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Observations and dynamics of sea-breezes

in northern Australia
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(Manuscript received April 1985; revised June 1985)

Observations of tropical sea-breezes in the Gulf of Carpentaria region of northern
Australia are presented. Under suitable synoptic conditions these deep (1100 m) sea-
breezes are shown to penetrate far inland (180 km by 2230 EST) and to possess a
stronger circulation at night than during the day. The form of the 0600 EST wind
and temperature profiles at Burketown, 25 km south of the Gulf, on the morning
following a sea-breeze are typical of those observed prior to the arrival of an undular
bore (known as the ‘morning glory’) which is generated on the Cape York Peninsula
to the northeast.

The two-dimensional form of the Colorado State University’s mesoscale model is
used to simulate the observations and reproduces well the stronger nocturnal circula-
tion and deep inland penetration, with remnants of the sea-breeze, in a vastly modi-
fied form, still evident 280 km inland at 0600 EST. The model wind and temperature
profiles for 0600 EST in the coastal region show that the sea-breeze is responsible
for the highly ageostrophic flow and deep stable layer observed at Burketown.
An analysis of the dynamics involved in the nocturnal stage of the sea-breeze shows
that horizontal advection dominates the processes involved in maintaining the fron-
tal density gradient, but that the form of the sea-breeze changes quickly from a den-
sity current to a vortex once the advection of cooler sea air is cut off. The change
in form occurs when air which crossed the coastline around sunset reaches the front.
The vortex continues to move inland though steadily decelerating and decreasing in
size, due mainly to subsidence warming in its descending arm.

In assessing the importance of the sea-breeze in providing conditions for bore propa-
gation in the region, linear internal wave theory is applied to observed early morning
profiles with and without sea-breeze effects. It is found that both profiles will sup-
port waves propagating at speeds within the observed range for morning glories, im-
plying that sea-breezes in this region are not essential for the continued propagation
of bores generated further to the east. However, there are indications that the typical
pre-glory profile of a deep neutral layer overlying a low-level strongly stable layer
—- a situation necessary for the trapping of wave energy in the low levels and to which
linear wave theory can be applied — does not often occur on non-sea-breeze occa-
sions. The more common situation of marked stability aloft is probably associated
with synoptic-scale subsidence.
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Introduction

The sea-breezes of Cape York Peninsula in north-
ern Australia have been the subject of much interest
during the last few years as they have been found
under certain synoptic conditions to trigger large am-
plitude nocturnal wave disturbances (Clarke et al.
1981; Clarke 1983 a, b; Clarke 1984). These waves,
generated by the collision of the east and west coast
sea-breezes of the Peninsula, propagate across the
Gulf of Carpentaria and the coastal strip to its south
on a surface-based, low-level, stably-stratified lay-
er. Due to the easterly component of the prevailing
wind, the collision occurs on the western side of the
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Peninsula in the late evening. The waves frequently
give rise to lines of spectacular roll clouds known
locally as the ‘morning glory’ and have been the sub-
ject of much recent study themselves (Clarke et al.
1981; Christie et al. 1981; Smith et al. 1982; Christie
and Muirhead 1983; Smith and Morton 1984).

A striking aspect of the east coast sea-breeze on
the Peninsula is the large distance of inland penetra-
tion and the considerable depth of the layer of cool
maritime air which feeds it. Indeed, the collision of
the sea-breezes from opposing directions occurs in
some places over 350 km from the east coast, sig-
nificantly further inland than the average distance
of 20 to 50 km for mid-latitude sea-breezes quoted
by Atkinson (1981, p. 146). This large penetration
distance can be attributed to several factors, the most
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important being the intensity of heating and relative
dryness of the land surface (except of course during
the summer monsoon conditions) and the smallness
of the Coriolis parameter at these latitudes (see e.g.
Clarke 1984). The depth of cold air behind the east
coast sea-breeze is typically of the order of 2 km by
the early morning hours (when most measurements
in the sea-breeze air have been made) and the tem-
perature difference between this air and that ahead

of it is several degrees K (Clarke 1983b, Fig. 9*). The:

cold air layer of the west coast sea-breeze is shallower
(typically 500 to 700 m), but it appears to be impor-
tant in providing a wave guide on which the morn-
ing glory waves propagate.

To date there has been little study of the sea-
breezes which form along the southern coast of the
Gulf although these are important features of the
mesometeorology of the Gulf region. Recent obser-
vations have shown that morning-glory type distur-
bances orginating apparently to the south of the Gulf
coast and moving northwards are not uncommon at
certain times of the year and there is evidence that
at least some of these are formed through the inter-
action of the sea-breeze from the Gulf south coast
(henceforth referred to as the Gulf sea-breeze) with
the nocturnal low-level jet (Smith et al. 1985). Like
their Peninsula counterparts, these sea-breezes ap-
pear to be long-lived and to penetrate far inland. For
example, observations presented by Garratt (1985)
are strongly suggestive of sea-breeze activity at Daly
Waters, 280 km inland from the Gulf to the north-
east, a claim further supported by numerical experi-
ments (Garratt and Physick 1985).

In this paper, surface and upper-air observations
up to 180 km inland are analysed with a view to de-
termining not only the strength, depth, and penetra-
tion of the Gulf sea-breeze but also its importance
with respect to wave propagation in the region.
Results from a numerical simulation of the Gulf sea-
breeze are also presented, with particular emphasis
on the dynamics of the sea-breeze in its nocturnal
stages. Comparisons are made both with the obser-
vations and with the low-latitude sea-breeze simula-
tions of Clarke (1983b, 1984).

Sea-breeze observations

From 12 to 26 October 1982 a team of ten scientists
was stationed in Burketown, about 30 km south of
the Gulf (Fig. 1), primarily to make observations of
morning glory wave disturbances. However, on 14
and 19 October detailed observations were made of
the Gulf sea-breeze which was tracked inland by a
vehicle team equipped with single theodolite and
pilot balloons (pibals). Double theodolite pibal wind
soundings were made at hourly intervals at Bur-
ketown and more frequently (about every 12
minutes) around the time of sea-breeze onset. Simi-

lar closely spaced ascents were carried out also by
the vehicle team at various distances from the coast.
In addition, early morning (about 0600 EST*) winds
and temperatures were available from pibal and radi-
osonde soundings at Burketown. Finally, Woelfle
anemographs were located at varying distances in-
land from the Gulf at Burketown, Inverleigh Station,
Augustus Downs Station, and Kamileroi Station
(Fig. 1).

The synoptic situation was similar for both days
(14 and 19 October), with surface winds from the
southeast quadrant. The 0900 EST MSL pressure
chart for 14 October is shown in Fig. 2. Pibal flights
at 0600 EST on each day revealed winds of 7 to 9
m s~' from about 145° between the surface and 2
km. In the context of later discussion (Gulf sea-
breezes and the morning glory), it should be noted
that there were no sea-breezes on 13 and 18 October.
The coastline orientation in the Burketown region
(300°/120°) is such that these winds were slightly
offshore.

Analysis of data from these two days showed that
the Gulf sea-breezes, like their Cape York counter-
parts, travelled large distances inland and were still
active well after sunset. On 14 October at 2030 EST
the sea-breeze contained winds of 12 m s™' (at 300
m) at a distance of 105 km from the coast and was
still detectable 180 km inland at 2230 EST. The
penetration curves for both days are shown in Fig.

Fig. 1 Gulf of Carpentaria region of Australia showing
anemometer stations (x) and locations at which pibal
ascents were carried out on both days (®). I denotes
Inverleigh, AD Augustus Downs and K Kamileroi.
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*This figure was poorly reproduced in the original paper, but was
published on p. 52 of the March 1984 issue of the journal.

*EST denotes Eastern Standard Time which is 45 minutes ahead
of Local Solar Time at Burketown.
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Fig. 2 MSL pressure chart 0900 Eastern Standard Time
(EST) 14 October 1982.
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Fig. 3 Time-height cross-section of wind speed (m s7!) at
Burketown, 19 October 1982. The sea-breeze arrived
at 1230 EST. Arrows indicate height reached by each
pibal ascent. The 9 m s™! contour (dashed) is also
shown for greater definition of the wind field.
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Fig. 4 As for Fig. 3, but for wind direction (degrees).
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8 where they are compared with the results of the
numerical model.

An important finding from the data analysis con-
cerns the depth of the incoming maritime air which
can be inferred from the time-height cross-sections
of wind speed and wind direction at Burketown on
19 October 1982 shown in Figs 3 and 4 respectively.
The top of this layer is characterised by weak winds
and strong directional shear and it can be seen that
this height remains fairly constant at about 1000 m
throughout the day and early evening. Also evident
in Fig. 4 is the rotation of the low-level wind direc-
tion with time; for example, the 300 m wind has ro-
tated anticyclonically through 55 ° between 1400 and
2100 EST. Neumann (1977) and Garratt and Phy-

,sick (1985) showed that while the fundamental fac-

tor producing the turning of the wind is the earth’s
rotation (Coriolis force), the rate of turning is modu-
lated by the interaction of the flow with both the
horizontal pressure gradient force and the friction-
al force. The Coriolis period at this latitude is 39
hours which would imply a 64 ° turning in 7 hours.
Unfortunately, we do not possess the data required
to determine the contribution of the other two
effects.

A significant feature of Fig. 3 is the increase in
low-level wind speed after sunset (1800 EST). This
is a dynamical effect due to the decay of convective
turbulence at this time as the lower layers begin to
stabilise in response to radiational cooling at the
ground (Blackadar 1957). In fact Fig. 3 shows that
the sea-breeze flow is stronger at 2100 EST than at
any other time of day.

The aforementioned Coriolis turning and evening
wind speed increase are also evident below 1 km in
a coordinate system moving with the sea-breeze.
Figure 5 shows balloon trajectories in the x-y plane
for flights near the leading edge of the sea-breeze at
distances of 25 km and 110 km from the coastline.
Note also the same depth (about 1100 m) of the in-
coming air for the afternoon and evening flights.

Although balloon flights did not continue through
the night, pibal and sonde ascents were recommenced
early next morning (20 October) at Burketown. Wind
and temperature profiles for 0600 EST are shown
in Fig. 6. The wind profile is quite complex with west-
southwesterly winds to 400 m, then a gradual veer-
ing through north till the southeast quadrant is
reached at 1600 m.

- The potential temperature sounding reveals a
strong nocturnal inversion to 600 m, with a moder-
ately stable region above to 1300 m. The remnants
of the sea-breeze inversion can be seen between 1300
m and 1700 m, with the previous day’s mixed layer
above this level. The general shape of the profile and
the implied nocturnal cooling rate at each level are
very similar to the low-latitude simulations (tropi-
cal surface temperature and humidity values) carried
out by Garratt and Brost (1981) with their second-
order closure model of the nocturnal boundary lay-
er. Their results indicate that the dominant contri-
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Fig. 5 Balloon trajectories in the x-y plane of flights near
the leading edge of the sea-breeze at 1330 EST (solid
curve), and 2011 EST (dotted). Balloon heights (m)
at various stages of the ascents are marked on the
curves.
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bution to the nocturnal cooling evident in Fig. 6
comes from the flux divergence of long-wave radia-
tion, with turbulent cooling contributing significantly
only below a height of about 300 m.

In the absence of any significant synoptic develop-
ment in the previous twenty-four hours, it may be
assumed that the wind profiles result from the sea-
breeze perturbation of the synoptic southeast flow.
This assumption is investigated further below.

The 0600 EST profiles of Fig. 6 are typical of those
observed for mornings on which a morning glory
occurs at Burketown, and 20 October 1982 was no
exception. A glory arrived at about 0730 EST and
details of this case can be found in Smith and Mor-
ton (1984).

Results of the numerical simulation

Mesoscale models have been used recently by Clarke
(1983b, 1984) and Garratt and Physick (1985) to in-
vestigate mesoscale phenomena in tropical Austra-
lia. The former researcher developed and used his
own model to simulate the meeting of sea-breezes
from opposite coasts of Cape York Peninsula and
the subsequent genesis of the morning glory. The lat-
ter authors used the same model described in this
paper to investigate the breaking down of the noc-
turnal jet by the sea-breeze at a site 280 km from

Fig. 6 Potential temperature and wind speed and direction observed at Burketown 0600 EST on 20 October 1982.
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the Gulf coastline. Here we are seeking to evaluate
the model’s ability to simulate deeply penetrating sea-
breezes by comparing the results with:

(a) surface observations at regular intervals up to

180 km from the coast;
(b) upper winds near the coast at hourly intervals
till 2100 EST, and

(¢) occasional upper-wind ascents at inland sites.
The model is then used to investigate the dynamics
associated with the nocturnal phase of the sea-breeze.

The mesoscale model is a two-dimensional
hydrostatic primitive equation model originally de-
veloped by Pielke (1974). The version employed in
this study is virtually the same as that used by
McNider and Pielke (1981) in their investigation of
boundary-layer behaviour over sloping terrain. A
feature of this model is the use of turbulent transfer
coefficients based on local Richardson number for
the stable nocturnal boundary layer. However, the
scheme used by us to incorporate long-wave radia-
tion and atmospheric cooling due to its flux diver-
gence (Mahrer and Pielke 1977) differs slightly from
that of McNider and Pielke. The latter authors in-
corporate the effect of the atmosphere above the
model top Z; using the method of Andre et al.
(1978). Basically this assumes that the atmosphere
is isothermal above Z; except at infinity where the
emission is assumed to vanish. The model has 16

levels in the vertical, with top at 6000 m and the first
level at 2 m. Grid spacing steadily increases with
height such that there are only 6 levels above 1200 m.

Initial conditions

On 19 October the 0610 EST pibal flight showed
winds between 6 and 7 m s™' from 145° up to 1700
m, backing to 30° (at 4 m s™') by 2100 m and re-
maining as such to 3500 m (Fig. 7). No data were
available to compute surface geostrophic wind or
thermal winds. However, an analysis of early morn-
ing wind profiles from the Koorin data (Clarke and
Brook 1979) by Garratt and Physick (1985) (see Fig.
4(b) of that paper) reveals a typical value of 30° for
the cross-isobar flow angle averaged over the bound-
ary layer. Use of this value here fixes the geostroph-
ic wind direction at 115° up to 1700 m. Inspection
of a pibal ascent 5 hours later (pre-sea-breeze)
showed wind speeds of 7 m s™' at 1500 m and this
speed was chosen to be representative of the geo-
strophic wind up to 1700 m on this day. Above this
level the winds were taken to be as observed. The
model results were only weakly sensitive to wind
direction between 3500 m and the model top at 6000
m. (This was varied between 140° and 30°, the lat-
ter being used for this run, with a speed of 4 m s™'.)

The radiosonde sounding at 0548 EST (Fig. 7) was
‘used to specify an initial temperature profile. As the

Fig. 7 Potential temperature and wind speed and direction observed at Burketown 0600 EST on 19 October 1982..
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land temperature at this time was about 20° C, com-
pared to the mean October sea temperature of 26 °C
in the Gulf, a one-dimensional version of the model
was integrated (using the 0548 EST profile) until the
surface temperature over the land reached 26 °C. The
wind and temperature profiles at this time (0636 EST)
were then used as the initial state at all grid-points
over land and sea, thus defining an initially barotrop-
ic atmosphere. Values of various model parameters
for this run are given in Table 1, with soil charac-
teristics being obtained from Clarke and Brook
(1979).

Table 1. Values assigned to model parameters.

Albedo 0.2
Roughness length 10 cm
Latitude 17.5°
Gridlength 10 km
Timestep 30s
Sea-surface temperature 299K

Soil diffusivity 0.006 cm?s™!
Soil density 2.6 g cm™

Soil specific heat 0.2 cal g 'K"!

From Fig. 1, it can be seen that Burketown is not
situated inland from a ‘reasonably’ long and straight
coastline, although this assumption must necessar-
ily be made when using a two-dimensional model.
Runs were carried out under the assumption of a
coastline aligned (a) 300°/120°, the orientation in
the immediate area of Burketown and (b) 270°/90°,
which can be thought of as a larger-scale orienta-
tion for the general region in the vicinity of Burke-
town. Results from the latter run showed much bet-
ter agreement with the observations in many respects
and it is these which are presented below. A more
detailed investigation of the dependence of sea-breeze
structure upon geostrophic wind direction relative
to the coastline in northern Australia can be found
in Garratt and Physick (1985).

Comparison with observations

The deep inland penetration described above is well
simulated by the model. In fact the numerical results
show the sea-breeze continuing through the night,
reaching a distance of 280 km inland by 0600 EST
(Fig. 8). However, the structure of the sea-breeze at
this stage is quite different from its daytime form
and this is investigated later. The predicted arrival
time at Burketown (defined in the model as a switch
from offshore to onshore winds) is about 1.5 hours
late, but the frontal speed throughout is well simu-
lated by the model (Fig. 8). Both model and obser-
vations show an early evening acceleration from a
daytime speed of 2.5 m s™* to a nocturnal value of
6.2 m 5. The sea-breeze of 19 October sped up in
mid-afternoon compared to that of 14 October and

Fig. 8 Distance penetrated from the coastline as a func-
tion of time for the modelled and observed sea-
breezes of 14 and 19 October 1982.
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the model simulation, and this can be attributed to
slight backing of the synoptic wind, thus decreasing
its offshore component, as a trough approached
from the southwest. The arrival time at Burketown
was modelled correctly for a run in which the geo-
strophic wind was from 90° (instead of 115°), but
the day and night penetration rates were too large.
Without knowledge of both the horizontal and ver-
tical variation of geostrophic wind, it is not possi-
ble to model precisely all aspects of the observations.

Figure 9 shows the vertical variation of wind speed
and direction predicted for Burketown at 1500 EST
and 2100 EST. The observed profiles are also shown
and there is good agreement in many respects. In par-
ticular, the depth of the inflowing sea air (about
1100 m) is well modelled at both times, as is the lo-
cation of the maximum velocity (below 100 m at 1500
EST and near 200 m at 2100 EST). The profile and
magnitude of the observed evening jet below 500 m
are also well simulated. Wind direction is also satis-
factorily reproduced, although the model does not
produce enough veering of the return flow during
the day. Also, the model does not seem able to simu-
late the strong shear in the wind speed between the
surface and 1300 m in the daytime. Further investi-
gation of this problem has not been carried out, but
it is possible that the vertical resolution is too coarse
as the modelled profile resembles a smoothed ver-
sion of the observed.

At Burketown the 0600 EST potential tempera-
ture profile predicted by the model is very similar
to that observed on 20 October prior to the morn-
ing glory arrival (Fig. 10). In particular, the strong
nocturnal inversion below a moderately stable lay-
er, with the remnants of the sea-breeze inversion near
1500 m, are all reproduced. However, the model does
not produce enough cooling (1 to 1.5 K at most lev-
els). More accurate cooling rates can be obtained us-
ing the previously-mentioned technique of Andre et
al. (1978) for radiative effects above the model top
(McNider, personal communication).
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Fig. 9 Modelled (solid) and observed (dotted) wind speed (m s -1) and direction for Burketown at (a) 1500 EST and (b)
2100 EST on 19 October 1982. ’
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Fig. 10 Modelled (solid) and observed (dotted) vertical pro-
files of potential temperature for 0600 EST at Bur-
ketown on 20 October 1982. Observed profile is
reproduced from Fig. 6 for ease of comparison.
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The low-level wind profile predicted for Bur-
ketown at 0600 EST (Fig. 11) consists of winds from
the southwest quadrant up to 1000 m with
southeasterlies above. Although not agreeing exact-
ly with the observations, the results do show that low-
level winds with a westerly component in the dawn
hours at Burketown, while the synoptic wind is bas-
ically from east-southeast, can be attributed to the
remnants of a sea-breeze from the previous day. The
major difference between modelled and observed
profiles appears to be the direction through which
the low-level wind rotates to attain the wind direc-
tion at 2 km viz. south for modelled and north for
observed. In fact, the model run in which the geos-
trophic wind was specified to be 7 m s from 90°

(i.e. a 25° difference between the runs) predicted the
0600 wind to turn through north (with similar wind
directions below 500 m and above 2 km), again il-
lustrating the importance of accurate initial
conditions. o

The rotation of the low-level wind from a north-
erly sea-breeze at mid-afternoon to a southwesterly
by next morning can be attributed mainly to the Cori-
olis force, as the observed turning (about 145°in 15
hours) is consistent with an inertial period of 39
hours at the latitude of Burketown. Further east on
the west coast of the Peninsula where the afternoon
sea-breeze is most likely from about 29¢°, the Cori-
olis force turns the wind to approximately 200° (ob-
served and in theory) by the time the morning glory
arrives (about 0200 EST), from about 060°. This op-
posing low-level wind is found consistently at all
stations around the Peninsula prior to a morning
glory (Smith and Morton 1984). Its effect on the
propagation is not fully understood, although it does
appear that it is the result of a fortuitous piece of
geography rather than being a necessary component
of the morning glory system itself (Smith et al. 1985).

Dynamics of deeply penetrating sea-breezes

For the case of an onshore geostrophic wind, Clarke
(1984) has identified five stages in the development
of a sea-breeze surge. (Clarke (1983a) used the word
‘surge’ to describe ‘a sudden increase of wind speed
at anemometer level,. . ., with no necessary connota-
ton of temperature change’.) The first two stages
(formative and early mature) occur in daytime hours,
during which time our sea-breeze is travelling at
2.5 m s'. The sea-breeze accelerates near sunset
(Fig. 8) and then moves at a steady 6.2 m s be-
tween 1900 and 2300 EST, this period correspond-
ing to Clarke’s late mature stage. After 2300 EST,
the sea-breeze steadily decelerates in its early degener-
ate stage during which it no longer has the form of
a gravity current, but that of a steadily diminishing
vortex completely detached from the coastline. This
can be seen from the u-component cross-section at
0200 EST, on which the region where air is moving
faster than the front is indicated (Fig. 12). In the late
degenerate stage (0600 EST) the sea-breeze surge has
slowed to 2 m s and there is no longer a closed cir-
culation near the leading edge.

Further investigation of the nocturnal stages, and
especially the transition to the early degenerate stage,
is carried out here by examining a time-height cross-
section of the density difference across the front, as
it is this difference which is the dominant factor in
gravity-current behaviour. The location of the front
is defined to be the first grid-point at which there
is a fall in temperature due to the onshore flow. This
is usually one grid-point further back than the posi-
tion of maximum vertical velocity, a frontal posi-
tion indicator used by Garratt and Physick (1985).
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Fig. 11 Modelled wind profile (solid) for 0600 EST at Burketown, on 20 October 1982. Also shown is observed wind (dot-

ted), reproduced from Fig. 6 for ease of comparison.
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Fig. 12 Modelled u-component of velocity at 0200 EST.
Shaded region shows where wind speed is greater
than frontal penetration speed.
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The density difference is taken between un-
disturbed air ahead of the front and modified sea
air 30 km behind the front. Figure 13 shows the
difference in the form of potential temperature. Up
to 2200 EST the density difference is increasing be-
low 500 m, and decreasing above. The constant
penetration rate during this period implies the gra-
dient of column-averaged temperature (and thus the
hydrostatic pressure gradient near the surface) at any
time is close to zero. However, from 2200 EST on-
wards the temperature difference becomes smaller
at virtually all levels, causing the deceleration of the
front.
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Fig. 13 Potential temperature difference between un-
disturbed air ahead of the sea-breeze and modified
sea air 30 km behind the leading edge.
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In a frame of reference moving with the front (as
defined earlier), the thermodynamic equation can be
written as*
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*Terms on the right-hand side represent respectively: horizontal ad-
vection, vertical advection, vertical diffusion, horizontal diffusion
and radiative flux divergence.






