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Gravity currents and bores in the lower atmosphere play an important part in deter-
mining mesoscale weather events quite generally. Researches into these phenomena
on Cape York Peninsula have shed light on the behaviour of both, in rather quiet
and otherwise undisturbed conditions.

The part played by sea-breezes in initiating bores was strongly suggested by field
observations, but a decisive demonstration of the exact sequence of events resulting
in a bore was not found.

A series of numerical experiments has been carried out, and these have shown clearly
what happens when two sea-breeze circulations of different provenance interact. Under
conditions commonly prevailing on the Peninsula in October, this collision or inter-
action of sea-breezes is both observed and found by two-dimensional numerical model-
ling to occur.

When two sea-breeze fronts collide, or one overtakes the other, cool sea-breeze
modified boundary-layer air is forced upward to form a hump of relatively cool air.
This process continues until a condition for bore formation is met. At that stage,
in general, two bores are formed, moving with approximately the respective veloci-
ties of the sea-breeze fronts before collision.

New insight has also been obtained into the behaviour of sea-breeze surges in the
tropics, in the presence of clear skies and a coast-normal geostrophic wind. Under
suitable conditions, they can be deeper and more powerful than is generally supposed,
and can penetrate much further inland in some cases, and in others out to sea. Coast-
parallel geostrophic wind components have little effect on this penetration, nor does

a hill or escarpment near the coast.

Introduction

Field observations on the north Queensland
phenomenon known as the ‘morning glory” have es-
tablished that it is an internal undular bore; that the
most commonly occurring variety, coming from the
east-northeast, begins its career as a sea-breeze sur-
ge originating inland from the east coast of Cape
York Peninsula, but that it is transformed into a bore
over the Peninsula, usually at a distance of 50 to 100
km inland of the west coast (but occasionally appar-
ently in the Gulf of Carpentaria) within a very few
hours of midnight. It propagates towards the west-
southwest with a speed of about 10 m s—!, and has
been shown at Burketown and Macaroni Station to
have associated vertical velocities of the order of 5

m s-!. Radiosonde observations on the Peninsula,.

and a single pair at Burketown, also suggest that (be-
cause of temperature and humidity changes) cooler
Pacific Ocean air may penetrate at least to these
places (i.e. 650 km) at some time behind the bore,
but by then the gravity current is so diffuse that there
is nothing to mark its arrival.
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On Bureau of Meteorology records, the passage
of the bore is remarkable for a sharp pressure jump
on the barograph, usually of magnitude 0.5 to 1.5
mb, which shows little or nothing of the post-bore
‘embroidery’ revealed when better instrumentation
is used. Indeed this embroidery sometimes takes the
form of large amplitude wavelike oscillations last-
ing for as long as two hours, with a pronounced ten-
dency for an approximate period of about ten
minutes to predominate (see e.g. the pressure record
for Karumba on 9 October 1980 in Clarke 1983b).
The term embroidery is then inappropriate, but for
the majority of observed morning glories the main
pressure feature is the jump: furthermore, a bore
consisting mainly of waves in one place may subse-
quently present as mainly a jump at others, as on
10-11 October 1981 (Smith and Morton 1984). Visual
observations often reveal a long line of cloud, of
height reaching from several hundred metres to one
or two kilometres or more, usually smooth, and not
uncommonly followed by subsequent lines, not so
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smooth and regular, also at intervals of about ten
minutes, and up to eight in number.

The bore, with its pressure jump and propagat-
ing cloud line is marked at the surface as well by the
arrival of a squally wind from the direction from
which the bore is coming, maximum wind cor-
responding to maximum rate of increase of pressure,
and lasting several minutes. Changes in surface tem-
perature and humidity are not usually remarkable,
and may be in either direction. The maximum speed
of the wind, at least at a height of from one to several
hundred metres, approaches, and sometimes even
surpasses, that of the rate of advance of the bore,
but for a very limited time. The wind squall may be
followed by others of similar strength and direction,
also corresponding to rate of increase of pressure,
and accompanying the cloud lines.

These features have been described by Clarke
(1972); Neal et al. (1977); Clarke et al. (1981), here-
after referred to as CSR; Smith et al. (1982); Clarke
(1983a, 1983b), hereafter referred to as I and II
respectively; Egger (1984); Smith and Morton (1984);
and Clarke (1985), hereafter referred. to as III. In
11 it was concluded from the observations that the
internal undular bores of the Gulf of Carpentaria
(hereafter called ‘the Gulf’) are produced by the in-
teraction of an active gravity current (sea-breeze sur-
ge) with the remnants of a weaker sea-breeze, from
the other side of Cape York Peninsula (hereafter
referred to as ‘the Peninsula®). This second sea-breeze
preconditions the lower atmosphere to make bore
formation more probable.

The author’s two-dimensional modelling has re-
cently been supplemented by extensive computations
with an improved version of his hydrostatic model.
The model was overhauled for greater efficiency and
flexibility, and a five point filter was incorporated
to cope with the large amplitude two-grid waves
resulting from the collision of sea-breezes, as men-
tioned in II. The objective was to investigate further
the behaviour of sea-breezes in the presence of a ge-
ostrophic wind, and to demonstrate the creation and
subsequent history of bores following a collision of
the sea-breezes from both coasts of a ‘peninsula’ of
the dimensions of Cape York. The results are infor-
mative, both as to the development of tropical sea-
breezes, and the exact manner in which the bore is
formed and propagates, following the collision.

The ‘single coast’ sea-breeze model

The model has been briefly described earlier, in 1.
Most of the experiments whose results are sum-
marised below have been carried out with solar radi-
ation determined by clear skies (allowance was made
for possible condensation, but none occurred), so-
lar elevation for 1 October at latitude 16.7°S, with
the albedo of a dry sclerophyll forest, and soil
moisture of 4 mm. Sea surface and ground tempera-
tures at the 4 model levels were set initially to 27 °C,

and atmospheric temperature and humidity, uniform
horizontally, as measured at Macaroni Station in
1981 (see II). No orography was included in the “sin-
gle coast’ series, although this had been done earli-
er, to simulate the Canberra sea-breeze (see I). The
model has 30 grid-points in the vertical, the top be-
ing at about 50 mb, and a horizontal grid spacing
of either 5 or 10 km, in a domain extending both
landward and seaward for either 500 or 700 km.

Results with geostrophic* wind onshore (u>0)

This case has received little attention in the litera-
ture (but see Pearson et al. 1983), perhaps because
in the near-coastal area there is little evidence of a
sea-breeze. Well inland, especially in the tropics, the
case may be quite different; for example, with an
onshore geostrophic wind of 8 m s-1, a strong sea-
breeze surge develops, and with the parameters as
assumed is located about 176 km inland at 1600 hr.

Five stages in the development of a sea-breeze may
be identified. We concentrate on flat land at low
latitudes.

1. The immature or formative stage. As heating over
the land progresses, the value of x,, the inland
penetration, increases monotonically with time, while
the speed, c;, of the surge front, although increas-
ing gradually after about 1100 hrt, is maintained at
a large fraction of the geostrophic wind, i.e. at some
average value of the inland component of the bound-
ary layer wind. The developing front is in a far from
steady state, as shown by the isentropes (6) and rela-
tive streamlines (isopleths of y) normal to the surge
front, in Fig. 1. In Fig. 1(a) the relative flow is
through the leading isentropes, which are vertical
through most of the mixed layer, with upward flow
in front and downward behind. The capping inver-
sion near 2700 m is being distorted by the flow. The
process which maintains the leading isentropes in a
near-vertical position is clearly the convective over-
turning, which inhibits the formation of the super-
adiabatic lapse rates which would otherwise be
produced by the advection indicated. Downward dis-
placement of isentropes to the rear of the develop-
ing surge front is indicated by the streamlines. With
a rather large geostrophic wind (12.5 m s-1) the sea-
breeze retains some similarity to this early stage, as
shown by Fig. 2 for 2045 hr. By this time the surge
front has ceased to develop further, has penetrated
386 km inland, and still has a speed c less than u,.
Flow through the leading isentropes, as in Fig. 1, is
still occurring, and it is still being prevented, by con-
vective overturning, from sloping forward with
height. As in Fig. 1, descent behind the leading edge
is flattening the isentropes.

* The term ‘ambient’ in this context is imprecise because of spatial
variation; ‘geostrophic’, with components in both the x and y
direction, is to be preferred.

T Henceforth all times are local mean times. When referring to

observed data, the times are based on long. 142.5°E, about the
middle of the observing network.
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Fig. 1 (a) Isentropes (full lines) and relative streamlines
(thin lines) for a sea-breeze front, in a section
normal to the coast. x is horizontal distance
from the coast, positive inland. The stream
function is computed from

¥ (x,2) = ¥, lo(x,2) {¢; — u(x,z,)]] dz
with ¥y (x,0) = O.
z is the vertical coordinate, p density, ¢, the
speed of the disturbance and u the wind com-
ponent directed inland. The y = 0 streamline
is indicated; others are at intervals of 1000 kg
m-1s-1, M is streamfunction minimum. Time
is 1245 hr; uy; = Sms~ !¢, =40m s-1;
¢ = latitude = 16.7°S; z, = 0.02 m; date is
1 October; Wy, = 0.20 m s—1! at 1120 m.
(b) Same as for (a), but time 1705 hr; ¢, = 6.1 m
$™1 Wpox = 0.20 m s-1 at 1475 m.
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Decreasing the roughness parameter, z,, from
0.16 to 0.02 m had little effect on the inland penetra-
tion of this surge, increasing it, by 2045 hr, by only
44 km.

2. The early mature stage. This is illustrated by Fig.
1(b) for 1705 hr, which shows that the leading isen-
tropes of the sea-breeze surge are nearly parallel with
the streamlines over the lowest 2000 m, while else-
where the isentropes are being depressed by the mo-
tion. As in the immature stage, this is certainly not
a steady-state gravity current. The maximum value
of the inland-directed wind component is 11 m s-!
at 220 m, as against a geostrophic wind of 5 m s-1,
while ¢, = 6.1 m s-1 now exceeds u,. Acceleration
is occurring, with sunset still about an hour away.
3. Late mature stage. The leading isentropes are still
steeply inclined over much of their height, but are
being pushed back over their upper portion. All other
isentropes have been, and are being, flattened. The
stable boundary layer air is being lifted over the top
of the sea-breeze. The surge speed (withu;, = 5m
s-1) has increased markedly to 10.4 m s-! at 2230

Fig. 2 Asfor Fig. 1. Time 2045 hr; u, = 12.5ms —1;

¢, = 10.9 m s-1; ¢ = 16.0°S; date 1 July;

z, = 0.16m; wy,,, = 0.09 m s—1 at 1480 m.

hr, and the maximum value of u (at 220 m) is 14 m
s~1. The surge front is still sharp and active. Strong
as the circulation is, the upward motion does not ex-
tend far above the top of the daytime mixed layer
at about 2700 m. The centre of the horizontal vor-
tex comprising the sea-breeze circulation has now
shifted to be near its leading edge.

4. Early degenerate stage (see Fig. 3). This is a type
of configuration of streamlines and isentropes ob-
served before in surge situations (Clarke 1961; Clarke
1965; Simpson et al. 1977; I). The disturbance is
propagating as an unsteady gravity current, result-
ing from the isobaric (i.e. nearly horizontal) density
gradients set up by daytime heating over land. It is
driving a cool, flattening wedge under the warm in-
land air, and in low latitudes, where geostrophic
balance is slow to be achieved, this continues
throughout the night. The circulation is strongly
asymmetrical, maintaining the shape of the leading
isentrope in its lowest 1000 m, but depressing all
others. The disturbance may be regarded as a de-
generate gravity current, a type of finite amplitude,
unsteady solitary wave, or as a mesoscale horizon-
tal vortex. It is essentially unsteady, evolving towards
a condition of zero isobaric density gradient.

5. Late degenerate stage. This is illustrated in Fig.
18(a). The only marked difference from the previ-
ous stage is that there is now no closed circulation
near the leading edge of the still recognisable but de-
generate gravity current, which may be considered
an unsteady long wave followed by a dissipating
gravity current. The lower levels of the leading isen-
tropes are still being approximately maintained, but
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Fig. 3 As for Fig. 1. Time 0115 hr; u, = 5 m s~}

¢ =H8ms Lw,  =0.16ms-!at 1130
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everywhere else the isentropic field is being distort-
ed. It is suspected that, in the real atmosphere, even
in the absence of a sea-breeze-conditioned presurge
stable layer, this long wave gives rise eventually to
finite amplitude wave trains in the nocturnal bound-
ary layer. This appears to be the explanation of such
wave trains arriving from the direction of the Gulf
at the microbarometer array at Warramunga
(Christie et al. 1979), 525 km inland. The sea-breeze
system over land will of course be rapidly destroyed
by stirring, due to begin with sunrise.

There has been no penetration limit imposed by
Coriolis turning (Pearson 1973); it is evidently im-

posed by the length of the night, and a sea-breeze

penetration of over 600 km is attained.

Results with geostrophic wind offshore (u, negative)

This case differs in several ways from the u, posi-
tive case, one of them being that the sea-breeze can
now be definitively identified by a change in the sign
of u.

The only ‘single coast’ experiments for this case
were performed with u, = —5 m s-!. Figure 4(a)
shows isentropes and relatwe streamlines at an ear-
ly stage, and (b) at a later one. The heating over land
is evidently, as in the u>0 case, tending to create
vertical leading isentropes, while the motion is tend-
ing to tilt them backwards, rather than forwards, as
in Fig. 1(a). The sea-breeze is an unsteady gravity
current, the body of fluid within the y = 0 stream-
line moving with the front. The same can be said of
the sea-breeze at a later stage, as shown in Fig. 5 for
2330 hr, but the volume of fluid moving with the
sea-breeze front is now much shrunken.

Fig. 4 (a) As for Fig. 1, but y is now at intervals of 2000
kg m—1s-% time 1320 hr; u, = ~5m s-1;
¢ =06ms-Lw, . =019ms-!at 1130

m.
(b) As for (a). Time 1735 hr; u, = —5 m s-1;
=26ms-Lw, =0 §ms‘at1310
m.
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Fig. §  As for Fig. 4(a). Time 2330 hr; u, = -5 m

3
sheg=28ms L w, =007Tms!at

680 m. M marks the position of the streamfunc-
tion minimum.
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The wind components u and v during the develop-
ment and decay of the sea-breeze are shown in Fig.
6(a) to (e). The sea-breeze, contained within the
isopleth u = 0, reaches a height of about 800 m, and
extends inland, but much further seaward (about 270
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Fig. 6 Isopleths of u(x,z) and v(x,z) for u, = ~-5m
s 1
(a) Time 1430 hr; ¢, = 1.3 ms— L wy,, = 0.25m
s—1 at 1300m.
(b) Time 1810 hr; ¢, = 2.8 ms~ Y w,,, = 0.25m
s—1 at 1300m.
(© Time 2130 hr; ¢ = 3.0 ms— L wy,, = 0.12m
s—1 at 820 m.
(d) Time 0100hr; ¢, = 2.0 ms— % w,,. = 0.05m
s=1 at 680 m.
(¢) Time 0430 hric, = 1.0m s~ w,,, = 0.04m
s—1at 570 m.

M locates the maximum in v, which is repre-
sented by the thin line, while u is shown by the
full line.

_km at 2130 hr). The strong ‘return flow’ above the
sea-breeze, occasionally exceeding 10 m s-}, is not
shown. By 0430 hr there is little of the sea-breeze
left, and what there is, is split for a strip about 50
km wide about the coast by a weak land-breeze near
the surface of less than 1 m s-1. By 0500 the sea-

- ward branch of the weak onshore sea-breeze has

vanished, and by 0600 hr the landward branch almost

s0. On the other hand, the action of the Coriolis

turning has produced a coast-parallel jet, centred at

200 to 300 m above the surface, and extendmg '
o progressnvely seaward :

. 240 km, while for ¢ =

The effects at the surface of the passage of a simu-
lated sea-breeze surge

Numerical models, especially those as coarse as the
10 km grid used for the results reported above, do
not succeed in simulating the sharpness of observed
discontinuities. Changes at a given point over an
hour starting'at time t are shown in Table 1. In this
table, the variables u, v, (wind components), T (tem-
perature), R (mixing ratio), refer to the lowest model
level (40 m), while p, refers to surface pressure.
The only observations suitable for comparison
with these modelled sea-breezes (at low latitudes) are
surface wind records across the Peninsula (see Figs
21, 22 in CSR), which have been used to construct
Fig. 10 in I and Fig. 1 in II. Once a sea-breeze has
been transformed into a bore, it may be identified
by its pressure signature, as well as, or better than
by its surface wind response. At Highbury Station,
near the middle of the Peninsula, the sea-breeze
usually occurs about 2100 hr, and frequently shows
a rather rapid pressure rise of about 0.5 mb or more.
Sea-breeze surges occurring earlier in the day, espe-
cially before sunset, cannot readily be identified by
their pressure signatures, nor can they at any time
when the geostrophic wind is markedly offshore (i.e.
on the western side of the Peninsula). The wind
changes which mark the arrival of the sea-breeze sur-
ge is quite distinctive, consisting of a change from
very variable speed and direction to a regime of much

- greater constancy, accompanied by a freshening and

backing from a southeasterly to a northeasterly. The
backing and freshening (Table 1) are well simulated
by the model, as are the pressure effects in a more
general way.

Horizontal extent of sea-breeze effects

Figure 7 summarises the results of the single coast
experiments for four values of u, at latitude
@ = 16.7°S in October, and two other combinations.
Penetrations differ so little between grid spacings of
5 and 10 km that they could not be differentiated
in this figure. Until about 1100 hr there is little
genuine sea-breeze effect, the points on the graph
representing rather the vertical velocity due to vary-
ing roughness between land and sea.

.With u, = 12.5ms-!the pi'opagation rate c; of
the sea—breeze frontal surge remains less than u,;
with u, = 8 m s-1, ¢, exceeds u, after about 1800
hr; wnth u, =35 m s—1, ¢, exceeds u, after about
1500 hr; w1th no geostrophnc wind, c, reaches a
value of 7.0 m s-! for both latitudes 35 and 16.7 at

" about 1900 hr, and maintains this value for several

hours. At ¢ = 35°S, maximum penetration is about
16.7 it is about 360 km. For
u, = —5'm s-! the sea-breeze penetrates about 120
km and reaches a maximum ¢, of 3. 5 m s-! about
1900 hr, having formed offshore, and come ashore
about midday. It is just traceable at daybreak the
next day. The evidence from the ‘double coast’ ex-

periments described below is that withu, = -8m
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Table 1. Changes in near-surface values of the variables with the passage of a modelled sea-breeze front, at a point x km

from the coast.

ug t X Au Av AT AR Ap,
(m s-1) (hr, min) (km) (ms-') (m s-') (°C) (g/kg) (mb)
12.0 1900 355 1.3 0.3 -14 -0.3 0.27
8.0 1600 195 2.4 0.9 -0.7 —» 0.41
2015 305 4.6 2.2 -3.2 _ 0.51

2330 455 3.8 3.3 -3.7 - 0.66

5.0 1110 45 1.9 0.2 0.3 -0.1 -0.02
1600 135 3.5 0.9 0 -0.2 0.09

2000 235 5.2 2.2 ~3.5 0.7 0.57

2400 395 5.0 2.8 —* —* 0.58

0500 605 3.7 2.3 -3.6 - 0.47

0 1600 65 3.4 0.7 0 -0.5 0.03
2015 125 5.2 1.6 -3.6 -0.3 0.40

2300 205 5.6 2.7 -5.1 -0.6 0.51

-5.0 1600 15 1.2 0.9 -0.9 0.2 0.03
2015 65 1.9 2.0 -2.7 1.0 0.14

2400 95 0.2 0.9 -1.1 0.3 0.07

0215 115 0.2 0.5 -0.7 0 0.01

* Computed but unavailable

s-!, the sea-breeze does come ashore, is present
with a near-surface wind of 1 m s-! between 1800
and 2000 hr at a point 5 km inland, and recedes sea-
ward about 2100 hr. When u, = —9 m s-! the sea-
breeze does not come ashore, but remains as a shal-
low flow for the latter part of the day until 2130 hr,
between 15 and 160 km offshore. Foru, = ~12m
s-! the sea-breeze out to sea reaches a maximum
value of only 0.5 m s-! 60 km out to sea, reaches
seaward to over 100 km at about 1700 hr, and van-
ishes at about 1800 hr; while for u, = —13ms-},
there is no sea-breeze anywhere, i.e. no reversal of
u, although the surface wind component normal to
the coast almost vanishes.

The seaward extension of sea-breeze effects with
offshore geostrophic wind (and no component
parallel to the coast) is surprisingly large, as shown
in Fig. 6, and in the curve for x, (Fig. 7). The lee
coast effect actually spreads, according to the model,
much further than is shown by x,, in the form of a
reduction in offshore wind component, and an en-
hanced low-level component in a coast-parallel direc-
tion (in the southern hemisphere turned clockwise
from the geostrophic wind). The seaward extension
of the sea-breeze is, unlike the landward, smooth and
gradual, without sharp discontinuities. A low-level
jet at 200 to 300 m, parallel to the coast, spreads sea-
ward some 7 hours later than the onshore sea-breeze
as shown by the graph for x in Fig. 7.

The ‘double coast’ sea-breeze model

This is similar to the ‘single coast’ model, except that
there are now two parallel coasts separated by a strip
of land, and an extensive sea on either side. The uni-
form geostrophic wind, now necessarily positive, is

onshore with respect to one coast (the ‘windward’
coast), and offshore with respect to the other (the
‘leeward’ coast). The width of the strip of land
(‘peninsula’) was taken to be 440 km (the width of
Cape York in the vicinity of Macaroni Station) in
all but one experiment. In this the width was reduced
to be similar (250 km) to that at Edward River, where
bores are known to occur regularly (Neal et al. 1977;
CSR).

Since the net solar short wave radiation (Sg) is
what is ultimately responsible for sea-breezes and any
bores resulting from them, one should be aware of
the effect of a reduction in Sy, caused for example
by cloud, on sea-breeze formation and progression.
To serve this purpose, two experiments were run
(with u, = 5 m s-1), with Sy arbitrarily reduced by
(a) one-third, and (b) two-thirds of its computed clear
sky value.

Horizontal resolution was varied: grid spacings of
10, 5, 3, and 1.5 km were used, withu, = Sms-!,
in an endeavour to simulate as nearly as possible the
events surrounding the transformation of sea-breezes
into bores. All other experiments were performed
with a 10 km grid.

A “hill’ experiment was designed; instead of the
land being flat, as in all others, a hill of height 350
m, with its peak 100 km inland from the windward
coast, curved smoothly to zero height at both coasts.

A ‘baroclinic’ experiment was also run. In this,
a temperature gradient of 5°C in 880 km (tempera-
ture increasing down the geostrophic wind of 5 m
s=-! in the layer below the capping inversion) was
imposed on the initial conditions, with geostrophic
(‘thermal wind’) balance in the initial fields of v,.

In general, v, the coast-parallel component of
geostrophic wind, was set to 0, since earlier experi-
ments (reported in I) showed that this had little ef-
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Fig. 7 Inland penetration, x,, determined by maxi-
mum vertical velocity, of modelled sea-breeze
surge fronts, plotted against time of day, for
a variety of coast-normal geostrophic winds,
and no component parallel to the coast. Except
for the traces u; = 12.5 m s—1, and latitude
¢ = 35°S, the latitude is 16.7°S, z, = 0.02 m,
and date is 1 October. For u, = 12.5 m s~
¢ = 16.0°S, z, = 0.16 m, and the date is 1
July; for ¢ = 35°S the date is 1 January.

Also shown are x,, the distance out to sea to
which the reversal of u as a result of sea-breeze
activity extends, and X, the seaward distance
to which the v = 6 m s—! isotach extends (see
Fig. 6). x, and x4 are both negative by
definition.
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fect on sea-breeze penetration. However, for onc ex-
periment only, the values u; = v, = 5 m s-! were
adopted, to explore the effect of v, on bore
formation.

To test whether the depth of convection over land
might be an important factor in bore formation, an
experiment was run in which the initial temperature
and humidity were those measured at Macaroni Sta-
tion on 10 October 1981, instead of those on 6 Oc-
tober (see Fig. 11 of II). In the former, the capping
inversion was at 4000 m instead of 2700 m.

To investigate the effect of varying u, on bore
formation, 12 experiments with values of u, span-
ning the range 1 to 15 m s—! have been carried out,
covering most of the observed range of u, on Cape
York in October. Since the two sea-breezes do not

interact with each other during the daytime, this gives
an opportunity to test the applicability to sea-breezes
of the laboratory experimental results of Simpson
and Britter (1980), concerning the effect of a pre-
existing velocity U, on the speed of a gravity cur-
rent. Their results showed that, if the ‘effective gravi-
ty’ (g') and height (h) of a gravity current are kept
constant, the speed of the gravity current is increased
by « U,. Figure 8 supports approximately the value
0.62 for « found by these authors when the geos-
trophic wind assists the sea-breeze; when the geos-
trophic wind opposes it, the value of « is much
smaller. The values of all controlling parameters are
kept constant, except for ug, in the numerical ex-
periments, and g’ and h are allowed to find their
own levels.

Bore formation: the clashing of sea-breezes

The results show that, as expected from the single
coast experiments, sea-breezes form on both sides
of the peninsula, one assisted, the other resisted, by
the geostrophic wind. Eventually (after nightfall) the
former became more vigorous, in terms of energy
and depth, than the latter. Provided the uniform and
constant geostrophic wind is of a suitable magnitude,
both absolutely and relative to the width of the penin-
sula, the two sea-breezes must collide, nearer (for
u, # 0) one side of the peninsula than the other.

Figure 9 is the double coast equivalent of Fig. 7.
The results for u,>12ms-! (i.e. 13 and 15 ms-1)
are not shown, smce these integrations produce no
new features; nor are those foru, = v, = Sms-1,
which are closely similar to those for u, = 6,

= 0 m s-!. An upper limit to u, for which bores

Fig. 8 The value of a = {cs(u) - ¢,(0)] /ug as a
function of uy, where u, is the coast-normal ge-
ostrophic wind, and v, = 0. cs(us) is the mean
speed of a sea-breeze surge between 1200 and
1800 hr at latitude 16.7°S in October. The
change in the value of « in the vicinity of

= 0 is not due to Coriolis effects, as
demonstrated by an experiment with
f = Coriolis acceleration = 0, which showed
virtually no change. The thin line marks the
value of o found by Simpson and Britter (1980)
for laboratory gravity currents, in which u
was replaced by U,, the ambient flow.
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