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The generation of cloud line disturbances over northern Australia is investigated
using the three-dimensional mesoscale numerical model developed by R. Pielke and
collaborators. These disturbances include the so-called North Australian Cloud Line
(NACL), a line of convective cloud that forms regularly along the west coast of Cape
York Peninsula in the early evening, and the ‘morning glory’, a propagating wave
cloud line that occurs in the late evening and early morning over the southeastern part
of the Gulf of Carpentaria region. Recent two-dimensional model simulations
supported by field observations show that the generation of both phenomena can be
accounted for by the convergence produced by the collision of the east- and west-coast
sea-breezes over the Peninsula. In the present paper we investigate the collision of the
sea-breezes and its aftermath in a three-dimensional simulation to explore further the
relationship between the NACL and the morning glory and the flow patterns
accompanying their genesis.

The simulation described is for a typical dry-season situation when there is also a
moderate easterly component of geostrophic flow over the Peninsula. Attention is
focussed on three-dimensional effects such as the northward tapering of the
Peninsula, the marked bulge thereof near latitude 14°S, and the concave coastline
shape in the southeastern part of the Gulf. In the calculation, collision of the
. sea-breezes occurs in the early evening north of the bulge and progressively later as
the Peninsula widens to the south. North of the bulge, the times and locations of
maximum convergence associated with the collision correspond well with those
typically observed for the first appearance of the NACL in satellite imagery, but in the
absence of moist-convective processes in the model, the convergence is not sustained
and the resulting disturbance has largely decayed by midnight. In the south of the
Peninsula, sea-breeze collision produces a bore-like disturbance in the late evening,
the model analogue of the morning glory surge. This accords with the observation that
morning glories are confined mostly to the southern Gulf region.

A comparison of model generated data with those available for a particularly
well-documented morning glory surge shows good agreement, suggesting that the
model captures the essential dynamics of the diurnal low-level circulations over the
Peninsula under typical dry-season conditions.

The generation of north Australian cloud

Julie A. Noonan and Roger K. Smith, Geophysical Fluid Dynamics Laboratory,

Introduction

The Gulf of Carpentaria and Cape York Peninsula
region of northeastern Australia (Fig. 1.) has become
a focus for mesoscale meteorological studies in the
Australian tropics on account of the regular occurrence
there of certain types of convective and wave-cloud line
disturbances. These disturbances tend to form on the
western side of the Peninsula during the evening and
subsequently move westwards over the Gulf to bring
significant weather there, including sudden wind
squalls, showers and sometimes thunderstorms.

Until recently, much of the research effort has gone
into understanding the ‘morning glory’ phenomenon, a
low-level nocturnal wind surge generated over the
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southwestern part of the Peninsula in the late evening.
Typically, the surge moves west-southwest at a speed of
10m s™', crossing the southern part of the Gulf and
neighbouring seaboard during the night and early
morning (Clarke et al. 1981). The leading edge of the
surge is often accompanied by a spectacular low-level
wave-cloud line (see e.g. Smith et al. 1982 and the front
cover of Weather, May 1981). Because of strong lifting
at the leading edge of the surge, the morning glory
disturbance may trigger nocturnal thunderstorms in the
southern part of the Gulf when the air there is suffi-
ciently conditionally unstable (Smith and Morton
1984).



32

Australian Meteorological Magazine 35:1 March 1987

Fig. 1 Model domain and location of Cape York Peninsula
therein. Shown also are the northern (NN’) and
southern (SS’) cross-sections referred to in the text.
Place names are denoted as follows: Burketown,
Btn; Highbury, Hig; Karumba, Kar; Macaroni
Station, Mac; and Weipa, Wei.
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Another phenomenon which is receiving increasing
attention is the so-called North Australian Cloud Line
(NACL), a line of convective cloud which forms over
the northwestern side of the Peninsula during the early
evening and moves westwards with a speed of the order
of 10ms’'. The line may retain its identity for a day as it
crosses the entire Gulf and, on occasion, the disturb-
ance with which it is associated has been identified as it
traversed the ‘Top-End’ of Australia and out into the
Timor Sea, over 48 hours after its formation (Dros-
dowsky and Holland 1987). At the present time the
dynamics of the NACL are not well understood. Most
of the data available are in the form of satellite imagery,
but a major field experiment was carried out in late
1986, the so-called Phase [ experiment of the Australian
Monsoon Experiment (AMEX). The data from this are
currently being analysed.

To date, some preliminary observations (Smith and
Page 1985) point to a connection between the ‘morning
glory’ in the south of the Gulf and the NACL in the
north and central Gulf. The present study seeks to
elucidate this connection using a three-dimensional
mesoscale numerical model.

Previous model simulations (Clarke 1983, 1984;
Noonan and Smith 1986, henceforth referred to as NS),
all of them two-dimensional, have investigated diurnal,
thermally-driven circulations in east-west cross-
sections over the Peninsula and adjacent sea areas. The

results, supported by field observations (Clarke et al.
1981; Clarke 1983) have shown that the generation of the
morning glory is aresult of the collision of the east- and
west-coast sea-breezes over the Peninsula under cir-
cumstances described below.

Clarke (1983, 1984) initialised his model runs at
sunrise with a typical observed early morning sounding
of temperature and humidity from Macaroni Station on
the western side of the Peninsula. By taking land
sections of 250 km and 440 km, respectively, he showed
that bore-like disturbances could be generated in both
the north and south of the Peninsula from the collision
of the two sea-breezes. Moreover, because of the im-
posed easterly geostrophic flow, collision takes place
on the western side of the Peninsula, in the early
evening in the north and in the late evening in the south.

Clarke’s calculations were repeated by NS, who used
the Colorado State University mesoscale model
(McNider and Pielke 1981), but with the initial vertical
structure of temperature and humidity taken from the
mean November sounding for Willis Island, the nearest
upstream ocean station (for location see NS, Fig. 2).
This sounding was considered to be more appropriate
than Clarke’s choice, which had a deep adiabatic layer
aloft, the result of convective mixing over the Peninsula
during the previous day. Notwithstanding this, the
results of NS confirmed the essential predictions of
Clarke, although their model generated bores with
a more realistic pressure amplitude, notably in the
southern section. The precise reasons for the latter have
not been determined. It was found also by NS that a
prerequisite for the formation of a sustained bore is that
sea-breeze collision occurs in the late evening when air
associated with the east-coast sea-breeze has stabilised
at low-levels on account of radiative cooling. This
ensures that there is a local upward flux of negative
buoyancy at collision. When collision takes place ear-
lier, such as in the northern section with a moderate
(5m s) easterly geostrophic flow, or in the southern
section with a stronger (8 m s') easterly flow, a sus-
tained bore is not produced. In such cases, low-level air
associated with the east-coast sea-breeze is well-mixed
and it is mostly this air that is lifted at collision.
Nevertheless, as pointed out by NS, the sea-breeze
convergence in the northern section, which is a maxi-
mum in the early evening near the west coast of the
Peninsula, would account for the regular generation of
the NACL at about the same time and location. Unfor-
tunately, the model had no representation of cloud
processes so that the subsequent motion and evolution
of the cloud line could not be modelled.

In this present paper we describe a numerical simula-
tion of the development and interaction of the east- and
west-coast sea-breezes over a major portion of Cape
York Peninsula when there is a Sms™ easterly geostro-
phic wind over the entire region. The aim is to explore
the effect of the tapering of the Peninsula on the
sea-breezes and on the disturbance emanating from
their collision. Of particular interest is the ability of the
model to simulate the formation of a line disturbance
over the entire length of the Peninsula and to investigate
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the north-south variation of disturbance structure.
Finally, we seek to explore the observed tendency for
cloud lines to become orientated approximately parallel
with the east coast of the Peninsula.

The model

The numerical model on which the present study is
based is the three-dimensional version of the mesoscale
model originally developed by Pielke (1974), with addi-
tional modifications as described by Mahrer and Pielke
(1977) and McNider and Pielke (1981). It is a dry,
hydrostatic, primitive equation model; dry in the sense
that water vapour is carried and allowed to affect the
vertical stability, but is not allowed to change state. A
detailed boundary-layer parametrisation allows for the
full diurnal boundary layer to be simulated and the
model includes a representation of heating and cooling
due to long and short wave radiation. The sea surface
temperature is held constant, while the surface tempe-
rature over land is obtained from a surface heat budget
equation. The diurnal variation of solar incoming radi-
ation results in differential heating between land and
sea leading to the formation of sea-breeze-type circu-
lations.

The circulations in certain east-west cross-sections
of the model are compared with those from a two-
dimensional version of the same model. The two ver-
sions are identical except that north-south gradients of
all dependent variables are set equal to zero in the latter.
Figure 1 shows the regions of Cape York Peninsula, the
Gulf of Carpentaria and the Coral Sea represented in
the model, together with the cross-sections along which
the two- and three-dimensional model simulations are
compared.

Both versions of the model are initialised in the same
manner. In brief, the mean November temperature and
humidity soundings for Willis Island are used to define
the initial vertical structure of potential temperature
and specific humidity over the entire three-dimensional
region. Further, a one-dimensional version of the
model, horizontally homogeneous, without physics and
with frictional coefficients computed on the basis of
neutral stability over land, is integrated for several
inertial periods to obtain the initial wind profile within
the planetary boundary layer. Above this layer, the
depth of which is determined by the frictional coeffi-
cients, the wind is set to its geostrophic value, in all
cases 2a 5ms’ easterly.

For the three-dimensional simulation, the mean lati-
tude is 15°S and the model run commences at sunrise
(0543 Eastern Standard Time) on 1 November. The
model has 21 levels in the vertical with 10 of them up to
1500 m (i.e., 2, 10, 50, 100, 300, 500, 700, 900, 1200 and
1500 m) to give fine resolution in the boundary layer.
Between 1.5 km and 6 km the spacing between levels is
500 m, while above 6 km it is 1.5 km up to 9 km, the
uppermost level. Other relevant parameters for the
model are listed in Table 1.

The horizontal grid resolution (Ax) is set at 20 km,

Table 1. Model parameters. Soil wetness is expressed as
a fraction of the saturation value - 0.05 is
relatively dry. The assumed soil type is heavy
red clay loam.

Albedo 0.2

Land surface roughness 0lm

Sea surface roughness parametrised
Sea surface temperature 300K

Soil wetness 0.05

Soil density 26x10°kgm™
Soil conductivity 2.5Jm'K's"!

Soil specific heat capacity 836.8Jkg"' K'

twice that used in the two-dimensional calculations of
NS. This was dictated primarily by computer storage
limitations on going to three-dimensions. A compari-
son of two-dimensional experiments with Ax = 10 km
and Ax = 20 km shows that important features of the
simulations are not lost by a doubling of the horizontal
resolution. In essence, the strength of the vertical vel-
ocity cells is reduced and their width increased, but the
positions of the sea-breeze fronts and of the disturbance
resulting from the sea-breeze collision are largely unaf-
fected. However, we have found that with a further
increase of Ax to 40 km, the vertical velocity cells are
so wide that it becomes difficult to distinguish between
cells associated with the east- and west-coast sea-
breezes. Moreover, the model is then incapable of
adequately resolving the disturbance produced by the
collision of the sea-breezes. We conclude that the 20 km
grid spacing is an acceptable compromise for our
purpose. In the present experiment there are 41 grid-
points in the north-south direction and 43 in the east-
west direction, allowing the model area to encompass
most of Cape York Peninsula and a large portion of the
Gulf of Carpentaria (Fig. 1). In comparison, in the
simulations of sea-breeze circulations over southern
Florida, Pielke and Mahrer (1978) used an earlier ver-
sion of the present model with a horizontal grid resolu-
tion of 11 km, but with only 12 levels in the vertical and
the top of the model at 6 km. In the present model we
have a larger domain and a much greater vertical
resolution, especially in the lower layers.

The present model does not include orography as a
suitable grid representation of the topography of Cape
York Peninsula was unavailable to us at the time the
calculations were carried out. However, the earlier
two-dimensional simulations suggest that this is not a
serious limitation of the model.

The calculations were carried out at the DFVLR
Institute for Atmospheric Physics near Munich on a
Cray 1 computer.

Results

We commence our discussion with a detailed analysis
of the three-dimensional simulation. This is followed
by a brief comparison of two-dimensional vertical
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Fig. 2 Isotachs of vertical velocity at the model height of 1.2 km: (a) at 1200 and (c) at 1600; and surface wind vectors: (b) at
1200 and (d) at 1600. Solid (broken) lines represent positive (negative) values of vertical velocity; the contour spacing
is 4 cm s™'. The maximum wind speed is 4.3 m s in (b) and 7.6 m s™ in (d).
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cross-sections therefrom with those of equivalent two-
dimensional model calculations. Finally, an attempt is
made to compare results of the three-dimensional simu-
lation with available observations for the morning glory
surge of 10-11 October 1981, the most extensively docu-
mented event of its type to date.
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The three-dimensional simulation

Horizontal cross-sections of the surface wind vectors
and the vertical velocity isotachs at a height of 1200 m
were examined after each hour of model simulation.
From these, cross-sections at seven times have been
selected to illustrate important features of the simula-
tion; these are presented in Figs 2, 3, 4 and 5. The
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Fig. 3 Legend as for Fig. 2, except that (a), (b) refer to 1800 and (c), (d) to 2000. The maximum wind speed is 7.8 ms™ in (b)

and 5.9 ms” in (@).
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earliest cross-sections shown are for 1200, six hours
after the integration commences (actually, the integra-
tion commences at sunrise at 0543 as noted earlier and
all diagrams relate to an integer number of hours
thereafter: in the following discussion, these times are
rounded to the next whole hour).
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At 1200 the west-coast sea-breeze front is marked by
the enhanced vertical velocity evident along most of the
west coast of Cape York Peninsula (Fig. 2 (a)). Of
course, with a 20 km horizontal grid, the details of the
sea-breeze circulation are not well resolved and the
width of the cells of upward motion and the magnitude
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of the vertical velocities therein reflect this horizontal
resolution. Although by this time the sea-breeze has
been established for some hours, the front has not
progressed inland because of the opposing effect of the
easterly geostrophic flow. The surface wind field shows
the seaward extent of the sea-breeze to be about 60 km,
delineated by the change from southeasterlies to south-
westerlies (Fig. 2 (b)). The subsidence associated with
the return flow of the sea-breeze stabilises the lowest
layers of the atmosphere behind the sea-breeze front.
The concave curvature of the coastline in the southeast
corner of the Guif enhances the low-level divergence,
and hence the subsidence, as seen by the surface wind
pattern and by the small local minimum in the vertical
velocity field in this region. With an assisting easterly
geostrophic wind, the east-coast sea-breeze does not
have a well-defined front at this time as indicated by the
diffuse vertical velocity field. Its presence is evident,
though, in the surface wind field where, in the vicinity
of the east coast, the winds have increased in strength
and have backed from the southeast to blow onshore.

By 1600 the east-coast sea-breeze is still not marked
by an appreciable vertical. velocity maximum (Fig. 2
(c)), although a comparison of the deflection it has
produced in the 1200 and 1600 surface wind fields
shows that its influence has moved inland some 100 km.
The west-coast sea-breeze front has strengthened, as
indicated by the increase in vertical velocity since 1200,
and has moved inland about 20 km. The front is clearly
visible in the surface wind field (Fig. 2 (d)). The circula-
tion of the west-coast sea-breeze now extends about 180
km from the coast, evidenced by the seaward extent of
the surface southwesterlies. The vertical velocity cell
centred at (x =500 km, y= 400 km) is a result of the
east-coast sea-breeze convergence due to the convex
curvature of the Peninsula coast near this location. In
this region, the air at low-levels will be generally moist
as normally it has had a long track over the ocean.
Accordingly one would expect this location to be a
favoured position for convective cloud activity. This is
apparently borne out by satellite imagery, but so far has
not been documented (Drosdowsky, personnal commu-
nication). A similar effect is present along part of the
Florida Peninsula (Purdom 1976). ’

In the far north of the Peninsula, at around 1800,
interaction between the sea-breezes from the east and
west coasts has commenced as indicated by the increase
in vertical velocity (Fig. 3 (a)) and by the strong
convergence evident in the surface winds (Fig. 3 (b)).
Over the central and southern part of the Peninsula, the
east-coast sea-breeze front is now marked by a rela-
tively broad band of weak vertical velocity. It is interest-
ing to note that the circulation of the west-coast sea-
breeze has continued to extend further out to sea and is
now some 240 km off the west coast, although the front,
itself, is still only slightly inland.

After sunset, the east-coast sea-breeze strengthens
considerably, as seen at 2000 by the vertical velocity
isotachs (Fig. 3 (c)). In the north, the band of vertical
velocity marking the collision line of the sea-breezes

has sharpened and increased in magnitude and the line
has extended further south since 1800. The collision
line is clearly evident in the surface wind field as the
line of strong convergence (Fig. 3 (d)). It is at about this
time that north Australian cloud lines are observed to
form. In the north they are generally orientated from
north-northwest to south-southeast and normally ter-
minate at the west coast. As they move westwards, their
southwards extent increases so that they remain at-
tached to the west coast. In the model at 2000, the strip
of vertical velocity maximum that marks the collision is
situated just off the west coast in the northern part of the
Peninsula and it is reasonable to assume that the genesis
of the NACL is related to this convergence. Since the
present model includes no representation of moist con-
vective processes, the subsequent evolution of a cloud
line disturbance cannot be simulated. The surface
winds offshore of the west coast of the Peninsula
continue to turn southwesterly during the evening and
by 2000 the sea-breeze circulation has reached the
western boundary of the model domain — a maximum
distance of 300 km from the west coast.

By 2200 the band of enhanced vertical velocity
associated with the convergence of the sea-breezes has
extended further south as the sea-breezes there begin to
interact (Fig. 4 (a)). In the northern part of the Penin-
sula the band has decayed markedly, even though the
entire convergence line is still evident in the surface
winds (Fig. 4 (b)); in the north it is slightly west of the
west coast while in the central region it is situated a
short distance inland.

The line of convergence over the central and northern
parts of the Peninsula west coast remains in situ during
the evening, although the strength of the convergence as
measured by the vertical velocity at 1200 m weakens
with time. A second line of vertical velocity maximum
emanating from the sea-breeze collision moves west-
wards over the Gulf during the evening. This is indi-
cated at midnight by the thick broken line in Fig. 4 (c). It
constitutes the leading edge of a wave disturbance as
described in the two-dimensional simulations of NS,
and, as in the latter, it weakens and becomes more
diffuse during the late evening.

As the evening proceeds, the intersection of the east-
and west-coast sea-breeze fronts moves progressively
southwards as indicated by the maxima in the vertical
velocity field. At midnight, the region of strong con-
vergence is concentrated in the southwestern part of the
Peninsula as evidenced both in the vertical velocity
field (Fig. 4 (c)) and in the surface wind field (Fig. 4 (d)).
In the north of the Gulf, the winds have backed from
southwesterlies to southeasterlies due to the dominance
of the coriolis effect. By 0200 this backing has extended
to the southernmost parts of the Gulf (Fig. 5 (b)). It
seems significant that such turning of the surface winds
is observed as an almost daily occurrence in the sou-
thern part of the Gulf and it was recognised at an early
stage that pre-morning glory winds at Burketown were
generally southwesterly in the lowest 200-300 m
(Clarke et al. 1981, p.1747; Smith et al. 1982, p.955).






