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Introduction

This article is an attempt to summarise the pro-
gress that has been made in the past fifteen years
or so in the understanding of Australia’s weather.
It is necessarily a personal selection, but I have
tried to be comprehensive and to cover a long list
of topics briefly, but I hope not too superficially.
Phenomena which occur on the hemispheric scale
have been omitted in order to concentrate on
those confined to the Australian region. I have
also omitted recent work in the tropics associated
with the AMEX, EMEX and STEP etc. exper-
iments, since most of the published results are de-
scriptive and interpretation of the observations is
still in progress, and it would not be possible to do
justice to this work at this stage. The main accent
here is on a dynamical explanation for the various
phenomena described. Most of the work already
exists in published form, and I must apologise in
advance to anyone whose work has been omitted,
misrepresented or inadequately referenced. Some
outstanding unsolved problems are indicated.

I have endeavoured to cater for a fairly broad
(professional and non-professional) group of
readers, but have included technical details where
I thought them interesting and important.

Large-scale flow patterns

Figures | and 2 show in ‘cartoon’ form the nature
of the atmospheric flows in July and January re-
spectively. It is not possible to provide precise
meanings to the arrows which dominate the dia-
grams, but the drawings do show, in a schematic
manner, the difference between the summer and
winter flow patterns. Both show easterly trade
winds in tropical latitudes and westerlies to the

* This article is adapted from the President’s Address to the
Australian Meteorological and Oceanographic Society on 23
November 1989.
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south of the continent. A significant difference
between the two shows in the latitude of the mean
high pressure belt and the associated synoptic dis-
turbances, which are much further south in sum-
mer. These synoptic disturbances dominate the
flow pattern on a day-to-day basis, and the arrows
are (presumably) intended to represent a resultant
of them. The summer pattern is, of course, also
affected by the northern monsoon, and by greater
continental heating which is discussed below.

Fig.1 A schematic interpretation of the character of the
atmospheric flow in the Australian region in
July. From Atlas of Australian Resources, Third
Series, Vol. 4, 1986. Division of National Map-
ping, Canberra.

'l A% s = F
E'q Generalised cwum:—m: 0%\;.,\0 ‘ I \
Sl SR o>k i N




124

Australian Meteorological Magazine 38:2 June 1990

Fig.2 As for Fig. 1, but for January.
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Fig.3 Analysed synoptic charts showing a typical
example of blocking in the Australian region
(a) MSL pressure at 0000 UTC on 14 March
1979. (b) 500 hPa height (dam) for 1200 UTC on
13 March 1979. Note the relatively barotropic
nature of the flow in the blocking region.

This overall mean flow and synoptic pattern is
established by the factors which maintain the gen-
eral circulation of the earth’s atmosphere. This
circulation contains several unresolved mysteries
in itself (e.g. Lorenz 1967), but we will pass over
them here to look at the regional effects that exist

within this overall circulation. We will start at the .

larger scales and then, in a general way, move
down the scale to look at smaller phenomena.
Much of the progress in recent years has been in
the field of mesoscale phenomena, and I have div-
ided them up into three main areas; continental
heating effects, cold fronts, and topographic ef-
fects. Before addressing these, however, we must
consider the phenomenon of blocking.

Blocking

Synoptic-scale blocking is probably the most sig-
nificant problem for weather forecasting world-
wide because of its general unpredictability, and
the large length scales and lifetimes of the phe-
nomenon. It generally consists of a synoptic high-
low pair which becomes stationary and ‘blocks’
the flow, thereby requiring other synoptic disturb-
ances to pass around it. In the northern hemi-
sphere the phenomenon occurs on a much larger
scale and may last for much longer (several weeks)
than is common in the southern, to the extent that
it is usually regarded as a hemisphere-wide event
in the northern hemisphere. In the southern hemi-
sphere, on the other hand, the events seem to be
local (e.g. Coughlan 1983). They occur in a wide
range of longitudes but most often in three prefer-
red locations, which are downstream of the three
mid-latitude continents (Africa, South America
and Australia). There does not appear to be any
correlation between the occurrences of blocking
in these three regions. A representative example
for the Australian region, where the longitude of
most common and long-lasting events is in the
Tasman Sea, is shown in Fig. 3.
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The main problems concerning blocking are:
what causes the block to form in the first place?;
and, why does it persist once it has formed?
Numerical Weather Prediction (NWP) models in
use around the world still have great difficulty in
forecasting the onset of blocking patterns.
However, the proposal by Frederiksen (1982,
1989 and references therein) that blocking is due
to an instability process which is analogous to
cyclogenesis seems to be gaining general accept-
ance. The consequent problem of recognising
which flow states are likely to develop growing
disturbances of this type has, however, seen little
progress and is still difficult for both manual
analysts and NWP models.

The second problem of why blocking patterns
can be so long-lasting once they become estab-
lished has been the subject of a number of theo-
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retical studies in recent years, but again signifi-
cant progress has been elusive. A major factor
seems to be that a dipole structure (with the low
equatorward of the high) in a westerly zonal flow
tends to be a stable flow configuration in fluid
mechanics in general, in a manner analogous to a
vortex pair or a smoke ring. A survey of the state
of the subject is given in Baines (1983).

Hence, although the blocking phenomenon is a
global problem, the Australian version is regional
in character with its own peculiarities, and it de-
serves study in its own right. Studies of specific
cases are few and have mainly been carried out via
numerical modelling (e.g. Noar 1983).

Continental heating effects

The effect of the Australian continent on the
atmosphere is mainly felt in the way in which it
affects the heating, because of the marked change
in surface characteristics compared with the sur-
rounding oceans (this may be contrasted with
New Zealand, where topographic effects are rela-
tively much more important). Heating results in a
number of atmospheric phenomena which we will
examine in a sequence with decreasing scale.

Heat lows and troughs

When the externally imposed mean winds are
weak, the relatively high albedo of the Australian
land surface and the common occurrence of clear
skies imply that the air column over the continent
loses more heat by radiation than it gains from the
combined effects of radiation and surface heating
(e.g. Charney 1975). This results in a net cooling
through much of the troposphere and widespread
subsidence, with consequent high pressure and an
anticyclonic circulation, and upper-level inflow.
Near the ground, however, the very large heat flux
from the surface to the atmosphere results in net
heating within a deep mixed layer, and this has the
opposite effect: a low pressure region with a
cyclonic circulation at low levels (i.e. below about
800 hPa). An example of this situation is shown in
Fig. 4. The phenomenon is very common in the
Australian interior, particularly in summer, and
two main centres for heat lows are commonly seen
— one centred in the northwest of Western Aus-
tralia, and the other in western Queensland. It is
a combined radiation/dynamical phenomenon
and, with its complex vertical structure, is not as
well understood as it should be.

When the externally imposed zonal winds are
not so weak, the ‘heat low effect’ manifests itselfin
the form of surface troughs. The summer zonal
flow consists of easterlies at low levels and wes-
terlies at upper levels, and as for the heat lows,
there are frequently two troughs embedded within
the easterlies. Figure 5 shows a 10-year mean at
0900 for January which shows how common the
phenomenon is — it shows up in mean flow pat-
terns as well as synoptic ones. Fandry and Leslie

Fig.4 A synoptic example of summer heat lows over the
Australian continent in light winds. (a) MSL
pressure for 0000 UTC on 26 December 1973.
(b) 700 hPa height (dam) for the same time. Note
the shallow depth of the surface heat lows which
have been replaced by heights at 700 hPa. From
Leslie (1980).
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Fig.5 Ten-year mean MSL pressure for 0900 in Jan-
uary. The trough lines are shown dotted. From

Fandry and Leslie (1984).
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(1984) have made a study of these effects using a
two-layer quasi-geostrophic model with easterlies
in the lower layer and westerlies in the upper. The
(uniform) motion of the lower layer was perturbed
by realistic topography, and the heating was also
represented by an ‘equivalent topography,” where
heating = holes, cooling = mountains. The re-
sulting ‘topography’ in the model is shown in Fig.
6. This parametrisation is crude and has yet to be
properly justified, but it seems to give the right
answer, as shown in the corresponding flow pat-
terns in the lower and upper layers in Fig. 7 where
the trough lines are reproduced reasonably well.
Heating causes the western trough (overwhelming
the effect of the local topography), whereas the
eastern ‘Cloncurry low’ is due to the combined
effects of the eastern range and inland heating.

Fig. 6 Vertical east-west section from the centreline in
the two-layer quasi-geostrophic model of Fandry
and Leslie (1984) showing the forcing due to
topography and heating (represented by topo-
graphy). The horizontal pattern approximates
the Australian continent. :
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These studies indicate that we have a partial
understanding of the effects of continental heat-
ing on the synoptic flow pattern, but that it is stili
somewhat superficial.

Deep convective layers

We now ‘zoom in’ and look more closely at the
processes going on near the surface. Probably the
most significant atmospheric field experiment
carried out in Australia was the ‘Wangara’ (Abor-
iginal for ‘west wind’) experiment, which took
place near Hay, NSW. This produced what is
widely recognised internationally as the standard
data set for the mid-latitude atmospheric boun-
dary layer, because of the quality and quantity of
the observations made. The principal results were
described by Clarke (1970), and its significance
and achievements have been summarised by Hess
et al. (1981). These include the accurate determi-
nation of the various functions for the Monin-
Obukhov and Rossby number similarity theories
for the atmospheric boundary layer. A similarly
conceived (also principally by R.H. Clarke) but
smaller scale experiment at lower latitudes, the
‘Koorin’ (east wind) experiment, carried out near

Fig.7 (a) Lower layer flow pattern from the model of
Fandry and Leslie (1984) for the forcing shown in
Fig. 6 and a spatial pattern approximating Aus-
tralia. This pattern should be compared with Fig.
5. (b) As for (a) but for the upper layer.
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Daly Waters, NT, has extended this data set to the
tropical environment. Here katabatic effects due
to nocturnal cooling and small surface slopes are
more significant than at higher latitudes (Garratt
1985).

A large number of articles have been written
about, or have utilised the data from, these exper-
iments. I would like to single out one of these
because it brings out some simple and fundamen-

~ tal properties of the boundary layer. If the ambi-

ent (geostrophic) wind is not too large, the day-
time surface mixed layer may be depicted as
shown in Fig. 8. The depth of the mixed layer
begins growing shortly after sunrise and continues
to grow during the day due to surface heating. The
potential temperature, 0, and horizontal velocity,
u, are approximately uniform with height through
the layer. At the top of the layer there may be a
relatively abrupt jump in potential temperature,
A0, and a corresponding change in velocity, Au.
The most important parameter for the boundary
layer is the Obukhov length scale L, defined by

L = —ul/(kgHy/pc,0) .

where u. is the surface friction velocity, k = 0.41,
g is the acceleration due to gravity, Hy is the sur-
face heat flux to the atmosphere, p is the density
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Fig.8 Schematic of the surface mixed layer of thick-
ness, d, and surface heat flux, Hy, modelled as a
slab with typical increments in potential temper-
ature, 0, and velocity, u, at the top.
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and ¢, is the specific heat at constant pressure.
Manins (1982) has shown that if L is small (and
negative) the mixed layer growth is governed by
H, and the condition that A8 is effectively zero.
This very simple process is called ‘encroachment’
— the layer encroaches on the fluid above by
entraining it, and the rate is controlled by Hy and
the overlying density profile. The model fits the
(famous) day 33 of Wangara (for example) better
than some sophisticated turbulence models. For
larger (negative) L, the layer growth is substan-
tially governed by ‘Froude number dynamics’.
The Froude number for the mixed layer is defined
by

F = Au/(aBgd/6)!/2 L2

and Manins has shown, from a discussion of the
energy equation for the layer as a whole, that the
layer should grow in a manner which keeps F <1,
which acts to give a closure condition for the equa-
tions governing layer growth. The resulting simple
model again gives much better agreement with the
Wangara data than some much more sophisti-
cated models. This model obviously cannot de-
scribe detailed turbulent or small-scale properties
of the boundary layer, but it does show that the
bulk properties may be understood in relatively
simple terms.

A closer look at the flow within the daytime
mixed layer reveals a complex structure of con-
vection cells. Webb (1977) has described obser-
vations from an experiment near Hay, NSW
(again) in 1970, and Fig. 9, taken from his paper,
shows the convection pattern observed when
d/|L] is large (i.e. winds not too strong). This con-
sists of a polygonal cellular structure with cell
width comparable with layer depth d, which drifts
across the countryside at the mean velocity of the

Fig.9 A three-dimensional perspective of the interpret-
ation of the observations during the 1970 con-
vection expedition by Webb (1977), showing a
polygonal cellular pattern of convection within
the mixed layer. Heated fluid near the ground in a
layer of thickness |I] flows towards ‘thermal
walls’, along which it then flows towards junc-
tions of these walls. It rises up from the wall
junctions to near the top of the layer in ‘thermal
columns’. Within the cells the fluid sinks slowly
towards the ground, completing the circulation.
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layer. Within the cells, the fluid sinks slowly into a
region of depth |L|, close to the ground, where it
is heated, and then moves laterally to ‘thermal
walls’ or lines, again of width |L|, along which it
rises to a height of about 200 m, moving horizon-
tally to junctions of these walls. At these junctions
it rises in thermal columns which maintain their
identity to the top of the convecting layer, and on
a hot day over central Australia d may equal
several kilometres. Figure 10 shows a re-drawn
version of Fig. 9 by Hess and Spillane (1990),
but including height scales, for the case where
d/IL| = 100.

Another phenomenon which seems to occur
independently of these convection patterns is that
of dust devils, which seem to occur in the centre of
the cells rather than at the rising columns. Dust
devils differ from tornadoes in that the convec-
tion driving them is solely due to heating from the
ground and does not involve cumulus convection
aloft. The mechanisms causing them are still very
much the subject of debate. Hess et al. (1988) have
shown that they seem to occur when d/ LI = 50;
on the other hand, Webb (1964) has argued that
the turbulent viscosity must be small compared
with the surface inflow towards the base of a
buoyant upcurrent, and this requires light winds,
smooth terrain and strong heating.
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Fig. 10 Figure 9 redrawn by Hess and Spillane (1990)
including scales, for the case d/|I] = 100.
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Sea-breezes

The diurnal variation of continental heating is the
cause of sea-breezes, and they are more prominent
here than in most other places because of the mag-
nitude of the heating. Clarke (1955) was the first
to suggest that they were not just coastal effects,
but propagated inland for large distances of up to
several hundred kilometres. As a result of a num-
ber of field, laboratory and numerical modelling
studies, they are now reasonably well understood.
In particular, it is now well-established that they
have the dynamical character of a gravity current,
shown schematically in Fig. 11, a character they
share, in’ a general way, with thunderstorm out-
flows, duststorms, and some cold fronts, as dis-
cussed below. The nose of a gravity current travels
at a speed ¢ which is approximately

¢ = k(abgd/6)!72 0.3

(e.g. Simpson 1987) where k is a constant of order
unity, d is the height of the nose and A6 is the
difference in potential temperature across the
leading edge. The cold air far behind the nose trav-
els at a faster speed to reach the nose, where it rises
and mixes with the surrounding fluid. The resuit-
ing mixed fluid then forms a layer above the cold
air below. Sea-breezes seem to be strongest in
Western Australia, as visitors to the Freemantle
docks on a summer’s afternoon can attest. This is
as might be expected from the magnitude of the
continental heating in that region, but they are a
common feature of the afternoon weather in most
coastal regions of Australia, and some interesting
interaction effects can occur where the coastline

has a convoluted shape, as in the South Australian
gulfs (Physick 1976) and the Port Phillip Bay
region (Abbs 1986).

The collision of opposing sea-breezes on the
western side of Cape York Peninsula gives rise to
the ‘Morning Glory® of the Gulf of Carpentaria
region, which has the character of an undular bore
propagating on a stable layer (Clarke 1984;
Noonan and Smith 1986, 1987). Undular bores
probably occur in other places, but they are more
spectacular in northern Australia because the con-
densation of the moisture in the uplifted stable
layer makes its structure visible.

Fig. 11 Schematic of a gravity current advancing into
fluid at rest. If the head of the current travels at
speed c, the low-level fluid behind the head trav-
els at speed U,, with U,>c. This fluid mixes
with the environmental fluid behind the head to
form an upper-level layer of mixed fluid with
mean velocity U,, with 0<U,<c.

Cold fronts

Our primary concern here is with the effects of the
Australian land mass on the structure and be-
haviour of the southern hemisphere cold fronts
which approach the continent from the southwest.
In order to discuss this it is appropriate to first
consider the structure of the southern hemisphere
fronts in their unaffected state. Since there have
been very few observations of the fronts far from

“land, most of our knowledge of them is based on

cloud patterns and theory. We may presume that
the structure of the cold fronts approaching the
continent over the Southern Ocean is similar to
that of the fronts observed approaching Europe in
the northern hemisphere. An example of the
theoretical description of a representative frontal
structure, chosen for its simplicity and southern
hemisphere configuration, is shown in Figs 12, 13
and 14 taken from Reeder and Smith (1987). A
two-dimensional flow state in geostrophic and
thermal wind balance was integrated with a prim-
itive equation model for a period of 24 hours. The
initial state (at time t=0) is shown in the frames
marked (a), and consists of a localised northerly
jetembedded within a zonal wind which increases
linearly with height. The only variable which var-
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Fig. 12 Isotachs of along-front velocity v in a two-
dimensional study by Reeder and Smith (1987):
(a) shows the initial state with uniformly
sheared zonal velocity uy(z) in thermal wind bal-
ance; (b) shows the flow after 12 hours; and (c)
after 24 hours. Dashed contours denote negative
values, and the thick solid line indicates the axis
of maximum cyclonic (negative) vorticity.
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ies in the y (northward) direction is the potential
temperature, 0, which increases linearly north-
ward in thermal wind balance with the zonal
shear; there is no external heating or forcing. With
x denoting eastwards and z upwards, Fig. 12
shows the north-south velocity, Fig. 13 the east-
west potential temperature cross-section, and Fig.
14 the stream function for the ageostrophic x-z
circulation which is a consequence of the initial
state and is described (for example) by quasi-geo-
strophic theory. In the quasi-geostrophic model,

Fig. 13 As for Fig. 12 but showing potential tempera-
ture 0. The thick solid lines indicate the axis of
maximum temperature gradient.
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this ageostrophic circulation may be regarded as
being forced by the divergence of a vector field, Q
(Hoskins et al. 1978), where Q is defined by the
rate of change of v following the geostrophic
flow,

Q= ——5 vo =2 ﬁ X g 4

6, on as e

Here 0, is a reference value of 0, v, is the geos-
trophic wind and k is a unit vector directed
upwards, s denotes a coordinate along the lines of
constant 0 in a horizontal plane, and n is the
horizontal coordinate perpendicular to them in
the right-handed sense. Q is non-zero in the vicin-

* ity of the northerly jet because of the variation in 0

in the north-south direction. The vertical velocity,







