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Fair weather nocturnal imlamnd
wind surges amnd atmospheric bores:

Part I Internal atmospheric bores
im mortherm Australia

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

(Manuscript received September 1982; revised February 1983)

Surge-bore systems can be traced at times from the eastern side of Cape York
Peninsula, northern Australia, westward for distances of up to 700 km. In the process
they are transformed from a sea-breeze surge to an undular internal bore.

Bore formation over a strip of land near the west coast of the Peninsula is seen from
observations to be due to the invasion of west coast sea-breeze air by an east coast
sea-breeze surge. The observations indicate that the pre-conditioning conducive to
bore genesis is due to the west coast sea-breeze. This greatly increases the critical
velocity (phase speed of small amplitude long waves of the gravest mode) for waves
moving towards the west-southwest. The two ways in which the sea-breeze achieves
this result are by producing a strongly curved profile in the low-level wind component
in this direction (gradient increasing with height) and also by increasing the depth
of the near surface cooied layer. :

A gravity current from the east-northeast of sufficient depth impinging on such a
pre-conditioned atmosphere is likely to produce an internal bore on the shallow
boundary layer (about 1 km deep). Due to the lack of stratification above this layer,
the bore is able to propagate undamped for great distances.

This suggested mechanism accords in important respects with known facts, and
explains why such events should be unusually common in this area of northern
Australia.

A similar mechanism explains the occasional occurrence of northward moving bores
about the Gulf of Carpentaria coast when a synoptic scale pressure trough lies in

the vicinity.

Introduction

Clarke et al. (1981, hereafter referred to as CSR)
identified the ‘morning glory’ as an ‘internal undular
bore propagating on the nocturnal and/or maritime
inversion’.

Bores in rivers and hydraulic channels have been
studied for many years, and some of the results have
been summarised by Lamb (1932, Art. 187). Use of
the mass and momentum equations' shows that

¢, — u; = {Vag(h, + hy)h./h, } ¥ =F(c,—u,)

where F, the upstream Froude number, is given by

F= |ul—cb|/(gh.)'/’={1+%6h/h.+1/z(6h/hl)’}'/‘
L2

'Not the energy equation, as used by Tricker (1964) in his
book and Encyclopaedia Britannica article (1974).
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and the change of energy per unit mass of fluid
passing from the low to the high side of the bore is
given by

6E = -Yag(6h)*/(h,h.).

Here, subscript 1 refers to variables on the low side
of the bore, and 2 to the high side; Sh=h,—h,; g
is gravity; u velocity (positive in the direction of
movement of the bore); ¢, is the speed of the bore
and c, the speed of small amplitude long waves;
and h is the depth of the fluid.

If the amplitude of a bore is not too great (F<1.21
according to Favre 1935; F<1.26 according to Binnie
and Orkney 1955), the excess energy can be radiated
away by a smooth wave train which increases in
length with time, as shown by Favre’s photographs.
If F lies between 1.26 and 1.55 some energy is lost
by breaking of the waves (Binnie and Orkney); for
greater amplitude bores, such as those reported by
Tricker (1964) on the Tsien Tang Kiang, the energy
is dissipated by turbulence.
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According to Lamb (1932, p. 366), the wavelength
M of small amplitude waves, on the assumption that
they are sinusoidal, is given by

AManh(27h./N)=7h(1+h,/h;) .. .3

and the amplitude « by (p. 415)
a’=(6h)’/{h.-—47;\h2cosech47;hz)} "

Benjamin and Lighthill (1954) showed that the waves

must in fact be cnoidal, so that the results of Lamb -

are at best approximate.

Peregrine (1966) calculated the development of
such an undular bore, and pointed out the role of
non-hydrostatic processes in wave formation.

The atmospheric waves we are interested in are
internal, and in important respects different from
the water waves of classical bore theory, which has
been used for example by Tepper (1950) and Ball
(1956) to describe atmospheric behaviour. In these,
‘modified gravity’, g’ = gép/p replaces g, where p is
(potential) density and &p its excess in the lower layer
over that in the upper. This is unsatisfactory for a
number of reasons, including mixing at the interface
and inertial effects of the upper layer on non-
hydrostatic processes in the lower.

The relevant equations for the treatment of
internal finite amplitude waves in a  sheared
environment are known to be the KdV equation for
a fluid of limited depth (Benjamin 1966) and the
Benjamin-Davis-Ono (BDO) equation (Benjamin
1967) for fluids of great depth.

The former equation has been used by Vliegenthart
(1971) to show that infinitely long smooth internal
bores develop undulations along their edge, and these
evolve into discrete solitary waves. Meiss and Pereira
(1978) showed from the latter equation that long
waves of elevation of limited spatial extent evolve
into a finite number of solitary waves and a
dispersing oscillatory wave train. .

Christie, Muirhead and Hales (1978, 1979) made
observational studies of solitary waves and intrusive
density currents by means of an array of sensitive
microbarometers at Warramunga, near Tennant
Creek, Northern Territory, and described the
transformation of long waves of elevation into a train
of solitary waves. Christie and Muirhead (1983)
amplified the theory of Meiss and Pereira by
calculating the development of four finite amplitude
waves (which separated progressively with time and
did not — as in the morning glory — result in a
permanent raising of the surface pressure) as a
consequence of an initial bulge in a low-level
inversion. Maslowe and Redekopp (1980) treated the
case of ducting of finite amplitude waves in a shallow
sheared and stratified layer near the ground, overlain
by a deep layer of finite stability. Grimshaw (1980)
has applied the theory to dry and moist atmospheres
and (1981a, b) has presented a general theory of finite
amplitude waves in stratified shear flows.

We shall not attempt to apply the BDO equation
to the Peninsula bores, but rather to put on record
the details of such events.

The theoretical problem involves the generation
of a bore by a gravity current propagating into a
stratified, sheared environment; i.e. a kind of
transformation of the leading edge of a gravity
current into that of a bore, and transmission for
hundreds of kilometres thereafter. The observations
to be presented also indicate that the bore with its
waves has large amplitude, and occurs in a medium
in which stratification and velocity vary continuously
through a shallow boundary layer, of the order of
1 km deep. Above this an almost neutral but sheared
layer extends to about 3.5 km. Both stratification
and shear are pronounced above this level.

Somewhat similar events to those we shall describe
are known to occur in the ocean (e.g. Osborne and
Burch 1980) and in the Martian atmosphere (Hunt
et al. 1981), but we shall confine our attention to
the atmosphere over northern Australia.

Summary of results of
observations, October 1981

Since all events of interest occurred between late
afternoon and early morning, dates are listed in
double form to avoid ambiguity.

No use could be made of the Mount Isa network
data on the days of southerly surges in 1981 except
for the unusually marked surge of 3 October. Surface
wind at Mount Isa remained steady in direction from
south to southwest throughout the period 16 to 22
October, with no evidence of the surges observed
around the Gulf. .

Table 1 presents the results of computations based
on least squares fitting to the hypothesis that the
timing at various locations (see map, Fig. 9, Part I)
of an event can be explained as the result of the
movement of a straight line disturbance at constant
normal velocity. The r.m.s. fitting errors (in minutes)
are listed in the last column. Vector errors in the
velocity were estimated by a simple random variation
technique, with assumed timing errors depending on
the type of recording instrument.

It was hoped the data would be sufficient to detect
any systematic differences between the velocity of
the surge? over the land surface of the Peninsula and
that over the Gulf. Eight of the surges listed in Table
1, marked by asterisks, provided a means to detect
such differences. The results are listed in Table 2,
and clearly show nothing systematic.

Although, for instance on 13/14 October, the
computed speed fell from 14.0 m s* over the
Peninsula to 13.4 over the Gulf, and to 10.1 m s
in the Burketown-Gregory Downs area, the
remainder were not significantly different over land
and sea.

surge

By this is meant the velocity of the surge front.
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Table 1. Velocity of surges in the Penimsula-Gulf area.

Date  Type No. of Location Velocity of Vector r.m.s.e.
Oct of stns with of surge, towards  error of fit Remarks
1981  surge surge stations ms' deg. T ms? (min)
3/4 SS 7 CYP, GC 11.8 032 0.4 21 Much rain; accelerating; curved over
Gulf-Peninsula
SS 8 MI 10.2 044 1.6 3 Much rain; accelerating; curved over
Gulf-Peninsula
4/5 — — — — — — —  No surges, strong SE wind
5/6 ES 2 CYP — — — —  Still strong wind
*6/7 ES 7 CYP, GC 10.6 269 0.1 4 1
7/8 ES 4 CYP 12.3 267 0.5 17 Not observed Mornington Is.
8/9 ES 6 CYP, GC 10.0 260 0.6 8
*9/10 ES 7 CYP, GC 10.3 262 0.2 6
*10/11 ES 11 CYP, GC 10.9 257 0.2 8  Morning glory Burketownt
*11/12 ES 6 CYP, GC 10.1 238 0.1 1
*12/13  ES 8 CYP, GC 11.6 244 0.6 8
*13/14 ES 8 CYP, GC, BK 13.7 254 0.2 7  Morning glory Burketownt
ES 4 BK 10.1 255 0.3 2 Surge decelerating
14/15 ES 5 CYP 10.2 238 0.9 16  Not observed Mornington Is.
15/16 ES 7 CYP, GC 10.4 242 0.2 18  Trough NW-SE just west of Burketown
*16/17 ES 8 CYP, GC 9.4 231 0.8 1 1
*17/18 ES 9 CYP, GC 10.5 241 0.8 4 7
18/19 ES 6 CYP 8.0 219 0.1 6 NW-SE trough just N of Karumba
19/20 ES 5 CYP 9.2 220 0.1 9 Sthly surge met easterly surge in vicinity of Van
Rook
SS 5 WCYP, GC 1.7 003 0.4 2 Sthly surge met easterly surge in vicinity of Van
Rook
20/21 ES s CYP 7.8 219 0.3 15  Sthly surge met easterly surge N of Van Rook; SS
accelerating
SS 7 WCYP, GC 14,6 052 0.9 29  Sthly surge met easterly surge N of Van Rook; SS
accelerating
21/22 SS 16 CYP, GC 14.1 016 0.5 7  Strong surge, NW winds — S over whole area
ES: Easterly surge CYP = Cape York Peninsula
SS: Southerly surge WCYP = Western side of CYP (KO, KA, DU, MA, GR, VR)
* Used to check velocity GC = Gulif of Carpentaria (especially BB, MM, KO, MA)
separately over both MI = Mount Isa mines network, aperture approximately 80 km x 15 km, 8 stations
CYP and GC BK = Burketown area (BK, GD, DR)
1 Inspection suggests that D. R. Christie’s Burketown pressure events either definitely were, or may have been, related to the disturbances

detected crossing the Gulf. The remainder of his pressure events (31 in all) during the period came from the land, most from a southerly

direction.

Table 2. Mean speed, direction and vector standard deviation of surges over the Peninsula, and over the Gulf.

Cape York Peninsula

No. Speed Direction S.D.

Gulf of Carpentaria

Speed Direction S.D.

8 109 m s 249 deg. 2.1 ms*

11.1 m s 249 deg. 1.6 m s

How well the time data fit the hypothesis of a
straight line moving at constant velocity is illustrated
by an x’ —t diagram (Fig. 1). The points falling off
the line represent weekly barograph stations, except
for the Burketown area, where the fitting is not
perfect, due apparently to deceleration of the surge;
and stations Almaden and Chillagoe. In all cases
investigated, the surge arrives ‘early’ at the latter two,
indicating acceleration is occuring between there and
Highbury, in agreement with the model, shown in
Fig. 10, Part 1.

The most surprising feature of Table 1 is that
easterly surges occurred nearly every night on the
Peninsula. The exceptions are occasions of very
disturbed weather: a strong southwesterly

disturbance on 3/4, followed by fresh southeasterly
winds on 4/5 October; and the strong southerly surge
of 21/22 October.

The high frequency of easterly surges on the
Peninsula, and at Mornington Island, should be
contrasted with that at Burketown. Of the 17
observed on the Peninsula in 1981, only two (10/11
and 13/14 October) were definitely coherent with
those at Burketown, as shown by the detailed
microbarometer data of D. R. Christie in the
Burketown area.

During the late stages of the 1981 expedition (16
to 22 October) the diurnal processes responsible for
the mesoscale phenomena under discussion were
overshadowed by the movement of a northwest-
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Fig. 1 Showing the progression of a surge (13/14 October)
over about 600 km, in a direction towards 254 deg.

Fig. 2 Anemograms from:
(a) Macaroni 16/17 October 1981 (clock 1 min.

at 13.7 m s™'. Data used in the least squares fitting slow)
are enclosed in a square. Time (EST) is 10 hours (b) Van Rook 19/20 October 1981 (clock 10 min.
ahead of GMT; x’ is distance frcm the east coast slow) :
of the Peninsula. (¢) Van Rook 20/21 October 1981 (clock 14 min.
0o slow)
_ (d) Dunbar 20/21 October 1981 (clock 88 min. fast)
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southeast oriented trough moving slowly
northeastwards from Mount Isa to Karumba, and
on the 22nd over the Peninsula network. Southerly
surges were experienced on the Peninsula on 19/20,
20/21 and 21/22 October. The latter two had marked
effects at Dunbar station, respectively at about 0600
hr (‘the best morning glory ever seen at Dunbar’) and
about 0400 hr, a ‘whirlwind’ added colour to the
anemograph and barograph records?.

Another surprising feature observed is that
southerly and easterly surges can not only co-exist
on the Peninsula, but can interact, as the observers’
reports from Gilbert River on 19/20 October show:
the cloud lines were coming from the northeast, with
gusts and wavelike variations in surface pressure,
commencing 0429 hr. After the third wave, they were
reported to change direction and come from the
south, ultimately with changed orientation. A
somewhat similar event occurred the next night, but
the southerly surge reached the station first, followed
after 104 minutes by a change to the northeast.
Anemograph records for the nights of 16/17, 19/20
and 20/21 October are reproduced in Fig. 2, to show
the wave activity associated with the surges.

The waves are also reflected in the pressure p,, as
will be seen in Fig. 3. A particularly interesting set
of rate of change of pressure data was obtained in
October 1980 at Karumba, an example of which is
shown in Fig. 4, on a morning when a southerly surge
was experienced at Burketown (Smith et al. 1982),
but an easterly one at Karumba.

Aerological observations on the
Peninsula

It is‘important to establish upper temperature and
wind structure, and surface pressure, through the
surges.

Humidity does not appear to play an important
role,* although its effect on buoyancy may not be

’These observations are due to Mrs. D. Bird, a resident
at the station.
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Fig. 3 Surface pressure recorded with digital aneroid
barometers during bore passages. Four were
measured at Macaroni, and one at Gilbert River
(21/22). Times of passage listed in Table 4 are
shown by an arrow. The spectacalar waves for 9
October 1980 at Karumba were obtained by
integrating the trace in Fig. 4. ES means easterly
surge, SS southerly surge.
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negligible. Condensation certainly serves to make
some of the processes visible, and may act to enhance
vertical velocities, as found by Magata (1965) for sea-
breeze circulations. Most of the surges at Macaroni
(22 km inland) had at least one cloud line, unlike
those at Dunbar (106 km) in 1980, which had none.
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Fig. 4 Rate of change of surface pressure, dp,/dt,
recorded at Karumba, following a northeasterly
surge on 9 Cctober 1930. See Fig. 3 for the pressure
inferred from this record, obtained by A. Samah,
with an instrument kindly lent by the Department
of Physics and Space Science, Latrobe University.

Humidity was measured, and was used to compute
virtual potential temperature, but details are not
presented.

Wind parallel to the surge front also appears to
play no important part, except perhaps in
determining the orientation of the surge line in its
early stages. (The velocity of the surge lines of 7 to
9 October, when the ambient wind had a moderate
southerly component, averaged 10.9 m s towards
266 deg., while the remaining 11, when the wind was
lighter and less southerly, averaged 10.9 m s
towards 243 deg.)

While we have no convincing evidence that the
phenomenon is essentially two dimensional, it is
believed to be so, and we can only proceed further
with our analysis on the assumption that this is so,
and that changes in a frame of reference moving with
the surge are negligible compared with those along
a line normal to it at a given instant.

The important variables in the phenomenon are
surface pressure, p,, relative wind (u —c) normal to
the surge line, and 6,, the virtual potential
temperature.

Upper winds

The preferred representation of u is by means of
relative streamlines, as in Clarke (1961), computed
for each (30 seconds) observation of each pilot
balloon, by the formula, which neglects density
variations,

X

Z
¢pb(x’ Z) == (K)(upb - C)dZ + )S((wpb - ws)dx’

where y,,;, is the stream function (assumed to be
moving with the surge without change and to be =0
- at the ground) sensed by the balloon, ¢ the
propagation speed of the surge, x, is the distance
from the front at the moment of release, wy,, is the
observed rate of ascent of the balloon, and w its
rate of ascent in still air (assumed known). In ascents
where there is no evidence that air motion is affecting

W, the second integral is set to 0. When y,(x, z)

is plotted for all ascents relating to a particular surge,
the streamlines can be estimated by interpolation.
This has been done for all surges with at least one
balloon flight before and one after, at Dunbar
(1980), Macaroni-Gilbert River (1981), Karumba
(1980) and Burketown (1979, 1980, 1981). The results
are instructive, although the data are nearly always
too scanty for a satisfactory representation of .
Table 3 lists some of the salient features.
Columns 4 and 5 are intended to indicate the long
term (i.e. post wavetrain) raising, 6h, of the
steamlines by the disturbance. Unfortunately, flights
at Burketown and Karumba have not been continued
for long enough to discover whether 6h is comparable
there with that on the Peninsula. The choice of
¥ =5000 m*s (column 5) was dictated by the fact
that, although some v at higher initial levels, e.g.
7500 m?', frequently show a greater upward
displacement after the surge, its post-surge altitude
is sometimes too high to have been sensed.
Although data samples are small, there appears
to be a trend in some of the variables with increasing
distance from the east coast of the Peninsula. An
obvious one is the greatly decreased frequency of
surges at Burketown compared with the Peninsula,
where they are of almost daily occurrence. Another
is the apparent rapidly decreasing proportion of
those with u>c at any level after the surge and the
marked progressive decrease in the raising of the
streamlines (although this might possibly be due to
lack of observations), which might reflect the more
purely wavelike nature of the disturbance at a
progressively later stage in its history. This type of
evolution is illustrated by Christie et al. (1979, Figs
2b, 15a). The wake of positive u following the surge
appears to become weaker* with time and distance,
but this conclusion should be tested at a point in the
Gulf well away from the sea-breeze influences seen
in the wind records at Burketown. The ultimate case
was that reported in CSR of 29 September 1979 at
Burketown, where the whole disturbance, according
to the surface wind, was less than 20 km wide (in
the direction of propagation), after which it returned
to its pre-surge condition. Despite this, the aircraft
penetrations showed that the lifting of the isentropes
accompanying the bore remained after its passage.
That this should have been so is supported by the
behaviour of the surface pressure, which, after
corrections for tidal effects, remained high.
Table 3 also shows that vigorous wave activity
behind the leading edge of the surge usually begins
at distances of x’ = 350 to 400 km from the east coast

. at 2300 to 2400 EST, over the strip of land near the

west coast, whose overlying atmosphere has been
modified by the afternoon and evening sea-breeze.
Post-bore waves are formed in this strip, which

*The mean isobars of Neal et al. (1977) for ‘pressure jump’
days in the Gulf suggest that wind normal to the morning
glory line should gain energy by flow down the synoptic
pressure gradient. '
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Table 3. Characteristics of easterly surges measured at 4 different sites.

Column

Site ) No. 1 2 3 5 6 7 8 9
Dunbar <323 -109 6 1070+ 300 440*30 4 1 S-SSw
Macaroni — . :
Gilbert River 425 -22 14 1080+ 480 350+ 40. 13 8 S-SSw
Karumba 505 -10 2 465 325 .2 2 S-SSwW
Burketown 650 - 138 6 190+ 740 420+ 120 5 3 W-SSW
Explanation
Column 1: Distance (km) from the east coast of the Peninsula, measured in the direction of 247 deg. T.

2: The same as 1, but from the west coast.

3: Number of events for which balloon flights are available, and detailed surface pressure observations.

4: Number of surges for which u>c after passage, at some levels below 1000 m.

5: Upward displacement (m) of the y =5000 m?s™ relative streamline after the surge.

6: Height (m) of the ¥ =5000 m?s™ streamline before the surge.

7: Number of surges with p, rise =0.5 mb within the first half hour after arrival.

8: Number of surges with oscillations in p, of amplitude =0.5 mb behind the first rise.

9: Wind direction in the lowest 200 m before the surge.

is of the order of 100 km wide. Up to eight cloud
lines have been reported from Karumba. They do
not appear to increase in number continuously with
time, as in Favre’s (1935) water channel experiment,
but their behaviour over the Gulf has not been
documented. In the case of internal bores (Benjamin
1966) the rate of decay of post-bore waves, and hence
the number of waves detectable, is influenced by
factors such as mixing of the two layers, and surface
stress.

The waves, indicated by the surface pressure and

often by surface wind records, are reflected in the -

upper winds, as shown in the streamlines of CSR
(their Fig. 13) for Burketown on 4 October 1979.
Similar waves were found at Macaroni in 1981, but
the period of these waves is such that one theodolite
team cannot usually hope to capture sufficient detail.

Figure 5 depicts relative streamlines and p,
respectively at Macaroni for an event (a) with gravity
current and also undular bore characteristics; (b) and
(c) for two bores which are undular near their leading
edges (one with closed circulations) and (d) for one
which is not significantly undular.

These figures support the deduction that the
remains of the gravity current tend to lag further and
further behind the leading edge of the surge in the
period from about the commencement of its
encounter with a strongly sheared and stratified
environment, and suggest that a leading portion of
the disturbance may become undular when a certain
as yet unspecified critical condition is met.

Figure 6 portrays the v(x, z) field for the event of
16/17 October, which is interesting for showing that
strong vertical motion in the waves carries upwards

" the low momentum of the boundary layer, and other
features of the v-field are displaced upward following
the surge. This behaviour is found to be general in
the Peninsula west coast surges.

Temperature and humidity observations

The nearest routine temperature soundings (0915
EST daily) are at Mount Isa, some 500 km south-
southwest of Macaroni, so that normal atmospheric
structures over the Peninsula were a matter for
conjecture. We now know that the typical daytime
October temperature structure is a deep, thoroughly
mixed layer, up to a well marked inversion, the base
of which has an average height of 3600 m (663 + 33
mb for 23 flights). Above the inversion, which may
be as strong as 6 K in 5 mb, is normally a very stable

Fig. § Relative streamlines J(x, z), and pressure p, (x),

at Macaroni on (a) 16/17 (b) 10/11 (c) 17/18 (d)
7/8 October 1981. Dotted lines indicate the path
of balloons in the x, z system, observed by double
theodolite.
The systems are moving to the left, and x is dlstan,ce
from the leading edge of the disturbance.
Assumptions are: no change following the surge,
and no variation in the y-direction. (d) is the least
well documented of the series, because there was
no cloud to give warning, but pressure and wind
signatures were characteristic. Significant waves
were not observed, and no surge was detected over
the Gulf.
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Fig. 6 The field of v (x, z) on 16/17 October. (Wind
component parallel to the surge, positive towards
the south-southeast.) '
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layer extending up to 500 mb (5800 m) or higher,
above which lies a normal tropical upper
troposphere. A strong moisture lapse prevails in the
sea-breeze modified west coast air with dew-points
falling from typical surface values of about 18°C to
below 5°C at 500 m, decreasing to 0 or —10°C at
the base of the inversion at about 3.5 km. Above
this, no humidity was measurable by radiosonde. A
typical nocturnal sounding is shown in Fig. 7.

Fig. 7 A temperature, dew-point and wind sounding (for
2330 EST, 6/7 October) at Mazaroni, showing
typical structure over the western Peninsula at
night. The wind sounding for 6/7 is supplemented
by that on 14/15 October. One full barb indicates
10 m s,
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At night over the Peninsula the surface
temperature typically falls from about 35°C by day
to about 22°C by the time the surge arrives, but the
cooling over most of the Peninsula prior-to the surge
must be very shallow. No data are available but,
according to the numerical model which performed
well in the boundary layer at Hay (Clarke 1974), the
nocturnal pre-surge cooling inland was about 100 m
deep. In the west coastal strip, it has extended
through a substantially deeper layer, typically 900
m, and this appears to be of importance in the bore-
forming process. Model potential temperature and
wind profiles at four locations at 2300 EST are
shown in Fig. 8, as an example of the importance
of sea-breeze processes in modifying the structure
of the lowest 1000 m of the atmosphere.

A number of pre-surge virtual potential tem-
perature (and several post-surge) soundings, together






