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Expeditions to the Gulf of Carpentaria region of northern Australia in October 1981
and October 1982 to observe the ‘morning glory’ wind surge have yielded an
unprecedented amount of data. In this paper we present detailed case studies of the
four best documented northeasterly surges. Our investigations shed additional light
on the structure and evolution of these spectacular meteorological disturbances and
on the characteristics of the environment in which they propagate. They provide also
an important data base for future modelling studies.

Particular aspects of individual surges highlighted by this work include: the
remarkable uniformity of the pre-glory environmental wind structure at locations
around the Gulf coast despite the different onset times at these locations and the
different coastal orientations in their neighbourhoods; the apparent absence of a critical
level at which the disturbance speed equals the wind speed component in the direction
of disturbance motion; and the deep layer of cooling a few hours after the disturbance
passage observed to be an average of several degrees Celsius through a depth of about
2000 m as far west as Burketown in the only event for which such data are available.
Even with pilot balloon wind soundings made every five to ten minutes by two double
theodolite teams tracking different balloons, it is not possible to determine whether
there is a vertical phase tilt of morning glory waves and hence whether or not the
waves are trapped or vertically radiating. A limited comparison of pressure signatures
of disturbances in the directions of propagation and along the propagating front shows
clear evidence of evolution, but does not fit easily into the patterns that have been
suggested on theoretical grounds. This may be more a reflection of the limitations
of the data than of the applicability of the theory, but it has very definite implications
for the design of future observational experiments.

Introduction

Morning glory wind surges occur at all times of the
year, but most frequently in the late dry season (mid-
September to mid-November), at locations around
the southeastern part of the Gulf of Carpentaria in
northern Australia. The name morning glory has its
origin in the fact that disturbances are frequently ac-
companied by a spectacular low roll cloud or series
of such clouds, the grandeur of which is enhanced
when clouds appear on the eastern horizon around
sunrise as is common at certain locations in the
region. Observations made during an expedition to
the area in 1979 led to the identification of these
disturbances as having the structure of an at-
mospheric undular bore propagating on the low-level
nocturnal or maritime inversion layer (Clarke et al.
1981). It appears that the majority of surges travel
from the northeast sector, but some are known to
propagate from the southeast to southwest sector
(Christie et al. 1981; Smith et al. 1982). The oc-
curence of northeasterly disturbances appears to be
favoured by a synoptic-scale ridge of high pressure

155

along the east coast of Queensland with associated
northeasterly to northerly geostrophic winds over
Cape York Peninsula. The data obtained so far sug-
gest that their generation is a result of interaction
between the east coast sea-breeze penetrating deep-
ly over the Peninsula and the sea-breeze from the
west coast. Inland penetration of the west coast sea-
breeze is opposed by the geostrophic wind, whereas
the westward movement of the east coast sea-breeze
is assisted by the synoptic flow and possibly also by
some katabatic drainage on the western slopes of the
Peninsula during the late evening and night. Accor-
dingly, interaction of the two sea-breezes occurs
relatively close to the west coast in the late evening,
at about 2200-2300 EST', and the resulting distur-
bances continue to propagate throughout the night
and early morning, maintaining a remarkably
uniform speed of around 10 m s~! in an approx-

1. All times quoted are Australian Eastern Standard Time
(=GMT + 10 hours).
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imately southwesterly direction. An up-to-date
discussion of genesis is provided by Clarke (1983b).
A summary of earlier work on the phenomenon is
given in Clarke et al. (1981).

During the two-week 1979 expedition?, the results
of which were reported by Clarke et al. (1981), data
obtained over Cape York Peninsula were in the form
of surface wind and/or pressure from an array of
Woelfle anemographs and recording micro-
barographs. More detailed observations were made
at Burketown, further to the west, where distur-
bances could be expected to arrive after first light.
Measurements there included wind observations by
pilot balloons (pibals) and temperature and humidity
soundings obtained from an instrumented light air-
craft. In the two most recent expeditions in 1981 and
1982, results of which are reported here, different
observational networks were employed. In the large
1981 expedition, pibal wind measurements were
made at three locations in the region: Burketown,
Karumba, and Macaroni Station (Fig. 1).
Anemographs were deployed at each of these places
and at Gregory Downs, at Birri Beach on the north
side of Mornington Island, and at several locations
on Cape York Peninsula. Temperature and humidi-
ty soundings were made at Burketown, again using
a light aircraft, and at Macaroni Station using
radiosondes. Activities in 1982 were confined to
Burketown, and included radiosonde flights and
pibal wind measurements. The latter were made by
two double theodolite teams tracking different
balloons which were released at staggered intervals.
In this way it was sought to achieve a better resolu-
tion of the disturbance wind structure than previous-
ly obtained, thereby improving the resolution possi-
ble in the derived relative streamline pattern cor-
responding with the component bore waves. During
the 1982 expedition, anemographs were deployed at
Karumba, Inverleigh Station, Augustus Downs Sta-
tion, Kamilaroi Station, Mornington Island Mission
Station, and at Burketown.

The three-week expedition in October 1981 coin-
cided with a period in which conditions were general-
ly unfavourable for morning glory propagation
across the Gulf and only three?® significant distur-
bances were recorded in Burketown (two from the
northeast on the 11th* and 14th and a rather weak
one from the southeast on the 21st) compared with
nine in Karumba (including two from the south, one
on the 20th and one on the 22nd). At Macaroni Sta-
tion significant disturbances were recorded on most
nights, either from the northeast sector or from the
south, with disturbances from both directions on the
19th/20th and 20th/21st. Analyses are presented here
of data for the 1981 disturbances of the 10th/11th
and 17th/18th, both from the northeast. The former
was well documented at all three pibal stations and
is in many respects the best-documented morning
glory to date (except that its thermal structure was

2. The expedition is described by Smith and Goodfield (1981).

Fig. 1 Map of Cape York Peninsula and the Gulf region
showing the location of the pibal and anemograph
stations used in the various experiments.
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less well determined than that of the two events of
1979 described in Clarke et al. 1981). The latter was
observed as a significant disturbance at Macaroni
Station and Karumba and was recorded at Morn-
ington Island, but was barely detectable at
Burketown. A comparison of these two 1981 events
raises a number of questions concerning propaga-
tion requirements for disturbances and the lateral
scales of uniformity along them. For a summary of
the other surges that were observed during the 1981
expedition, mostly over Cape York Peninsula, the
reader is referred to Clarke (1983b), especially Table
1 therein.

Five morning glories were recorded during the
sixteen-day expedition in October 1982, including
one from the southeast sector on the 15th of
moderate intensity, but without cloud. Analyses of
two are presented here: those of the 20th and 25th.
The former is the best documented so far in regard
to low-level wind structure, with twenty pibal ascents
during the five-hour period 0500 to 1000. The latter
is one of the most intense disturbances so far record-
‘ed during these expeditions. It was accompanied by
massive cloud formations, the low base of which
frustrated attempts to obtain detailed wind structure
using pibals; it is, however, the only disturbance in

w

. Compare with the nine-day period in October 1980 during which
six disturbances occurred on six consecutive mornings, two of
them from the south (Smith et al. 1982).

ks

Herein, ‘11th’ refers to 11 October of the relevant year;
“10/11th’ refers to the evening of the 10th and the morning of
the 11th etc.
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Fig. 2 Aerial photograph of the morning glory cloudlines on the 11th taken near the coast roughly northeast of Burketown.

View is towards the east.

i

which a sequence of temperature and humidity soun-
dings has been made as far west as Burketown, in-
cluding ascents well in advance of the disturbance
and well behind it. These soundings are of particular
importance as they show a deep and significant cool-
ing following passage of the disturbance.

The four case studies

Event A: 10/11 October 1981

An aerial photograph of the cloud lines associated
with this event is shown in Fig. 2°. Attention is drawn
to the smoothness of the leading wave cloud line
compared with those following, an aspect which is
discussed later.

The synoptic situation. As exemplified by the Bureau
of Meteorology MSL isobaric analysis for 0600 on
the 11th shown in Fig. 3, the synoptic situation for
northern Queensland was fairly stationary with a
ridge of high pressure along the east coast, a cor-
responding onshore geostrophic wind component
along the coast and northeasterly to northerly
geostrophic winds over Cape York Peninsula. This
situation is believed to be especially favourable for
morning glory occurrence (Clarke et al. 1981).

Surface network data. The arrival times of the distur-
bance at Macaroni Station, Karumba, and

5. A photograph of the cloud about one hour later from
Burketown appears on the front cover of the Bulletin of the
American Meteorological Society, June 1983.

Burketown, taken to be the times of the leading sharp
pressure rise, are 0123, 0334 and 0710, respectively.
For definiteness, we have taken the arrival time as
the time corresponding with the middle pressure of
the steepest part of the pressure trace, since the
leading rise extends over a few minutes. To within
the accuracy of the anemograph record, the above
times are synchronous with the onset times of the
leading wind gust, marked by a well-defined change
in slope of the wind run on the anemograph trace.
With the assumption that the leading pressure jump
line is straight and of constant orientation, these
times give an average velocity of translation between
Macaroni Station and Burketown of 11.1 (£0.2) m
s7! from the direction 075 (+5) deg. The error
bounds are estimated on the basis of the maximum
possible error when each arrival time is two minutes
in error and are considered to be extreme. Indeed,
based on the velocity 11.1 m s~! from 075 deg., the
deduced arrival time at Birri Beach is 0646, exactly
the observed onset time of the leading wind gust at
that station to within the measurable accuracy of
about +2 minutes. This supports the assumptions
(straight-line front, constant orientation) on which
the calculation is based and we use this velocity for
the purpose of converting time sections of quantities
to spatial cross-sections relative to the moving distur-
bance. Finally, we note that the calculated velocity
of movement agrees closely with the value 10.9 m
s7! from 077 deg. obtained by Clarke (1983b,
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Fig. 3 Bureau of Meteorology MSL isobaric analysis for 0600 on the 11th (Event A). Note that the observations for 2100
GMT are taken one hour earlier (0600) in the eastern States.
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Table 1) as a mean for eleven stations, including ones
on Cape York Peninsula.

Time series of surface pressure at the three pibal
stations, obtained from sensitive, manually-operated
digital aneroid barometers, are displayed in Fig. 4.
Measurements were made every few minutes until
about ten minutes before the disturbance arrived;
thereafter the frequency was increased to two per
minute. Since primary interest is centred on the com-
parison between stations, these pressures have not
been corrected by subtracting the mean diurnal varia-
tion for October as done by Clarke et al. (1981)¢.
In each case the abscissa, corresponding with time
increasing, has been converted to distance x behind
the leading edge of the disturbance. This time-to-

6. This is not, in any case, a wholly satisfactory procedure as the
base data are of limited accuracy and are themselves biased by
morning glory occurrences which are frequent at this time of
year. However, when interpreting the pressure traces, it should
be kept in mind that at Macaroni disturbances tend to occur
an hour or so before the first mean semi-diurnal minimum, at
Karumba at about the minimum, and at Burketown an hour
or so after the minimum. The disturbance at Macaroni is
observed, therefore, against a background of falling pressure,
that at Karumba as the pressure rises from its minimum, and
at Burketown against a steadily rising background pressure.
Variations both in phase and in amplitude of the semi-diurnal
variation, together with changes in arrival time of the distur-
bance (which may amount to as much as several hours), sug-
gest that removal of the diurnal pressure variation may be
difficult.

space conversion uses the speed of movement given
above, and within the accuracy of the conversion
gives some idea of the horizontal scales of the distur-
bance structure.

It is clear from Fig. 4 that the disturbance evolves
as it propagates approximately along the line from
Karumba to Burketown. It is tempting to make
deductions from the time series about this evolution
in the light of some general results of bore theory,
an excellent summary of which is given in the pre-
sent context by Christie et al. (1978); see also Christie
and Muirhead (1983b). Briefly, it is known for bores
on water that the more intense disturbances have a
sharp jump in water level with a corresponding sharp
jump in pressure, whereas weaker bores tend to be
undular in character (see, for example, Lighthill
1978, especially pp 466-7 and references). Solutions
of the initial value problem for the Korteweg-deVries
(KdV) equation, appropriate to the water wave case,
indicate that an initial surge with an abrupt rise in
water level propagating on water of uniform depth
at rest will subsequently develop wave-type undula-
tions at its leading edge (e.g. Vliegenthart 1971; Eg-
ger 1983). These eventually separate out into a train
of amplitude ordered solitary waves, the leading
wave having the largest amplitude (a result of the
increase in solitary wave speed with amplitude). The
theory for internal undular bores in stably stratified
fluids is less well developed, although it seems
reasonable to expect broadly similar results. Indeed,
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Fig. 4 Time series of surface pressure at Macaroni Station,
Karumba, and Burketown on the 11th (Event A).
The time axis has been converted to distance nor-
mal to the disturbance front (x = 0) as described in
the text, with x negative ahead of the disturbance.
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Christie and Muirhead (1983a) have obtained similar
results by integrating the Benjamin-Davis-Ono
(BDO) equation (Benjamin 1967; Davis and Acrivos
1967), which is the deep fluid counterpart of the KdV
equation and more closely models the atmospheric
‘situation and, in particular, the morning glory.

Christie et al. (1979, p 4964) invoke the foregoing
results to infer that certain observed disturbances
(shown in Fig. 4 of their paper) which do not show
waves at their leading edge correspond with early
stages in the evolutionary process of an intrusively-
generated disturbance. Such an inference would ap-
parently be misleading if applied to the surface
pressure signatures of Event A, since the least un-
dular of the three signatures is that at the latest stage
at Burketown. We might, with the foregoing results
in mind, conclude that the disturbance must increase
in intensity as it propagates between Macaroni and
Burketown on the basis that it appears to develop
from an undular to a jump-like bore. Possibly such
intensification might arise from changes in the local
propagation characteristics of the environment into
which the disturbance is moving (a possibility which
is being analysed in greater detail), but it must be
admitted that the fact of intensification is by no
means clear from Fig. 4, nor are causes of likely in-
tensification clear at this stage.

Several points may be noted. Karumba is not in
line of propagation from Macaroni, but about 75 km
distance (roughly 10 wavelengths) along the front.
Little information is available on lateral homogenei-
ty, but it is possible that differences in pressure
signature between Macaroni and Karumba arise
primarily from inhomogeneities in amplitude and
structure along the disturbance front rather than
from its evolution. If such differences do exist,
however, they can have little effect on propagation
speed or the disturbance front would become curv-

ed, contrary to the evidence from onset times through
the observing network. In contrast, Burketown lies
approximately on the propagation ray from Karum-
ba at about 140 km distance. Comparison of the
Karumba and Burketown pressure signatures show
signs of attenuation rather than intensification, and
of tilting with the advancing semi-diurnal pressure
wave; it shows little sign of the evolution suggested
by Christie et al. (1978). It would be misleading,
however, to conclude that the theory is inapplicable,
but simply that pressure data from only a few sta-
tions are inadequate for the study of disturbance
evolution, especially when they depart significantly
from a line along the direction of disturbance
movement.
The pre-glory environment. Figure 5 shows, as a
function of height z, the pre-glory horizontal wind
components u, v, calculated relative to coordinate
axes (X, y, z) with x in the direction (in this case 079
deg.) from which the disturbance moves, at the three
pibal stations. At all stations there is a low-level flow
towards the approaching disturbance, peaking bet-
ween 200 m and 300 m and reversing at about 500 m.
At larger heights this wind component is in the direc-
tion of propagation, but is everywhere (at least below
2 km) significantly less than the disturbance speed
so that there is no critical level’. The close similarity
between the three normal components at low levels,
say below 500 m, is remarkable, especially in view
of the different locations of the pibal stations in rela-
tion to the local orientation of the coastline and the
different ascent times. For example, at Macaroni the
low-level flow toward the disturbance at 0036 cor-
responds presumably with the remnants of the west
coast sea-breeze on the Peninsula, whereas at
Burketown at 0632 the low-level flow is most likely
attributable to a land breeze. At Karumba at 0202
any land breeze might be expected to have a
significantly different orientation to that at
Burketown and this may be reflected in the slightly
different features in both u and v profiles below 200
m. Otherwise, the v profiles are somewhat similar,
this wind component being generally a little stronger
at Macaroni than at the other two stations. Note that
the low-level maximum towards the disturbance is
slightly stronger at Karumba than at the other sta-
tions and this might be a factor determining the
obscrved intensity and structural changes as reflected
in the surface pressure signatures presented earlier.
The vertical profiles of virtual potential
temperature 6, at Macaroni station and Burketown
in the pre-glory environment are shown in Fig. 6;
profiles are not available for Karumba. The first was
obtained from a radiosonde sounding, the second
from a Viisdld temperature and humidity probe
mounted on a light aircraft. Comparison of the two

7. While pibals have not usually been tracked above about 3 km,
it is normally the case at this time of year at these latitudes for
the easterly wind component to diminish with height above 2
km and to be replaced ultimately by a westerly component.
Thus critical levels in the troposphere are unlikely.
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Fig. 5 Pre-glory horizontal wind components (u, v) normal to and parallel with the disturbance front as functions of height
z at Macaroni Station (0036), Karumba (0202), and Burketown (0632) on the 10/11th (Event A). Times in brackets
under place names denote times of the pressure jump at these stations.
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profiles shows that below about 900 m the environ-
ment at Burketown is rather more stable than that
at Macaroni. These differences can better be gaug-
ed from Table 1 which lists the mean buoyancy
period in the first few two hundred metre thick layers
at each station. Above about 1 km, the lapse rate
at Burketown is close to dry adiabatic at least to 3
km, the maximum height flown by the aircraft. The
sounding at Macaroni shows that the near neutral
layer appears typical for the location and season
(Clarke 1983b, p 152). The relatively deep neutral
layer, presumably the result of convective mixing
over the land during the previous day, should play
an important role in trapping the disturbance energy
in the lower atmosphere, confining it principally to
the stable layer. Detailed theoretical calculations for
the disturbance speed for this event at Macaroni Sta-
tion and Burketown, and for Events B and C, are
to be presented in a separate paper (Noonan and
Smith 1984).

Disturbance wind fields. Figures 7 and 8 show the
x-z isotach cross-sections of wind components u(z)-c
and v(z) relative to the moving disturbance at
Macaroni Station and Burketown, respectively. Here
¢, the disturbance propagation speed, is negative and
as before the cross-sections are constructed assum-
ing a time-to-space conversion with x now measured
relative to the moving disturbance front.
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Table 1 Mean buoyancy period T, in minutes in the
first five two-hundred metre thick layers at
Burketown and Macaroni Station in the pre-
glory environment.

Layer Macaroni Burketown
T, Ty
0- 200 m 5.7 2.9
200- 400 m 5.8 5.6
600- 800 m 6.8 14.0
800-1000 m 10.7 14.0

The u-c cross-sections highlight the uniformity of
the pre-glory environment in the x-direction, both
in time and space, and show that at no point sampl-
ed by balloons is u-c negative. Thus there are no
regions where flow is advected with the disturbance.
This is conclusive evidence that, even at Macaroni
Station, the disturbance does not have the structure
of a simple gravity current. Note that strong horizon-
tal gradients of u-c accompany the disturbance at low
levels, especially following its passage. An interesting
feature of the u-c field at Macaroni is the sharp up-
ward peak in contours near x =0, based on a balloon
ascent virtually at the disturbance front. Here the
vertical motion is large, as evidenced by the substan-






