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This paper describes a numerical weather prediction model developed at the Bureau
of Meteorology Research Centre (BMRC) for the purposes of both research and
real-time analysis and prediction over the Australian tropics. The model is
described in some detail and its capabilities are illustrated by examining its per-
formance in predicting the motion of two tropical cyclones, and the onset and active/
break periods of the Australian summer monsoon during the Australian Monsoon
Experiment (AMEX).

Overall the model shows skill on both the prediction of tropical cyclone tracks and
for features of the tropical circulation, such as a trend to weakening and subsequent
strengthening of low-level monsoon westerly winds. However the model, in common
with most others, is unable to predict the initial onset of the monsoon beyond

The BMRC tropical limited area model

24 hours.

Introduction

The last two decades have seen significant pro-
gress in the performance of numerical prediction
models, particularly in the middle and high lati-
tudes, where current models are capable of mak-
ing skilful forecasts of approximately one week
(see Simmons (1989)). This progress is the result
of a number of factors such as improved model
formulation, large increases in model resolution,
extensions of the integration domain to cover the
whole globe, a considerable increase in the num-
ber of meteorological observations (particularly
satellite-based observations), greater utilisation of
these data due to improved analysis methods,
developments in initialisation techniques, and a
better understanding and representation of key
atmospheric processes.

In the tropics, however, performance gains
have been much less significant. Shukla (1981)
carried out what have become classical exper-
iments on the predictability of the tropical atmos-
phere by examining the temporal growth rate of
initial random errors in a global circulation
model. He found that the predictability in the
tropics is much shorter than in the mid-latitudes:
the error grows to half the climatological standard
deviation in two to three days in the tropics com-
pared with five to seven days in the middle lati-
tudes. The predictability time-scales of the simu-
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lations of the tropical atmosphere using real data
input are probably shorter than found iin such
theoretical studies because relevant components
in the observational, analysis and prediction
systems are lacking.

In spite of the considerable problems mvolved
in tropical numerical weather prediction (NWP),
progress has been made in recent years. F or exam-

ple, the systematic errors of the European Centre

for Medium Range Weather Forecasts (E]CMWF)
model in the tropics have been reduced consider-
ably (see, for example, Tiedtke et al. (1988)) when
compared to the errors in the earlier version of the
model reported by Kanamitsu (1985) and Heck-
ley (1985). Moreover, global models such ;as those
used at the ECMWF, the UK Meteorological
Office (UKMO), the National Meteorologlcal
Center (NMC), Washington, and the Japan
Meteorological Agency (JMA) have attained res-
olutions where small-scale systems such las trop-
ical cyclones are beginning to be resolved.

Although these models are still not at'a stage
where they can resolve or simulate such phenom-
ena as the inner structure of tropical cyclones a
number of studies. (Hall 1987; Reed et al 1988;

Puri and Miller 1990, Dav1dson and ' Kumar
1990) indicate that these models could provide
useful skill in predicting the movement of tropical
cyclones, which is believed to be strongly influ-
enced by the large-scale flow (see De Maria (1985)

and Chan and Williams (1987)). ‘w
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Approximately half of the area of the Australian
continent lies in the tropics. During the austral
summer (December to February) tropical Aus-
tralia has a heavy rainfall regime associated with
the summer monsoon. Climatologically, a mon-
soonal trough lies across the region in the lower
troposphere with westerly flow on its equatorward
side. The summer monsoon season also is charac-
terised by an annual average of about ten tropical
cyclones in the Australian region which cause sub-
stantial damage when they make landfall. Thus

Fig.1(a) 24-hour forecasts of MSLP starting from 1200
UTC 12 January 1987 with boundary con-
ditions for all fields (top) and fixed boundaries
in the domain 15°N to 15°S (bottom). Contour
interval is 2 hPa.
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there is a clear need for improved forecasts in the
tropics, particularly for tropical cyclone motion.

The Bureau of Meteorology (BOM) currently
has two operational assimilation-forecast sys-
tems, namely, the regional assimilation predic-
tion (RASP) based on the limited area primitive
equations model (see Leslie et al. (1985)) and the
global assimilation prediction (GASP) based on
the global spectral model (see Bourke et al. (1982)
and Bourke et al. (1990)). The RASP system is not
adequate for tropical NWP because the northern

Fig. 1(b) As in Fig. 1(a) but for boundary conditions
applied to mass fields only (top) and wind
fields only (bottom) in the domain 15°N to
15°S and all fields outside this domain.
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boundary reaches only to about 10°S. Although document in some detail this major new NWP
GASP is suitable for simulating the large-scale system which is intended for operational use by
features in the tropics, it is not suitable for the the BOM in the 1990s; (b) to demonstrate the
tropical cyclone problem because of insufficient model’s capabilities; and (c) to indicate future re-
model resolution. These limitations of GASP re- search directions.

flect to a large extent inability to run the system

operationally at sufficiently high resolution at Description of the model
BOM; as was mentioned above, global models at a

number of operational and research institutes The design of the model was determined by some
with more extensive computing facilities are pro- specific features of the Australian tropics, the
viding useful skill in predicting tropical cyclone main one being the Australian summér monsoon
motion. which occurs during the austral summer. A num-

In an attempt to overcome the above problems, ber of studies (e.g. Chang et al. (1979) and
a limited area tropical model has been developed Davidson et al. (1983)) suggest that fqatures such
at BMRC. The main aims of this paper are (a) to as cold surges from the northern hemisphere,

cross-equatorial flow and synoptic conditions in
the southern subtropics may have significant im-
pact on the monsoon. The model domain should

Fig.2  ECMWE MSLP analysis for 1200 UTC 13 Jan- therefore include both the northern and southern

uary 1987 (top) and 24-hour global model fore-

cast starting from 1200 UTC 12 January 1987 tropics and subtropics. Thus the model equations
(bottom). Contour interval is 2 hPa. have been formulated on a Mercator projection

which is more suitable for equatorial latitudes
© W w0 s s than the Lambert conformal projection used in

L

B Mo > A &”’/\_%// RASP. Furthermore, parametrisation of physical
> Y @S) il = » processes has been shown to have impact on re-
| o ——od /( ducing systematic errors in the tropic¢s (see Puri
T and Gauntlett (1988) and Tiedtke et al! (1988), for

'~ example). It was therefore decided to enhance the

.m\,\/- . physical parametrisations in the model.
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factor is m = cos8,/cos & where 8, is the standard
latitude of the projection and the other variables
have their usual meanings.

Thermodynamic equation

Cp-ll))—'{=aw+H+FT+DT ...3

where H is the diabatic heating, C, is the specific
heat at constant pressure, a is the specific volume
and o is the vertical velocity in pressure co-
ordinates.

Moisture equation

He—m <U3—:+v‘;—3> - 523 +Q+F,+D,
.4
where q is the moisture mixing ratio.
Continuity equation
BB 5 (5) e i
..5

which can be written in terms of variables W and
P, as

do Jx\m ay m
= —m|{U—=4+V—

..6

Hydrostatic equation
9¢_ _RT
ac (o}

Using the lower boundary condition 6=0 at
o=1 implies

P, _
=W

Note that virtual temperature effects, which are
important in the tropics, are not currently in-
cluded in the model.

In the above equations the terms Fy; and Fy
include surface frictional forces and momentum
transfer in the free atmosphere, Fr and F include
sensible heat and evaporation from the surface
and vertical turbulent exchange in the free atmos-
phere, H is the diabatic heating arising from
radiation and latent heat release, and Q is the
moisture source/sink term arising from cumulus
convection and large-scale condensation. The
symbols Dy, Dy, Dt and D, denote horizontal
diffusion terms. These terms are discussed in
more detail below. .

The model integrations are performed on the
staggered Arakawa C-grid using a semi-implicit
time differencing scheme and an energy conserv-
ing scheme (e.g. Shuman 1962) for the spatial
advective terms. Details of finite differencing and
method of solution of the resulting equations are
similar to those of McGregor et al. (1978). The
only significant difference is that the tropical
model equations are in the advective form rather
than in the flux form of McGregor et al. (1978).
The model integrations are carried out on the
basic domain which is a Mercator projection of

Fig. 3 Variation of surface pressure with time during model integration with and without VMI at three grid-points.
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the region extending from 45°S to 40°N and 80°E
to 178°E. The model has been designed so that the
domain or resolution can be changed readily. The
model is typically integrated out to 48 hours.

Initialisation

The initialisation scheme used in the model to
control spurious gravity-inertia oscillations is the
vertical mode initialisation (VMI) method de-
veloped by Bourke and McGregor (1983). This
scheme, which is particularly suitable for limited

Fig. 4 Vertical velocity (hPa s~!) before (top) and after
(bottom) VMI. Contour interval is 4 hPas~! and
negative values (dotted lines) denote upward
motion.
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area models, is based on the principles of non-
linear normal mode initialisation (NMI) and has
been found to be very effective in controlling the
oscillations. It should be noted that the scheme
converges if diabatic terms, pamcularly heating
due to cumulus convection, are excluded. While
this might be satlsfactory in the mid-latitudes it is
clearly not so in the tropics where cumulus con-
vection is a dominant feature. Incorporation of
diabatic heating during initialisation is under
consideration.

Physical processes

The physical processes used in the model are the
same as those used in an earlier version of the
BMRC global spectral model. These have been
described in full detail by Hart et al. (1988) and
only a brief description will be given here.

Surface and boundary-layer formulation

The surface fluxes of momentum, heat and moist-
ure are parametrised using the Monin-Obhukov
formulation and follow Louis (1979) in specifying
the flux profile relationships in terms of numeri-
cally fitted functions of the bulk Richardson num-
ber. The surface stress z,, sensible heat flux H,

—%2

and latent heat flux E, have the form

.= pCp| Vi | V) .9
H, = 8p,CpCql| V.| (0, — (1)) ...10
E.=PleCELIXd(Qs,(T.)—QOi .11

where the asterisk denotes the surface, subscript 1
the first model level, p the density'and 6 the
potential temperature. The factor § = (p,/p,)R/CP,

Fig. 5 Best tracks and intensities of TCs Irma and
Connie issued by BOM. The legend is
PPDDHH, where PP is the central pressure,
DD is day of the month, and HH is hour
(UTC).
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where p, = 1000 hPa, arises from the formulation
of sensible heat flux in terms of potential temper-
ature. The transfer coefficients Cp, Cy and Cg are
stability dependent and functions of the bulk
Richardson number and the roughness length z,,.
The roughness length is assigned a fixed value
of 0.17 m over land and 0.001 m over sea-ice.
Over ocean the Charnock (1955) formula
2,=0.032| 7,|/(pg) is used. A soil wetness factor
Cw is used in the parametrisation of evapotran-
spiration. Over oceans, sea-ice or snow, Cy is set
to unity while a simple ‘bucket’ method is used
over land.

Fig. 6(a) MSLP (top in hPa) and 850 hPa wind
(bottom) ECMWF analyses for 1200 UTC 18

January 1987. Contour intervals for MSLP .

and isotachs are 2 hPa and 10 m s~!.
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Surface and subsurface temperatures

Operational NMC (Melbourne) sea-surface tem-
perature analyses interpolated to the model grid
are used over the oceans while over land and sea-
ice the surface temperature is diagnosed from a
surface heat balance at each time step. The heat
balance at the surface is given by

H,+E +C+e0T*—Q—QL=0 ...12

where Q and Q; are the net downward short and
long wave radiation at the surface, ¢ is the surface
emissivity for black-body radiation at the surface

Fig. 6(b) As in Fig. 6(a) but for 1200 UTC 19 January
1987.
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