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Fair weather nocturmal imland

Part I Nocturnal wind surges

-R. H. Clarke, Meteorology Department, University of Melbourne

(Manuscript received September 1982; revised February 1983)

Available Australian data are examined for evidence of nocturnal wind surges arising
from sea-breeze activity.

The data show conclusively that warm season sea-breezes frequently give rise to
afternoon and evening surges, many persisting until 2209-2400 hr local time, and
penetrating 200 to 300 km inland. In low latitudes 400 km or more may be attained.
The presence of an escarpment near the coast does not hinder the formation of a
surge further inland, the surge behaving much as it would have done over featureless
terrain.

Apart from heating, the most important factor determining inland penetration is the
ambient wind. So long as this is modest (5 m s*!) surges can still form, but they are
considerably affected in depth and speed of propagation, and place and time of
development.

The magnitude of the Coriolis parameter is probably also a factor determining
penetration, which is greater in low latitudes.

A heated peninsula, with a coast-normal ambient wind, may produce a convergence
of sea-breeze surges near one coast. Observations on Cape York Peninsula show that
the stronger surge often continues to propagate in a modified form (as a bore) over
the sea for great distances.

Nocturnal surges, at least partly dependent on strong diurnal heating in the
neighborhood of synoptic scale troughs, may also become bore-like in character, and

wind surges amnd atmospheric boress

these are briefly examined.

Introduction

The work on atmospheric bores reported by Clarke
et al. (1981, hereafter referred to as CSR) has been
supplemented by two more expeditions to Cape York
Peninsula and the Gulf of Carpentaria (hereafter
referred to as the Peninsula and the Gulf respectively)
in October of 1980 and 1981. These have added to
our knowledge of the circumstances surrounding the
genesis of Gulf bores (‘morning glories’!:?). They
have also pointed up the need to describe and
understand more fully the sharp wind changes
reported by (among others) Reid (1957), Wallington
(1959), Simpson et al. (1977), and the author (Clarke
1955, 1958, 1961, 1965, 1973).

' The earliest known references to these phenomena are

in the form of letters by R. V. Deering, who as a young
Weather Officer was responsible for weather advice at
the Flying Boat Base at Karumba from 1937 to 1939.
These letters formed the basis for anonymous comments
in two Royal Australian Air Force wartime publications
on meteorology.

The morning glory has entered Australian literature
through a poem by Lex McLennan (1909-1969) of
Biloela, Queensland, named ‘The Gulf Road’, included
in an anthology compiled by Flynn and Groom (1970,
p-80).
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Data gathered by the latter as long ago as the early
:940s, before meteorologists were generally aware
of the non-linear manifestations of the sea-breeze
process (first treated theoretically by Pearce 1955),
are now compared with data gathered on the
Peninsula from 1978 to 1981, and with the results
of a numerical model developed by the author more
than a decade ago, and only briefly reported (Clarke
1973).

The evidence that sea-breeze ‘fronts’ can penetrate
far inland has been presented long ago. Among the
places in Australia to which they have been shown
to penetrate are Canberra (112 km inland, in the
highlands, about 565 m above mean sea level),
Norseman (180 km), Renmark (217 km), Wagga
Wagga (270 km), Mildura (310 km) and Kalgoorlie
(345 km). In England Simpson et al. (1977) have
found a case of penetration to 120 km inland from
the relatively narrow English Channel. Clarke’s
(1973) and Physick’s (1976, 1980) nodels yielded
inland penetrations of about 200 km by 2200 hr, with
no ambient wind and strong heating.

Such penetrating discontinuities have an obvious
importance in the context of the Australian Cold
Fronts Research Programme (Smith et al. 1982b).



134

Australian Meteorological Magazine 31:3 September 1983

We shall present evidence that these wind changes
are capable of setting in train quite dramatic
phenomena over and west of the Peninsula, at
distances of up to 800 km from its east coast, near
where they can be said to originate.

The word ‘surge’ is used here to describe a sudden
increase of wind speed at anemometer level, such as
those shown on the anemograms of Fig. 1, with no
necessary connotation of temperature change. In
fact, however, all the surges investigated have been
‘cold’, in the sense that (apart from the lowest few
metres) they usher in cooler air in the lower levels
of the troposphere. A surge may represent the leading
edge of a gravity current (e.g. a sea-breeze), a bore
or a solitary wave.

Fig. 1

Anemograms from (a) Canberra (b) Wagga
Wagga, showing the arrival of an easterly surge
at both places on 10 January 1982 (summertime,
11 hours ahead of GMT).

The word ‘front’ is avoided in what follows.
Irrespective of how a front may be defined, it is
known that troughs in the pressure field may spawn
a number of surges whose -winds are not in even
approximate geostrophic balance. This was revealed
by Phase I of the Cold Fronts Research Programme
(B. Ryan ed. 1981, p. 55).

In Part I we shall examine the inland penetration
of sea-breeze surges. We do this as far as possible
by reference to data alone, but supplement the data

when necessary with the results of a two-dimensional
numerical model, which yields adequately realistic
simulations in most verifiable aspects.

It is necessary to do this because the abundant
literature on sea-breezes has not much to say on the
subject of the inland. penetration and the ultimate
end of sea-breeze surges, and misconceptions persist
(see e.g. Atkinson 1981, pp. 125 et seq.). Such surges
have a strong bearing on the formation of the bores
described in Part II.

In Part II we present strong evidence that gravity
currents, under appropriate conditions, may set up
internal bores in a stratified atmosphere, bore and
gravity current coexisting in close proximity for some
time, the former moving steadily further ahead of
the latter, and developing undulations.

Pearson’s (1973) idealised investigation resulted in
the conclusion that, with no ambient wind, the
maximum temperature gradient moved inland at an
initial rate determined only by the amount of
integrated heating. In the absence of friction, the
speed was ‘constant until about a half pendulum day,
when the front decreased in amplitude and stalled’.
This suggests that the surge, if it coincides with the
maximum temperature gradient, can penetrate inland
only as far as the total heating over the land, the rate
of propagation and the Coriolis parameter will allow.
In Pearson’s experiments, in middle latitudes his
heating rates yielded a penetration (after cessation
of heating) in the vicinity of 80 km, while at latitude
20 deg. it would be twice as far. With a favourable
geostrophic (ambient) wind it could be much more,
provided a surge were able to form, since the surge
would then move faster.

QOur observations and model show that with
modest assisting ambient wind, surges do form, well
inland and relatively late in the day, and move more
rapidly than with no assisting wind. They also suggest
that the coupling between the atmosphere behind the
surge and the surface of the earth has a marked effect
on the propagation speed, for with the decoupling
following the cessation of heating, considerable
acceleration of the surge occurs. This was also seen
by Simpson et al. (1977) who showed mean
isochrones implying an increase of propagation rate
from 1.5 m s™' between 1100 and 1600 GMT, to 3.8
m s from 1900 to 2200 hr. Clarke’s (1955, 1961,
1965, 1973) data show typical increases from 2 to
4 m s in the early afternoon to 6.5 to 7.5 m s well
after sunset, except where the propagation rate is
affected by marked coast-normal ambient wind
components. The models of Clarke (1973) and
Physick (1976, 1980) produced similar acceleration
about nightfall.

Carroll and Baskett (1979) have given evidence of
far inland penetration of sea-breezes, in the form of
coastal pollution reaching Yosemite, California, 230
km inland. Similar evidence from dense coastal
bushfire smoke was witnessed by the author on 20
December 1948 at Canberra, as a wall of smoke
about 700 m deep, inclined at an angle of 30 to 40
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- deg. with the horizon, and arriving with the easterly

surge, enveloped the city at 1900 EST, moving at 5

s”'. It was experienced at Wagga Wagga early
next morning.

An essential feature of a steady bottom gravity
current is that its leading edge moves with a speed
less than that of the fluid behind it in low levels, i.e.
u—c>0 at some levels to the rear of the leading edge.
(u(x, z) is the flow speed normal to the line of the
surge, ¢ its speed of propagation, and they are
positive in the direction of its movement.) According
to Simpson and Britter (1980), (u—c¢)/c=0.15in the
undiluted dense fluid in steady state laboratory
experiments.

Clearly, a gravity current in which u~ c is nowhere
positive except near its leading edge is one whose
depth is decreasing in time. This appears to be a
characteristic of nocturnal surges (see e.g. Fig. 3).
There is evidence that the leading edge of gravity
currents in the atmosphere tend to evolve to
elongated horizontal vortices, much larger in the x
than in the z (vertical) dimension (Simpson and
Britter 1980; Clarke 1965). They then have a closed
circulation, are steeper in the front than the rear, but
continue to propagate over the ground in a manner
reminiscent of the idealised vortices of the classical
literature (Lamb 1932, p. 245).

Characteristics of the numerical model
used

The same model was used for various experiments,
with a variety of modifications. It was based on the
formulation of Smagorinsky et al. (1965) and
adapted for use in a two-dimensional mesoscale
mode, with topography. This sea-breeze model was
one of the first to model rather than prescribe surface
temperature over land. It assumed very simple initial
conditions: horizontally uniform geostrophic wind,
temperature and humidity were interpolated to ¢
levels and surface pressure computed from these.
Thus it predicted the characteristic response to a
diurnal heating and cooling regime, as modified by
topography, rather than the evolution of an observed
set of initial conditions. .

The model grid had 22 levels in the vertical, the
lowest 15 of which are displayed in Fig. 8 (Part II).
The highest grid point was ¢ = 0.0931 (16.5 km) and
the lowest 0.9984 (13 m). Horizontal grid points
numbered either 49 or 98, and were 10 (or 5) km
apart. The timestep was 30 (15) seconds.

Solar radiation was prescribed as a function of the
airmass traversed by the direct beam and the solar
elevation, as determined from radiation on cloudless
days at Melbourne (Funk 1963). Albedo was
prescribed as a function of solar elevation and
vegetation type, according to the table of Paltridge
and Platt (1976, p.133). Condensation, although
allowed for, did not occur.

The lower boundary conditions were provided by
the so-called Monin-Obukhov formulation,

employed by Delsol et al. (1971), with a ‘moisture
availability factor’, D = evaporation/potential
evaporation, depending linearly on the soil moisture.
This was as found by Priestley and Taylor (1972).
D was set to unity while dew was on the ground.

Over land, surface temperature, heat, momentum
and moisture flux into the air, and heat flux into the
ground, were determined by solving five equations,
including the surface heat balance equation. Surface
emissivity was assumed to be unity, and the back
radiation from the atmosphere was computed from
the expression given by Deacon (1970), applied to
conditions at the lowest model levei.

Storage of heat in the ground was catered for by
having four grid points in the soil, in addition to the
22 in the air, and the conductivity and diffusivity of
the soil were obtained from Philip (1957).

Over sea, four equations were solved, for the three
fluxes and surface roughness, defined by an equation
due to Charnock (1955), with a constant (0.032)
estimated by Deacon and Webb (1962). The
minimum permitted value of the roughness
parameter was 0.015 mm.

Direct radiative temperature change in the
atmosphere was neglected. Turbulent diffusion in the
planetary boundary layer was that employed by
Clarke (1974, experiment I (1)). Vertical diffusion
at other levels, and horizontal diffusion, was as in
Smagorinsky et al. (1965). Lateral boundary
conditions were either reflecting (the ‘Canberra’
version) or cyclic. The upper boundary condition
used was that the fluxes and vertical velocity vanish
at zero pressure.

A series of controlled experiments was carried out.
The physical factors varied, in order of importance
for inland penetration, were: solar input (to simulate
cloud); soil moisture; ambient (geostrophic) wind,
in both dimensions; Coriolis parameter; orography;
initial temperature structure; and surface roughness
over land.

Observations and numerical m@dlell
results

Ficld data were obtained in the Canberra area in the
1940s during the summer seasons; in the Esperance
— Kalgoorlie area in January 1955; in the Lake
Coorong Renmark area in January 1959 and 1961;
and in the Cape York Peninsula area in October
1978-1981.

For the purpose of comparison, we shall consider
data from the continental south coast, without
significant orography; from the east coast, with the
Dividing Range nearby; and from Cape York
Peninsula.

South coast sea-breeze surges (latitudes 32-37°S)

The evidence from three expeditions in mid-summer
shows conclusively that when the geostrophic wind
normal to the coast is very light, a sea-breeze surge
tends to form some 10 to 30 km inland at about
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midday and, sometimes after several ‘false starts’,
moves inland with increasing speed, at least until
2200 hr. After this there is some evidence that
deceleration occurs, on the rather rare occasions
when it reaches Mildura.

During the 1961 (Coonalpyn Downs) expedition,
frequent aircraft traverses through the sea-breeze
front were made on several sea-breeze days, and a
line of nine stations, normal to the coast, reaching
165 km inland, was manned. At each was an observer
with barometer, anemometer and thermohygro-
graph, and balloons with ‘tails’, which were released
at half-hourly intervals for wind finding.

As a result, the speed and orientation of the sea-
breeze surge, the streamlines relative to the surge,
defined by

) z
¥(x, z) = | (c—u)dz
(o]

with y(x, 0) = 0; and temperature and humidity in
a vertical plane normal to the surge, were measured
on a number of days. Figure 2(a) shows the result,
without humidity, on one such day (18 January 1961)
at about 1600 CST?. At this time the ambient onshore
wind, averaged to 1200 m, was 3.0 m s”, and the
speed of the surge 4.7 m s~ , towards the left in the
figure.

Fig. 2(a) Relative streamlines for the sea-breeze surge of
18 January 1961 near Coonalpyn, SA derived
from 9 observing stations (7 of which are marked
by asterisks), each with half-hourly ‘tail’ balloon
flights, and potential temperature measured by
aircraft penetrations, centred around 1600 CST.
The surge was moving inland at c=4.7 m s and
the ambient wind was 3.0 m s.

2000

1600

z (m)

1000

The numerical model, run with parameters
appropriate to the area, but with no ambient wind,
produced the fields shown in Fig. 2(b) at 1600 hr.
The modelled surge has a speed of 3.2 m s,

On the same day, at 2200 CST, a minor surge was
detected at the most inland of the 9 stations. This

9% hours ahead of GMT.

Fig. 2(b) Relative streamlines and potential temperature
produced by the model at 1600 hr. ¢=3.2 m s*;
no ambient wind.
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Fig. 3(a) Relative streamlines for the dying sea-breeze surge
of 18 January 1961 determined from serial
balloon flights centred on 2200 CST at a point
165 km inland. ¢ =4.2 m s-', mean ambient wind
to 1200 m: —3.3 m s
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Fig. 3(b) Relative streamlines for the nocturnal surge, 40
km inland, generated by the model at 2200 hr,
moving inland at 2 m s**. The opposing ambient
wind was 5 m s,
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was identified with the surge shown in Fig. 2(a), but
by this time the ambient wind had changed to —3.3
m s, and the surge was in the last stages of decay
(Fig. 3(a)).

The only model results with which this picture can
be compared are those with ambient opposing wind
of 5 m s™*, shown in Fig. 3(b) for 2200 hr, when the
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surge had penetrated 40 km inland, after having first
formed out to sea, and was moving inland at
2mst. : :

In both cases a closed steamline is to be found near
the leading edge, and the other streamlines remain
higher behind this horizontal vortex. Thus the closed
vortices of Clarke (1965) and Simpson et al. (1977)
are confirmed by both observation and model.

The observation that deceleration of the surge
appears to occur after 2200 CST is supported by the
model (with no ambient wind), for the average speeds
of the modelled surge for the hours ended 2000,
2100, 2200, 2300 and 2400 CST were found to be
6.8, 7.3, 7.5, 6.9 and 6.0 m s'. Beyond this time the
surge was scarcely detectable.

One observation requiring an explanation is that
the surge reaches Renmark too early (tnean time 2055

+ 1.4 hr from 16 cases in January 1958, when the
model predicts 2330 CST). Reid’s (1957) observations
at Mildura show that they arrive there also earlier
than expected from the model results.

The answer appears to lie in the presence of
favourable ambient wind, since at botih Renmark and
Mildura the surge is always preceded by light surface
winds from a southwesterly quarter. A calculation
for Renmark shows that a positive ambient wind of
1.7 m s' would be sufficient to account for the
early arrival.

A related question is, what is the effect on surge
penetration of geostrophic wind parallel to the coast?
The answer given by the model is that the low-level
frictional turning, when high pressure lies seawards,
favours more rapid penetration than when it lies
landwards. The differences, for a'4 m s* geo-
strophic wind, amounts to 30 km by 2200 hr (i.e.
about 0.8 m s in mean velocity).

East coast sea-breeze surges (latitudes 27-36°S)

These surges are probably similar, apart from effects
due to seasonal variations, throughout the east coast
of the continent. We have definite evidence that
summer surges similar to those -observed in the
Canberra area (latitude 35°S) are also observed at
e.g. Cooma (36°S) and Toowoomba (28°8S).
Observational studies undertaken at Canberra in
the 1940s included searching for and recording details
of summer surges between the coast, Braidwood (52
km inland), Canberra (112), Jugiong (191) and
Wagga Wagga (270), usually by car, but also by light
aircraft on five occasions; and special wind finding
by balloons with tails. A volunteer observer living
at Braidwood agreed to telephone a warning, for
aviation weather forecasting, when the surge passed.
In Fig. 4 are shown mean times of passage of
surges at the four places mentioned, with bars
" representing twice the standard deviation. Also
shown are the location of the surge as a function of
time according to the Canberra version of the
numerical model, which was stopped at 2100 EST*

*10 hours ahead of GMT

Fig. 4 Inland progression of the summer easterly surge
as shown by mean (with bars indicating twice the
standard deviation) times of arrival at Braidwood,
Canberra, Jugiong and Wagga Wagga. The
number of surges is given in brackets. Progression
of the surge as given by the Canberra version of
the model is shown by stars.
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because of the proximity of the surge to the reflecting
inland boundary. Extrapolation of the last few points
suggests an arrival time at Wagga Wagga near the
mean observed time of 2300 EST. The only point
disagreeing with the model prediction is Braidwood,
and a reason for this is suggested in Fig. 5. This
shows the development and inland progression of the
surge at 280 m above the surface. The onset of the
surge at Braidwood is evidently gradual rather than
sudden, so that the observer’s subjective impression
of arrival time could easily be erroneous.
Attempts to detect sea-breeze surges nearer the
coast met with failure, and again the reason is
suggested by Fig. 5: the surge does not start at the
coast, but first becomes apparent near the top of the
hill (shown in Fig. 6) about 60 km irland, at about
1000-1200 hr. In origin it is arguably as much an
anabatic wind as a sea-breeze, but it assumes the
typical sea-breeze surge structure later in the day.
Figure 6 shows, as well as the model topography,
the vertical circulation according to the model at 1700
EST, about the time the surge is observed to pass
Canberra. For this diagram only, ¢ has been

z

evaluated in terms of mass flow: y = | p (c—u) dz,
o

where p is the density.

Figure 7 shows the wind structure about one hour
behind the surge, as measured by two balloon flights,
and as predicted by the model. Here u is the wind
component normal to the coast (positive towards
WNW) and v the parallel component (positive
towards SSW). On 15 February 1946 there was an
opposing ambient wind of about 4 m s, whose*
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Fig. 5 Normal wind component (u) at 280 m above the
surface, according to the Canberra model, plotted
as a function of time and distance inland. The
time axis has been displaced 1Y2 hr to the left for
each 20 km increase in x’, the distance from the
coast. The wind at 0630 hr is virtually nil for all
points.
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effect is evidently to reduce the depth of the surge
without significantly affecting its strength in low
levels. The measured v in both cases reflects a south-
southwest geostrophic (and perhaps thermal) wind
component, absent in the model.

Another test of the model is displayed in Fig. 8.
In 1948 the Royal Australian Air Force, at the
author’s instigation, provided a pilot and an Auster
aircraft to investigate temperature and humidity at
Canberra and Braidwood during the afternoon of
expected surge days. This was done by making a
sounding to ‘6000 feet’ (807 mb) at Canberra, a
descent and ascent at Braidwood, and a final descent
from the same level at Canberra, on five summer
days. Of these five a surge lay between Canberra and
Braidwood on three. The humidity observations are
not presented because of suspected instrumental
error (drying out of the wet bulb thermometer).

A thin layer of cloud was observed at Braidwood
on each day, but was not reproduced in the model.

Surges of Cape York Peninsula and the Gulf

Neal et al. (1977) have shown how ‘pressure jumps’,
assumed to be morning glories, behave in the

Fig. 6 Topography of the Canberra version of the
model, with predicted mass flow streamlines
relative to the surge (moving to the left at 2.5
m s™'). Flow between the major streamlines (full
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Fig. 7 Upper wind components one hour after the surge,
as measured at Canberra (a) coast-normal
component, u. (b) coast parallel component v.
The two balloon flight observations are compared
with the wind profiles of the Canberra model,
with no ambient wind.
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Peninsula — Gulf area, from barograms at five
standard observing stations. In 1979 we expanded
the network and showed that the origin of these
events was to be found well east on the Peninsula,
in the form of wind surges, accompanied by
increasing pressure rises as they move towards the
west-southwest.

Remarks on the recent observing network. New data
were obtained in 1980 and 1981 which enable us to
check the behaviour of the surge over the Peninsula,
and separately over the Gulf.






