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A version of the United Kingdom Meteorological Office mesoscale model is used to
simulate the severe storm that affected Melbourne on 22 December 1990. The storm
developed in the western part of Victoria on a pre-frontal trough associated with a
Southern Ocean depression. The storm environment was characterised by strong
shear in the lowest 3 km and this led to the storm splitting and developing severe
characteristics including hail and tornadoes. The model was run at two resolutions
nested in the operational regional model of the Australian Bureau of Meteorology.
At 20 km resolution, a realistic rain-band is produced, and good predictions are
made of the surface conditions before and after the passage of the trough. At 2.5 km
resolution, individual showers are predicted. The trough is marked by development
of a line of vigorous showers in the Melbourne area. One, in particular, has low-level
winds in excess of 50 kn and rain rates of over 10 mm h~!, offering excellent

guidance to the storm’s actual development.

Introduction

The summertime cool change in southeast Aus-
tralia has been the subject of considerable study,
in particular during the Cold Fronts Research
Programme in the early 1980s (Ryan 1982;
Wilson and Stern 1985; Garratt et al. 1985; Ryan
and Wilson 1985). The cold front passage is typi-
cally manifested by a series of convective rain-
bands culminating in a frontal squall associated
with backing of the wind and a fall in temperature
which may be of 10-15 K in less than an hour. The
pre-frontal bands develop in a hot, dry conveyor
belt emanating from the interior of Australia, with
cloud base typically near 700 hPa. Ryan et al.
(1990) demonstrated a mechanism by which seed-
ing of this cloud layer could produce penetrative
downdraughts leading to formation of bands. The
dryness of the low-level air often results in rain
evaporating before it reaches the surface, particu-
larly in the latter part of the summer. Within this
general pattern, there is enormous variability in
cloud and precipitation structure, with some rain-
bands breaking up into thunderstorms which may
develop severe characteristics such as hail, torren-
tial rain and tornadoes. An example of such a
front which passed through Melbourne on
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22 December 1990 is the subject of the prediction
experiments presented in this paper.

Analysis of the structure of severe convective
storms and of conditions suitable for their forma-
tion has been developed to a high degree due to
their frequent occurrence in populous parts of
North America (Browning 1964; Lemon and
Doswell 1979). This knowledge has been organ-
ised for forecast use into sets of rules such as that
presented in Colquhoun (1987). This depends on
an analysis of the upper-level geostrophic forcing
and the low-level thermal and moisture structure.
Such techniques can indicate the likelihood of
severe thunderstorms over a broad. area which
may be refined using local climatology. Another
source of broadscale guidance on the likelihood of
deep convection is regional numerical models.
These provide a broad indication of location,
timing and depth of the convection, but do not
indicate the likelihood of severe characteristics
developing. An intelligent use of these sources of
guidance has resulted in improved forecasts of the
likelihood of severe storm development. How-
ever, they do not permit any precision in timing or
location. Precise warnings cannot be issued until a
storm exists and shows the signature of severe
development in its radar echo. This typically gives
only a short warning.

The development of numerical cloud models
has closely followed the availability of computer
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power. Early models could only simulate one
cloud in an idealised environment. Nevertheless,
Klemp and Wilhelmson (1978) showed that such
a model could simulate the storm-splitting
process which often accompanies severe convec-
tion. More recently, it has been possible to obtain
realistic simulations of squall lines (Rotunno
et al. 1988) and tropical island thunderstorms
(Golding 1993). Despite this, little experience has
been gained in the ability of such models to pro-
vide more specific guidance on storm location
and intensity than that available from coarser
models.

In this paper, a version of the United Kingdom
Meteorological Office (UKMO) mesoscale model
is nested in the Australian Bureau of Meteor-
ology’s regional prediction system, RASP (Mills
and Seaman 1990; Leslie et al. 1985), at two res-
olutions: one in the mesoscale with a grid length of
20 km; and one at cloud scale with a grid length of
2.5 km. The results are compared with surface
observations, radar and satellite imagery to inves-
tigate their accuracy and usefulness. Times used
in this paper are marked LST and correspond to
Eastern Daylight Saving Time.

Observations

The storm which forms the subject of this paper
affected the Melbourne area in the early evening
of 22 December 1990. A detailed presentation of
observations relating to this storm has been pre-
sented in Gigliotti and Treloar (1992) and this
summary is based on their work. The large-scale

environment for the storm is set by the upper-

level analysis for 0900 LST in Fig. 1. A diffluent
trough lies over western Victoria with a split jet to
its east. A jet streak is approaching the trough
from the west. The surface situation for 1500 LST
is shown in Fig. 2. A cold front associated with a
depression to the south of Tasmania approached
western Victoria during the day and was preceded
by two pre-frontal troughs. Storms developed on
the first of these troughs and generated a meso-
high, the remains of which can be seen in the ridge
over Melbourne. Upper-level cloud associated
with the front was well ahead of the surface dis-
continuity and cleared from central and western
Victoria during the early afternoon as shown in
the satellite picture, Fig. 3. Details of weather over
central Victoria during the afternoon and evening
are shown by the surface observations in Fig. 4.
Temperatures reached the mid-twenties Celsius
and, following clearance of the cloud, rose to over
30°C in the city. While northwesterly winds pen-
etrated western Victoria ahead of the trough,
weak easterlies remained around Port Phillip Bay,
suggesting a decoupling of the surface layer in this
area, possibly related to the sea-breeze. Further
east, high temperatures and variable winds along
the coast mark a trough to the lee of the high

Fig.1 Analysis of 300 hPa contours (full lines in gpm)
and isotachs (dashed lines in m s~!) over south-
east Australia for 0900 LST 22 December

1990.
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Fig.2 Surface analyses for southeast Australia:
(a) 0900 LST; (b) 1500_ LST 22 December

1990.
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i Fig. 3 GMS infrared satellite images for southeast Aus-
tralia: (a) 1730 LST; (b) 2030 LST 22 December
1990.

Fig. 4 Continued.

Fig.4 Surface reports for central Victoria: (a) 1500
LST; (b) 1800 LST; (¢) 2100 LST 22 December

1990.

ground there. The development of the storms is
illustrated in Fig. 5 by a sequence of radar images.
Figure 5(a) for 1700 LST shows the incipient
storm forming in the lee of the Grampians moun-
tains of western Victoria. The location of forma-
tion suggests that Mt William, the highest in the
area, was probably the trigger for its formation. At
about 1730 LST the storm started to split
(Fig. 5(b)), the southern portion continuing south-
eastwards with the mean environmental wind,
while the northern portion took a track 18° to its
left. Both components increased in intensity as
they approached Port Phillip Bay (Fig. 5(c)), the
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Fig. 5 Rainrates derived from the Melbourne precipitation radar (mm h~!) superimposed on relief map (interval 250 m):
(a) 1700 LST; (b) 1800 LST; (c) 1900 LST; (d) 1954 LST 22 December 1990. Storm track 1650-1954 LST based
on centroids of highest intensity contours superimposed on (a). ’

southern one producing intense precipitation
over Geelong, and the northern one producing
severe damage due to rain, hail and tornadoes
over Melbourne (Fig. 5(d)). A summary of the
storm tracks is superimposed on Fig. 5(a) and
details of the weather experienced at Laverton
Airport are shown in Fig. 6. Note the severe wind
squall which accompanied the thunderstorm at
1940 LST. A detailed description of the damage in
Melbourne was presented by Treloar (1991) and
the Insurance Council of Australia estimated the
damage from the storms at over $10M.

In terms of forecast guidance, a mesoscale pre-
diction model should provide the timing of the
passage of the trough, the wind and temperature
characteristics of the air before and after its pass-
age, and some indication of the depth and inten-
sity of the convection. From a cloud-scale model,
one would look additionally for an indication of
the location and timing of the storm’s initiation,
for indicators of severe development, and for the
intensification observed in the Melbourne area.
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Fig. 6 Surface observations sequence 1200-2100 LST
22 December 1990 for Laverton Airport.
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The model

The model used in this study is the latest version
of the United Kingdom Meteorological Office
(UKMO) mesoscale model. This is a fully com-
pressible, non-hydrostatic atmospheric model
with parametrisations of subgrid-scale processes
developed specifically for mesoscale resolution.
The model’s adiabatic formulation is described in
Golding (1992). In order to overcome the time-
step restrictions imposed by an equation set that
supports sound waves, a semi-implicit time inte-
gration is used in which the linearised sound and
gravity wave equations are treated implicitly with
an explicit forcing from the non-linear terms. To
further improve stability with long timesteps,
advection is treated using a third order semi-
Lagrangian scheme (Staniforth and Cote 1991)
with the upstream departure point located using
the method of McGregor (1992). The model uses a

height-based terrain-following coordinate system.

Turbulent diffusion is parametrised using a
level 2.5 scheme as described in Ballard et al.
(1991). This scheme predicts turbulent kinetic
energy as a function of shear, buoyancy and
dissipation. The buoyancy terms allow for sub-
grid-scale condensation and evaporation. The
mixing length is diagnosed from the temperature
profile. A by-product of the scheme is specifi-
cation of the mean and variance of the subgrid-
scale relative humidity, from which an estimate of
cloud fraction is obtained. Rain and ice are gen-
erated by microphysical interactions within the
cloud and are then advected separately. The par-
ametrisation is derived from Cox (1988) but with
ice cloud, snow and graupel combined. In order to
improve its accuracy when used with long time-
steps, the faster acting microphysical conversions
are computed backward implicitly, and all in-
crements to the falling species (i.e. rain and ice)
use the time taken to fall through the layer if that is
shorter than the model timestep. Advection with
the airflow is performed using the semi-
Lagrangian scheme, but computation of the fall of
rain and ice uses a flux form with the timestep
limited as for the microphysical increments.

A five band long wave radiation scheme (Roach
and Slingo 1979) and a single band short wave
scheme (Somieski 1988) are used, with modifi-
cation to incorporate the detailed cloud fraction
and density information generated in the turbu-
lence and microphysical parametrisations. A two-
layer soil scheme is coupled to the surface heat
budget and atmospheric fluxes are obtained from
pre-computed Monin-Obukhov transfer func-
tions as a function of Richardson Number and
roughness length. Charnock’s formula (Charnock
1955; Wu 1982) is used for roughness over the sea.
Over land, roughness is specified taking account
of subgrid-scale orography and inhomogeneous
vegetation (Mason 1988; Weiringa 1986; Grant

s

and Mason 1990). As discussed in Beljaars and
Holtslag (1991), the transfer length for heat and
moisture is correspondingly reduced. For the
simulation described here, the roughness length
over land is

zo=MIN(0.3+0.0001 E, 1.0) metres

where E is the land height. The roughness length
for heat is

zt=0.00025/zy metres

which gives a value of 0.0008 m at sea level*. The
albedo is set to 0.2 over land. Moisture transfer
is controlled by a resistance to evaporation
(Monteith 1964) which is reduced to zero in
conditions of dew deposition or when rain has
accumulated on the surface. A value of 100 s m™!
is used.

In the coarse resolution run, subgrid-scale con-
vection is parametrised using a scheme based
on Fritsch and Chappell (1980). Instability to
convection is tested every 15 minutes of integra-
tion by lifting each grid volume that has a mean
upward velocity and at least one-tenth cloud
fraction. If it is unstable at the next model level,
the cloud structure is determined using a one-
dimensional cloud model based on an entraining
plume for the updraught and downdraught and
with the relevant mass fluxes scaled by the depth
of the cloud. Each cloud lasts for an hour and is
advected with its mid-level wind. The degree of
instability is reflected in the depth of convection
(and hence the mass flux) and in the number of
cloudsin a grid square. Cloud air is detrained with
updraught properties at cloud top and with down-
draught properties in the lowest 100 m of the
model. Lateral detrainment of cloud air repre-
sents the growth and decay phases of a notional
cloud cell. During its life, the mass flux and cor-
responding heat, moisture and momentum fluxes
are increased over the first 15 minutes and de-
creased over the final 15 minutes. The fluxes are
also bilinearly spread to the surrounding four
grid-points. The scheme differs from other par-
ametrisations in its handling of the mass re-
distribution. Instead of computing the resulting

*A fuller and more correct way of writing this equation is
zr=211/(29/ 201)

where zg, zr, are the local momentum and heat roughness
lengths respectively of the dominant vegetation type, and zy, zt
are the heterogeneous roughness lengths accounting for local
orography, trees, buildings etc. For use in the model, I have
assumed that zg =0.05m, uniform over the full domain;
z1, = 0.005 m, uniform over the whole domain; and z, varies
linearly with orographic height.

As Beljaars and Holtslag (1991) point out, most modellers use
identical values for z and zr, and ignore the effect of subgrid-
scale obstacles on either. 1 use zp, = 0.1 zo, which is fairly well
established now, and I use a relationship between zy and zg
which has the same trend as the theoretical argument of Beljaars
and Holislag, i.e. as zy/zg, increases, zp/zp, decreases. Obser-
vational evidence for their relationship comes from one location
only, and indeed, they claim only qualitative correctness for it.
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subsidence, the mass fluxes resulting from the up
and downdraught calculations are provided as
forcing terms to the non-hydrostatic continuity
equation, allowing the model dynamics to deter-
mine the scale of the response as a function of the
background state and the distribution of convec-
tive clouds. A complete description of the scheme
and its behaviour is given in' Golding and Barnes
(1986).

In the simulations presented here, the model is
runon a local transverse Mercator projection with
a coarse resolution of 20km over a 60X 50
domain (Fig. 7) with 18 levels at 10, 110, 310,
610, 1010, 1510, 2110, 2810, 3610, 4510, 5510,
6610,7810,9110, 10510, 12010, 13610, 15310 m
and a fine resolution of 2.5 km over a 150 X 140
domain (Fig. 8) with 24 levelsat 10, 110, 310,610,
1010, 1510, 2110, 2710, 3310, 3910, 4510, 5510,
6110,6710,7310,7910,8510,9110,9710, 10310,
10910, 11510, 12110, 12710 m. The uniform ver-
tical resolution in the upper part of the fine
domain is needed to permit resolved vertical
cloud development. The upper boundary con-
dition is zero vertical motion, and Newtonian
relaxation to this is applied at the upper ten levels.
There is no other artificial diffusion. ’

.

Fig.7 Grid mesh and orography (500 m interval) for
coarse mesh simulation. Inner rectangle marks
fine mesh domain.
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Fig. 8 Grid mesh (every eighth point in each direction)
and orography (250 m interval) for fine mesh
simulation.
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Results

RASP simulation

Figure 9 shows the nine-hour forecast from the
RASP 150 km resolution simulation initialised
at 1000 LST 22 December 1990. It has been
reprojected and adjusted to the UKMO model
format and grid. Note that there are only 9 X6
solution points in the area displayed. Comparison
with Figs 2 and 4(b) shows that the general
features are well predicted. However, the rain-

Fig.9 RASP 150 km resolution predictions of screen
temperature (contours in °C), 10 m wind (feath-
ered arrows), grid-scale rain (stipple — see key),
and convective rain (triangles) for 1900 LST
22 December 1990.
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band is too broad and a little slow. The easterly
winds in Bass Strait are missing and the meso-
high over Victoria is entirely absent. Initial
conditions and three-hourly forecasts from this
simulation were reprojected and interpolated to
height levels relative to fine orography derived
from the 1.5 dataset of Hutchinson and Dowling
(1991). Hydrostatic balance was imposed, and a
kinematic divergence adjustment introduced to
give zero vertical motion at the top of the model
domain.






