorticity gradient at 850 hPa as described in
the section for further diagnostic experiments.

Results of simulations

Forty-eight-hour simulations were performed
from the three different initial conditions of
REANALYSIS, TYPLANT (R15=400 km) and
TYPLANT (R15=600 km) for 1200 UTC 17, 18
and 19 January. Figure 3 shows MSLP and
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vorticity at 850 hPa of the 24 and 48-hour
simulations from the initial condition called
TYPLANT (Ri15=400km) at 1200 UTC 17
January. The central pressures of TC Connie at
both simulation times (24 hours; 991 hPa,
48 hours; 998 hPa) are weaker than the
corresponding  observations (976 hPa and
955 hPa), but the TC structure is maintained
till the end of the simulation.

Simulated TC positions are located to the south
of the observed locations (filled-in circles in the
figures of MSLP). The positional error is nearly
300 km at 48 hours. It is interesting to diagnose
the origin of the error. In a later section, we
investigate factors which had an impact of this
magnitude on the track simulations. This
provides insights into some aspects of the
mechanisms of TC motion.

Analysis of the vorticity equation

To understand TC movement, analysis of the
vorticity equation provides useful insights. The
TC system has a three-dimensional, complicated
structure which is also non-linear. Interpretation
of TC movement using simple vorticity
arguments may oversimplify the problem.
However, it is still instructive to investigate the
contributions from the individual terms. In
pressure coordinates, the vorticity equation can
be written as:

at/ot = —i}-v,, (£+/) (horizontal advection of
absolute vorticity; Hadv)

— 0'd/dp (vertical advection of

relative vorticity; Vadv)
- &+NH vy —I}(divergence term; DIV)

+(9v/dp-dw/dx-0ul/dp-dw/dy) (tilting term;
TILT)

+F (friction term)

Here, ¢ is time, x and y are horizontal coordinates,
and pis pressure. Meanjngs of other notations are:
€ - relative vorticity; V=(u,v) - horizontal wind

speed; ® - vertical p velocity; f - Coriolis °

parameter, v, - Laplacian in the horizontal. The
cyclone moves in the direction of maximum
cyclonic vorticity change. In this section, the first
four terms of the equation are shown. Original
data are p-level data from the 24-hour
simulations. »

Figures 4(a),(b) are the plots of the four terms in
the vorticity equation at 850 hPa and 500 hPa cal-
culated from the 24-hour simulation using initial
data at 1200 UTC 17 January (that is, valid 1200
UTC 18 January). ‘TOTAL’ indicates the sum of
the four terms (Hadv+ Vadv+ DIV + TILT).

Fig.4(a) Hadyv, Vadv, TILT and TOTAL of the vorticity
equation at 850 hPa. Unitis 10 %s~". hour !,
Isolines are drawn at every 10X1076 s,
hour™!. Dotted lines show negative (cyclonic)
values and real lines show positive values.
Arrows in TOTAL are directions of TC move-
ment during 24 hours before (thin arrow) and
after (thick arrow) the map time (simulation
time; 00-24, 24-48 hours). These results are
obtained from the data of 24-hour simulation
using initial data at 1200 UTC 17 January.

Fig. 4(b) As in Fig. 4(a) but for at 500 hPa.

TOTAL

o=,

Unitsare 107¢s~! hour™' and isolines are drawn
atevery 10X1079s™! hour™!, Dotted lines show
negative (cyclonic) values and solid lines show
positive values. The centre of { for each level is
indicated by a filled-in circle. Arrows in TOTAL
show directions of movement during the 24 hours
before and after the map time (0-24, 24-48
hours).
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From these figures, we obtain the following
conclusions.

(a) There is generally reasonable agreement
between the direction of TC motion and the
patterns of TOTAL at 850 hPa.

(b) With regard to vertical structure, TOTAL at
850 hPa is more intense and has a more
distinct pattern than that at 500 hPa. This is
also the same for the individual terms.

(c) At 850 hPa, two terms (Hadv and DIV) are
dominant and determine the location and
magnitude of TOTAL around the TC.

(d) At 850 hPa, the DIV term does not have an
axisymmetric structure. The contribution of
the DIV term is a maximum to the south
(poleward side) of the vorticity centre.

(e) The processes that define the motion of
850 hPa are somewhat different to those of
500 hPa.

These conclusions can also be seen in results of
simulations from other initial dates (Fig. 5), and
in results calculated directly from reanalysis data
(not shown). In Fig. 5, TOTAL and the main
terms at 850 hPa — Hadv and DIV - are shown.
The conclusions show that the TC motion was
determined mainly by (a) steering flow, (b) the
beta effect and (c) lower layer convergence which
is generated by heating from water vapor conden-
sation. Results from more detailed investigations
of the factors, (b) and (c), are shown in the next
section.

Fig.5(a) As in Fig. 4(a) but for Hadv, DIV and TOTAL
at 850 hPa obtained using the data of 24-hour
simulation from the initial condition at 1200
UTC 18 January.

Fig. 5(b) Asin Fig, 5(a) but for 24-hour simulation from
1200 UTC 19 January.

Further diagnostic experiments

The beta effect

To investigate the beta effect, we simulated TC
Connie from the three different initial conditions:
(a) without typhoon implantation (weak and
small TC, denoted by ‘ECMWF REANALYSIS’),
(b) with implantation using R15=400km -
(TYPLANT (R15=400km)’) and (c) with
implantation using R15=600km (large and
intense TC, ‘TYPLANT (R15=600 km)’). As the
central pressure of the implanted TC was
modified and became a function of R15, TCs of
different size and, at the same time, different
intensity were implanted in the initial fields by the
scheme.

Here, intensity is defined by the central
pressure. TCs with lower central pressure had
larger cyclonic vorticity at 850 hPa and 500 hPa.
In the simulations, the order of central pressures
were maintained till the end of the simulations
(i.e. the lower the central pressure in the initial
conditions, the lower the central pressure at
simulation times). The initial and simulated TC
also had a characteristic area around the centre,
where the gradient of vorticity was very steep
compared with the outer area (for example, see
Fig. 3). This structure seems similar to a TC
vortex which was discussed by Holland (1983).
We will define the TC size using the size of this
area of steep vorticity gradient.

Holland (1983) showed analytically the
importance of the beta effect in TC movement,
using a Rankine type vortex. He pointed out that
in the case of a vortex under the beta effect, the
direction and speed of movement were indepen-
dent of its strength but dependent on its shape.
Fiorino and Elsberry (1989) also investigated
vortex movement using a nondivergent baro-
tropic model and showed that in the case when the
beta effect was the main determining factor on the
motion, the outer wind structure of the vortex
(which corresponds to the TC size) was more
important than the inner core structure (which
corresponds to the TC intensity). Further, if TCs
had different outer wind structures, the difference
in the tracks became larger with time. However,
this research was performed using a vortex in a
barotropic flow. The purpose of the following
simulations is to try to confirm whether TC
Connie in a three-dimensional atmosphere had
the same characteristics as a vortex in the single-
level experiments.

From the three initial conditions, 48-hour
simulations were performed. The order of
differences in TC size were maintained through-
out the simulation time except that for the 48-
hour simulation from REANALYSIS (i.e. the TC
size simulated from TYPLANT (R15=600 km) is
the largest compared with the other simulations at






