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ABSTRACT

This paper presents an observational study of the structure and behavior of cold fronts over central Australia
during the late dry season, a time of year when the prefrontal convectively well-mixed layer is particularly deep.
The study is based on the results of the Central Australian Fronts Experiments (CAFE) held in 1991, Three
fronts were documented in unprecedented detail for the Australian region using a greatly enhanced surface-
observing network and a boundary layer wind profiler, as well as serial upper-air soundings. Data on the surface
energy balance were obtained also. ’

A common feature of the fronts observed during CAFE was that they were dry, shallow (~1 km deep), and
moved into a deep (~4 km) convectively well-mixed boundary layer. One of them initiated major dust storms
across central Australia. A prominent feature of the fronts was the marked diurnal variation of their surface
signature as they moved through the network. Noteworthy was the tendency during the night for the initiation
in the accompanying trough of undular borelike structures or other nonlinear wave disturbances that moved
ahead of the main airmass change. One well-documented case illustrates the generation of a southerly moming
glory bore wave in the southern Guif of Carpentaria region. During the daytime, fronts over central Australia
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are difficult to locate from surface data and appear to decelerate and to weaken greatly. Some dynamical aspects

of the observations are discussed.

1. Introduction

The impetus for the present study originated in at-
tempts to explain the origin of certain nocturnal wind
surges observed in the southeastern part of the Gulf of
Carpentaria region of northern Australia. On occasion
these wind surges lead to spectacular cloud formations
known locally as ‘‘morning glories.”” They are also of
fundamental meteorological interest, being the exam-
ple, par excellence, of an undular bore wave distur-
bance in the lower atmosphere, the atmospheric equiv-
alent of undular bores on tidal rivers. Their occurrence
poses a significant analysis problem in the data-sparse
region of northwestern Queensland (Smith et al.
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1986). Up-to-date reviews are to be found in Smith
(1988) and Christie (1992).

Morning glory wind surges originate predomi-
nantly from two directions: from the northeast and
from the south. Research during the last decade has
shown that northeasterly wind surges are generated
by the collision of the east and west coast sea breezes
over Cape York Peninsula (see, e.g., Clarke et al.
1981; Noonan and Smith 1987), but the generation
mechanism for southerly surges remains uncertain.
Physick and Tapper (1990) have shown that the large
sal¢ lakes of central Australia are possible sources of
solitary wave—type disturbances, while katabatic
drainage has been implicated also (Clarke 1972).
Nevertheless, there is strong circamstantial evidence
that most southerly wind surges are associated with
the passage of cold fronts across central Australia

(Christie et al. 1981; Smith et al. 1986; Smith and
Ridley 1990).
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Attempts to establish a clear link between southerly
wind surges and cold fronts raise fundamental ques-
tions concerning the structure and dynamics of sub-
tropical continental cold fronts themselves. We soon
came to realize that this is a subject of considerable
relevance to the meteorology of the Australian tropics
in its own right, but one that has received relatively
little attention by researchers until recently. This is de-
spite the difficulties encountered in analyzing such
fronts over central and northern Australia. One diffi-
culty, of course, is that the routine data network is to-
tally inadequate for a proper study and is rarely ade-
quate even for the analysis of synoptic fronts. The be-
havior of continental cold fronts in the dry subtropics
is of intrinsic scientific interest also because they move
into an air mass that is convectively well mixed through
a considerable depth, typically 3—4 km over central and
northern Australia in the late dry season.

The Central Australian Fronts Experiment (CAFE)
was organized to provide a dataset on subtropical cold
fronts that could be used to answer some of the basic
questions about frontal structure and behavior, and to
confirm or reject predictions provided by future model
simulations. The experiment ran from 7 September un-
til 4 October 1991 and documented three cold fronts in
considerable detail. As a preliminary to this, a rather
modest pilot experiment was organized in September
1988 to investigate the vertical structure of cold fronts
as they passed over Mount Isa (21°S, 139°E). We shall
refer to this as the pre-CAFE experiment. Three frontal
passages were documented during pre-CAFE also and
the results were reported by Smith and Ridley (1988).

The present paper contains an analysis of findings
from CAFE, highlighting common features of the
fronts observed. It is organized as follows. The objec-
tives and network design of CAFE are described in
section 2. Section 3 presents a synoptic overview of the
three CAFE events. Mesoscale aspects and the vertical
structure of the CAFE fronts are considered in section
4. Section 5 contains a brief analysis of surface flux
data during frontal passages. Theoretical issues are
raised in section 6 and this is followed in section 7 with
the conclusions, which include a summary of the prin-
cipal characteristics of fronts studied.

2. CAFE: Aims and experimental design
Two major aims of the CAFE experiment were

(i) to investigate the structure and behavior of sub-
tropical cold fronts that affect central and northeastern
Australia;

(ii) to investigate the interaction of subtropical cold
fronts with the developing nocturnal inversion and the
generation of propagating borelike or solitary wave dis-
turbances.

Accordingly, the experiment was designed to provide
a greatly enhanced surface data network, in particular
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to the southwest, to the east, and to the north of Mount
Isa. This network, together with the orography of the
region, is shown in Fig. 1. Two types of station were
installed: a series of 10 fully automated stations re-
cording wind speed, wind direction, wet-bulb temper-
ature, dry-bulb temperature, and pressure; and 12 high-
resolution micropressure and temperature recording
stations. In addition, a full energy balance station was
established at Hughenden to enable the measurement
of radiative, sensible, and evaporative heat fluxes dur-
ing the passage of fronts.

The operations center was located at the Bureau of
Meteorology Mount Isa Office, which is a routine up-
per-air station and where the normal facilities of a fore-
cast office were available. Two extra upper-air stations
were established at Hughenden and Burketown using
Viisilda Marwinsonde equipment and additional upper-
air soundings were made at the bureau stations at Alice
Springs and Mount Isa, prior to and after frontal pas-
sages. :

An important facility available to the experiment was
the microwave (914 MHz) boundary layer wind pro-
filer operated by Mount Isa Mines Ltd. (Restall and
Shyu 1991). The profiler provided three-dimensional
wind fields up to a height of 3—4 km, depending on
conditions, with a vertical resolution of about 100 m.
Soundings of this type were available as averages every
5 min.

3. A synoptic overview of the CAFE cold fronts

To set the scene for the analysis of frontal structure
and evolution in the next section, we review the broad-
scale synoptic settings for the three cold fronts that
were documented during the CAFE experiment, hence-
forth referred to as CE1, CE2, and CE3.

The mean sea level pressure (MSLP) and the 1000-
mb dry-bulb and wet-bulb potential temperature anal-
yses presented have been constructed objectively using
the Bureau of Meteorology analysis scheme. The latter
is part of a limited-area assimilation system that has a
horizontal resolution of 150 km:; it is described by Mills
and Seaman (1990). In this paper we will define the
front by the axis of maximum relative vorticity. This
definition is consistent with the modeling results of
Reeder and Smith (1988) and Reeder et al. (1991),
who showed that the axis of maximum relative vorticity
provides a robust indicator of frontal position even in
the presence of strong differential surface heating. For
the most part, this definition is consistent with common
usage; as may be seen in the synoptic analyses dis-
cussed below, in central and northern Australia, the
axis of maximum relative vorticity roughly marks the
leading edge of the airmass change. In the southern part
of the continent, the airmass change is less well defined
than in the north and the relative vorticity axis provides
an objective means of defining the (albeit weak ) south-
ern part of the front. In addition to the fronts as defined
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FiG. 1. Map showing the orography and the distribution of stations in the CAFE network.

above, the axes of maximum relative vorticity associ-
ated with the two heat troughs in the northern part of
the continent (the Western Australian and Queensland
heat troughs) are shown on the MSLP analyses. As
discussed below, it would appear that the horizontal
temperature gradients associated with these heat
troughs provide the background field for frontogenesis
in the Australian subtropics.

a. Event 1

This cold front was associated with a low pressure
system that originated as a secondary development, that
is, a frontal wave, on a long northwest—southeast-ori-
ented cold front that, traveling northeastward, crossed
the southwestern corner of the Australian continent at
about 0600 EST' 8 September 1991. The following

! Australian eastern standard time is UTC + 10 h.

day, at 2100 EST, the low had deepened and was cen-
tered just south of Adelaide at approximately 36°S,
137°E, and the axis of maximum relative vorticity was
analyzed to lie along a line extending approximately in
a north-northeasterly direction from the low (Fig. 2a).
Much farther east, an anticyclone over the Tasman Sea
extended a broad ridge along the east coast of Australia,
although pressure gradients over much of eastern Aus-
tralia were generally weak. A pronounced trough ex-
tended from the surface low located just to the south
of the continent through to the northeastern corner of
Western Australia. :

The northern part of the trough was associated with
prominent maxima in the 1000-mb potential tempera-
ture (Fig. 2b), and in the cyclonic relative vorticity
(Fig. 2a). Such low-level temperature maxima arise
through differential daytime heating and orographic ef-
fects and are common features of the analyses at this
time of the year (Fandry and Leslie 1984; Adams 1986;
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FiG. 2. Australian Bureau of Meteorology objective analyses showing the synoptic conditions for CAFE event 1. (a) Mean sea
level pressure, (b) 1000-mb dry-bulb potential temperature, and (c) 1000-mb wet-bulb potential temperature for 2100 EST 9
September. (d) Mean sea level pressure, (e) 1000-mb dry-bulb potential temperature, and (f) 1000-mb wet-bulb potential temper-
ature for 0900 EST 10 September. Shown also in panels (a) and (d) are the axes of maximum relative vorticity associated with
the two heat troughs in the northern part of the continent; the regions in which the cyclonic relative vorticity as analyzed on a
150-km resolution grid exceeds 4 X 107° s7'; and the axis of maximum temperature gradient at 950 mb. The shaded areas in
panels (b) and (d) are where the potential temperature gradient exceeds 2 K (100 km)™'.
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Leighton and Deslandes 1991; Kepert and Smith
1992). Note that the strongest potential temperature
gradients, highlighted by the shaded region in Fig. 2b,
occurred on the southwestern flank of the heat trough.
The wet-bulb potential temperature (Fig. 2c) is less
sensitive to diurnal variation in the surface sensible
heating and provides a good indicator of the airmass
change.

At 0900 EST 10 September, the parent low had deep-
ened further and its center now lay near 36°S, 142°E.
The relative vorticity axis associated with the low had
moved farther eastward and appeared in the Bureau of
Meteorology objective analysis to be southeast of
Mount Isa where its orientation was almost north—
south (Fig. 2d). At this time, as shown by the cyclonic
relative vorticity maxima in Fig. 2d, the Western Aus-
tralian heat trough had become displaced several hun-
dred kilometers eastward and was part of a northwest—
southeast-oriented front, as defined by the axis of max-
imum relative vorticity, just to the southwest of Mount
Isa. Figure 2f shows that a pronounced airmass change
accompanied the passage of the front through the
CAFE network. In contrast, the airmass change was
poorly defined in the south of the continent. At about
0930 EST, the trough line crossed Mount Isa, accom-
panied by strong squally winds and blowing dust,
which severely reduced visibility for the following 8 h
and necessitated the closure of Mount Isa airport for a
period. Strong ridging occurred behind the airmass
change as it advanced across the CAFE network. Dur-
ing the day the airmass change appeared to stall to the
east of Mount Isa. Subsequently, the change acceler-
ated during the early evening, reaching Hughenden at
about 2030 EST. The front—trough system crossed the
entire CAFE surface network in under a day, the west-
ern section between Alice Springs and Mount Isa dur-
ing the night and early morning, the eastern section
between Mount Isa and Hughenden during the daytime
and early evening.

b. Event 2

The synoptic situation had many similarities with
that of CEl. Again the low with which the cold front
was associated formed as a secondary development on
a long northwest—southeast-oriented front as the latter
approached the continent from the Southern Ocean,
southwest of Western Australia. At 0900 EST 15 Sep-
tember, the low center was situated at approximately
40°S, 121°E with its cold front again trailing to the
northwest over the southwest corner of Western Aus-
tralia. In the following 24 h the low center and its as-
sociated cyclonic vorticity maximum had moved east-
ward to about 39°S, 132°E, and the cold front was an-
alyzed to have just entered the southwest corner of the
Northern Territory, some 300 km southwest of Alice
Springs. Twelve hours later, at 2100 EST 16 Septem-
ber, the cold front was analyzed to be southeast of
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Mount Isa (Figs. 3a—c). On the other hand, the trough
extending between the two northern cyclonic relative
vorticity maxima, which characterize the Western Aus-
tralian and Queensland heat lows, was oriented north-
west—southeast and over western Queensland lay to the
southwest of Mount Isa. As shown in Fig. 3c, the air-
mass change was positioned southwest of Mount Isa at
this time also. In common with the first event, in the
northern part of Australia the trough was associated
with a pronounced maximum in the 1000-mb potential
temperature (Fig. 3b). Later that night, at 0020 EST
the front passed through Mount Isa where the winds
veered sharply from a 3—-4 m s ™! northerly to a gusty
southerly of around 5—10 m s ~'. The following morn-
ing at 0900 EST 17 September, the cold front was an-
alyzed at the eastern limit of the CAFE network, to the
east of Hughenden (Figs. 3d—f). The airmass change,
as reflected in the wet-bulb potential temperature, pen-
etrated into northern parts of the CAFE network (Fig.
3f). In contrast to CE1, CE2 crossed the western part
of the CAFE network during the daytime and early eve-
ning and the eastern part during the night and early
morning.

c. Event 3

This event began in a similar way to the two earlier
ones, the main differences being that secondary devel-
opment on the existing front did not occur until the front
was already over South Australia, and the strength of the
ridging behind the front was comparatively weak. The
Bureau of Meteorology objective analyses for 2100 EST
1 October 1991 are shown in Figs. 4a—c. A prominent
feature of the analysis is the Western Australian heat
trough, which is highlighted by the shaded region in
Fig. 4a. At this time the northernmost part of the cy-
clonic vorticity axis associated with the extratropical
low, that is, the analyzed front, lay some 200 km south-
west of Alice Springs. The situation one day later is
shown in Figs. 4d—{. At this time the low had stalled
over western New South Wales; its central pressure was
unchanged from the previous day, and the front weak-
ened. This pattern remained more or less stationary
throughout the following day with the ridge to the west
of the low steadily extending northward. Thereafter, the
pressure gradients weakened in situ. While weaker in
northern Australia than the first two events, the meso-
scale aspects of this front over the eastern part of the
CAFE network are of interest and are described in de-
tail in section 4.

d. Summary and comparison with the pre-CAFE
fronts

The synoptic analyses presented in Figs. 2—4 show
that the subtropical part of the front was fundamentally
different in character to that in the southern part of the
continent, and to some extent, these were independent
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FiG. 3. Australian Bureau of Meteorology objective analyses showing the synoptic conditions for CAFE event 2. (a) Mean sea
level pressure, (b) 1000-mb dry-bulb potential temperature, and (c) 1000-mb wet-bulb potential temperature for 2100 EST 16
September 1991. (d) Mean sea level pressure, (¢) 1000-mb dry-bulb potential temperature, and (f) 1000-mb wet-bulb potential
temperature for 0900 EST 17 September 1991. Legend otherwise as in Fig. 2.
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of each other. In particular, in the subtropics, the front
appeared to be closely tied to the heat trough and was
accompanied by a pronounced change in the air mass.
Another distinguishing feature was the strong ridging
and cold-air advection that accompanied the subtropi-
cal airmass change. Conversely, the extratropical front
was characterized by a weak airmass change and its
motion appeared to be linked closely to that of the ex-
tratropical cyclone.

The broad-scale synoptic conditions for CEl and
CE2 were similar to those that occurred during pre-
CAFE, the most notable difference being that the parent
lows developed much closer to the continent. During
pre-CAFE, the parent low centers were all poleward of
48°S. In all these five cases, strong postfrontal ridging
occurred over central Australia, and the systems re-
mained mobile, traversing the entire continent. In CE3
the ridging was weaker and more localized and the
whole system stagnated and decayed over the conti-
nent.

4. Mesoscale aspects of frontal evolution

In each of the three CAFE events, at least after sun-
set, a marked pressure disturbance was observed to pre-
ceed the airmass change, the main exception being at
Harts Range during CE1 (see below). During the day,
however, at least from late morning to around sunset,
it was difficult to identify the frontal passage from the
surface data. A notable difference between the two
strong frontal systems, CE1 and CE2, was the different
time of day that their leading edge passed a particular
station, a difference typically of 9 h. This had clear
implications with regard to the frontal structure, which
in both cases underwent a significant diurnal variation.
Again we consider briefly each event in turn.

a. Event 1

This passed through Alice Springs at 2355 EST 9
September at which time there was an abrupt wind shift
from the west to south-southwest, an abrupt increase in
surface wind speed, a small temperature rise (about
1°C), and a pressure jump of about 0.5 mb. Radiosonde
soundings at Alice Springs airport at 2100 EST 9 Sep-
tember about 2 h before the passage and at 0900 EST,
some 10 h after the event, showed appreciable cooling
in the lowest 2.5 km above ground level (AGL)—
indeed, over 15°C in the lowest kilometer (Fig. 5).
Such cooling is consistent with the synoptic analyses
of potential temperature at 2100 EST 9 September and
0900 EST the next day displayed in Figs. 2b and 2e.
The mixed-layer depth before the arrival of the front
was over 3 km AGL. The frontal zone moved north-
eastward, the leading pressure jump reaching Mount
Isa at 0930 EST 10 September. However, the pressure
jump was difficult to identify from surface data north
of Thorntonia Station (1043 EST) and to the east of
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FiG. 5. Vertical profiles of potential temperature and virtual poten-
tial temperature, 6(z) and 6,(z), in the prefrontal and postfrontal air
mass at Alice Springs for the first event during CAFE. The frontal
passage at Alice Springs occurred at 2355 EST 9 September.

Julia Creek (1143 EST), that is, during the late morn-
ing and afternoon when there was strong convective
heating. Later, in the evening (2020 EST), the airmass
change was observed to pass through Hughenden.
The nocturnal evolution is of particular interest. At
Harts Range (Fig. 6), some 300 km northeast of Alice
Springs, the frontal passage at 0225 EST was charac-
terized at the surface by a single change marked by a
sudden increase in wind speed from almost calm con-
ditions, a change in wind direction, and a sharp tem-
perature rise (~7°C), but heralded only a gradual rise
in pressure with no pressure jump. The abrupt temper-
ature rise, associated with the destruction of a shallow
radiation inversion by downward mixing, was followed
by a steady decrease in temperature, the rate being
—2.5°C h™! for two hours after the change. Although
this rate is similar to the rate of nocturnal cooling before
the disturbance passage, the latter occurred under calm
wind conditions with the cooling being confined pre-
sumably to a shallow layer. It is reasonable to assume
that this rate could not be maintained under strong wind
conditions without cold-air advection. At Tarlton
Downs (Fig. 7) the frontal passage was marked by an
abrupt pressure jump of about 1.5 mb at 0405 EST, but
there was evidence that the airmass change occurred at
around 0440 EST, at which time the temperature began
to fall steadily at the rate —2.8°C h ™! similar to the slow
decrease at Harts Range following the initial sharp rise.
Again this occurred under strong wind conditions and
cannot all be attributed to nocturnal cooling. At Arga-
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FIG. 6. Surface station data at Harts Range surrounding the passage
there of the first front during CAFE. (a). Temperature; (b) mixing
ratio; (c) wind speed (d) wind direction; and (e) pressure.

dargada (Fig. 8), the main pressure jump at about 0555
EST was marked by a significant southerly wind surge.
The airmass change occurred about 20 min later as
shown by the onset of a second wind surge and sudden
decrease in surface mixing ratio at 0615 EST. There is
evidence also of another smaller amplitude pressure
disturbance at about 0510 EST, some 65 min ahead of
the airmass change. At Urandangi the front had a con-
spicuous double structure also. There the leading
change at 0700 EST was characterized by a pressure
jump (~1.8 mb) and a sharp change in wind direction,
followed by a series of pressure waves that coincided
with fluctuations in the wind speed and direction (Fig.
9). These observed wind and pressure signatures are
typical of those associated with an amplitude-ordered
family of solitary waves (Smith 1988; Christie 1992).
As a moderate northwesterly wind was blowing before
the disturbance arrived, the temperature rise accom-
panying these waves was relatively small (<1°C). The
second change, at 0815 EST, marked the airmass
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boundary and was accompanied by a strong surge in
the wind (~10 ms™"), a further wind direction
change, a sharp decrease in dewpoint temperature and
mixing ratio, and a further jump in pressure, albeit
smaller than with the leading change.

As CEI1 crossed the network, detection of the cold
airmass boundary was obscured at all stations except
Jervois by the downward mixing of potentially warmer
air from above the nocturnal inversion. Time series
from the high-resolution micropressure and tempera-
ture station at Jervois, which lies in the southwestern
corner of the network, are shown in Fig. 10. There, the
passage of the pressure disturbance was accompanied
by a sudden decrease in temperature of about 1°C fol-
lowed by a gradual temperature decrease at a rate of
about 2.6°C h™', suggesting that during the early stages
of CEl, the airmass boundary and the pressure distur-
bance were coincident.

The radical evolution in frontal structure from a sin-
gle to a double change is similar to the behavior of a
gravity current as it moves into a shallow surface-
based, stably stratified layer. If the stable layer is suf-
ficiently deep in relation to the depth of the gravity
current, a nonlinear wave disturbance forms and prop-
agates ahead of the gravity current. If the stable layer
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is too shallow for this to happen, the presence of the
stable layer has a profound effect on the structure of
the gravity-current head, which develops one or more
large-amplitude waves enveloping colder air (Wood
and Simpson 1984; Rottman and Simpson 1989; Haase
and Smith 1989). However, our data are inadequate to
determine the extent to which gravity current dynamics
are locally applicable to the front, or which, if either,
of the two foregoing scenarios is most relevant to the
observed fronts (see section 6).

The development of a series of solitary waves ahead
of the main airmass change is shown also by the time
series of surface pressure obtained from the microbaro-
graph stations in Fig. 11. Prefrontal waves first ap-
peared in the pressure signature at Tobermory Station
(0530 EST) and continued to develop as the distur-
bance propagated over Dajarra (0748 EST), Lake Nash
(0847 EST), and Camooweal (1000 EST). It is inter-
esting to note that the amplitude of the leading waves
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increases substantially as the disturbance evolves in
agreement with the predictions of nonlinear dispersive
wave theory (Christie 1989).

The anemograph trace at Mount Isa showed a series
of peak wind gusts separated by lulls with a period of
10 to 15 min. These were accompanied by a corre-
sponding fluctuation in the wind direction as the wind
turned from a northwesterly to a southwesterly. At
about the same time there was a pressure jump of ap-
proximately 1 mb, but as the time resolution of the
barograph was poor, it was not possible to determine
whether there were oscillations in the surface pressure.
The behavior was similar to that at Urandangi (see Fig.
9), where the wind fluctuations had a similar period,
and is consistent again with a series of solitary waves
ahead of the front. The fluctuations in wind speed and
direction are clearly evident in the low-level wind vec-
tors shown in Fig. 12, constructed from the Mount Isa
Mines wind profiler data. They began at 0945 EST and
continued until at least 1015 EST extending to just un-
der 1 km AGL. Above this height the winds remained
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Fic. 9. Legend as for Fig. 6 except for Urandangi.
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Fi1G. 10. Time series from the micropressure and temperature
station at Jervois surrounding the passage of the first CAFE event,

northwesterly. Note that the profiler winds are averaged
over 5-min intervals, just sufficient to resolve the
waves.

Figure 13 shows the NOAA-12 Advanced Very High
Resolution Radiometer (AVHRR) satellite image at
0818 EST 10 September 1991. At this time the change
was still to the southwest of Mount Isa. A spectacular
rope cloud embedded within a broader cloud band is
evident in the image. The rope cloud marks the leading
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edge of the pressure jump rather than the leading edge
of the cold air mass.

It is to be expected that the airmass change and pre-
ceeding pressure disturbances were undergoing rapid
modification in the Mount Isa region as the early morn-
ing low-level radiation inversion was removed by re-
newed convective mixing. Changes in the static stabil-
ity during an 18-h interval surrounding this transition
period are characterized by the vertical profiles of vir-
tual potential temperature 6,(z) shown in Fig. 14.
These profiles are based on radiosonde soundings at
Mount Isa at 2100 EST 9 October and at 0600, 0900
(40 min before the arrival of the front), 1200 and 1500
EST 10 October. It is reasonable to assume that the first
three of these soundings are typical of the prefrontal
air mass in a region of at least 100 or 200 km around
Mount Isa including the nearby microbarograph and
surface stations in our network. Just before sunrise
there was a strong stable layer about 500 m deep un-
derlying a much deeper layer of low static stability ex-
tending to 3.8 km AGL. Before the arrival of the lead-
ing change at Mount Isa, the stable layer had been re-
moved and replaced by a mixed layer some 700 m
deep, which was capped by a strong inversion. The two
postfrontal soundings show cooling extending to 2.8
km AGL, but with the major cooling below about 1.7
km AGL. The mixed-layer depth by midafternoon on
10 September was only about 1.5 km, compared with
3.2 km on the previous day.

T Jervois

Dajarra

5 mb Lake Nash
Tobermory
Station
Camooweal
CAFE Event 1
Thorntonia
Station
Burke and wWills
1 i i L L L i L I 1 I I 1 1 1 ! 1 L
0 6 12 18

Time (EST)

FiG. 11. Surface pressure signatures recorded at microbarograph stations at and to the south of
Burke and Wills Roadhouse during the first CAFE event. The signatures are arranged sequentially
with the southwesternmost station (Jervois) at the top and northeasternmost (Burke and Wills) at
the bottom. Note the development of a wavelike signature as the disturbance moves northeastward,

prior to its demise northeast of Camooweal.
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FiG. 12. Time—height display of horizontal wind vectors based on
data obtained from the Mount Isa wind profiler during the passage
of the first CAFE event. The first coherent onset of southwesterly
winds is seen at 0945 EST and extends to a little over 1 km AGL.
The second onset occurs at 1000 EST but is shallower, and the third
occurs at 1010 EST. Wind vectors are scaled so that 5 min along the
abscissa corresponds with a wind speed of 20 m s~’.

The isochrones of the pressure jump for this event,
shown in Fig. 15a, indicate a steady movement of the
leading edge of the disturbance with a speed of 15.0
+ 0.2 ms™' between Harts Range and Mount Isa. In
the region south of Argadargada the motion was from
a direction of 195°. To the northwest of Mount Isa,
between Camooweal and Thorntonia Station, the speed
was slightly lower, about 13.0 = 0.2 ms™'. A rela-
tively weak disturbance evident in the surface pressure
field continued to propagate northward during the af-
ternoon. This accelerated slightly, reaching a speed of
about 16.5 = 0.2 m s~' over the southern margin of
the Gulf of Carpentaria. At Harts Range, the airmass
boundary appeared to coincide with the leading pres-
sure jump as described above. However, it decelerated
as it moved northeastward allowing the wave distur-
bance to move out ahead of it as an essentially inde-
pendent disturbance (Fig. 16). The average speed of
the airmass boundary between Harts Range and Ca-
mooweal was about 10 m s™'. It could not be detected
at stations north of Camooweal. The frontal passage
became increasingly difficult to locate during the day-
time at surface stations to the east of Mount Isa also.
At Julia Creek its arrival at 1135 EST was accompanied
by a pressure jump on the order of 2 mb and a small
temperature fall of 2°C (from 32°C); see Fig. 17. These
were preceded by a gradual change in wind direction
from a westerly before 1000 EST through a northerly
Just before 1100 EST to a southerly at the time of the
change. There was no apparent surface signature at
Richmond (Fig. 18) and only a weak signature at
Hughenden at around 2020 EST (data not shown).
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FiG. 13. NOAA-12 AVHRR visible satellite image
at 0818 EST 10 September 1991.

There, the wind freshened and the surface temperature
began to rise steadily, presumably as the surface-based
evening radiation inversion was removed. Subse-
quently, over a period of about 40 min, the wind backed
progressively to a south-southwesterly and at 2100 EST
the temperature began to fall steadily at a rate of
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FiG. 14. Vertical profiles of potential temperature 6,(z) in the pre-
frontal and postfrontal air masses at Mount Isa for the first event
during CAFE, which arrived at Mount Isa at 0940 EST 10 September.
The soundings at 2100 EST 9 September and at 0600 and 0900 EST
10 September are therefore about 13, 3, and 1 h before the frontal
passage, respectively. The soundings at 1200 and 1500 EST are about
2 and 5 h after the frontal passage.
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2.5°C h™'. The backing of the wind, predominantly be-
tween 2000 and 2100 EST, is evident in the low-level
wind field obtained from the hourly pilot balloon
soundings at Hughenden (Fig. 19) and the cooling ac-
companying the disturbance aloft is confirmed by the
prefrontal and postfrontal soundings there at 1800 and
2200 EST (Fig. 20). In addition to the average cooling
of about 5°C in the lowest 1 km, there was a marginal
reduction (on the order of 1 g kg ™") of moisture in this
layer.

b. Event 2

Although a significant disturbance throughout most
of our observational network, this front produced no
clear surface signature at Alice Springs and Harts
Range where backward extrapolation of the isochrones

in Fig. 15b suggests that it should have passed during
the afternoon. The Bureau of Meteorology objective
analyses showed that the front, as defined by the wet-
bulb potential temperature gradient, had stalled over
the Alice Springs region during the daytime. The ra-
diosonde sounding at Alice Springs at 1500 EST on
that afternoon showed slight cooling (maximum 3°C)
below 2 km compared with the sounding 6 h earlier
with a mixed layer extending only 1.5 km AGL.” Since
a temperature rise would normaily be expected during
this time period, we may surmise that the airmass
change had taken place at Alice Springs by 1500 EST
as suggested by the isochrones.

2 There was also a slight increase (~1 g kg™") of moisture in this
layer.
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FiG. 16. Position of the leading edge of the pressure disturbance
and the cold air mass boundary at the surface along a line through
Burketown, and oriented approximately normal to the disturbance for
the first and second CAFE events.

At other stations in the southwestern part of the net-
work, the frontal passage was marked by an abrupt
pressure jump, a sharp increase in wind, a rapid change
in wind direction, and a sharp decline in temperature
and mixing ratio. At Boulia the frontal passage was
dramatic with the surface wind speed reaching nearly
12 m s~' as the wind turned to the south and the pres-
sure rose 3 mb in 20 min (Fig. 21). The temperature
fell 8°C in this period. Sudden large temperature de-
creases of 4°C were recorded at Marion Downs and
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FIG. 17. Surface station data at Julia Creek surrounding the passage

there of the first event during CAFE. (a) Temperature; (b) wind di-

rection; and (c) pressure (wind speed and humidity data were una-
vailable).
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FiG. 18. Legend as for Fig. 6 except for Richmond.

Dajarra, and the total temperature decrease at Marion
Downs over a period of 2 h was about 7°C, comparable
with that at Boulia. Elsewhere in this region, the pres-
sure jump was more modest, between 1 and 2 mb. The
front passed Urandangi at 2050 EST at which point it
still had the character of a single change. In contrast to
CEl, the airmass boundary was accompanied by a tem-
perature fall at every station.

Figure 22 shows the evolution of the pressure sig-
nature at stations north of 20°S for this event. At Ca-
mooweal at about 0035 EST 17 September, the pres-
sure signature showed predominantly a single jump,
but by the time the disturbance had reached Thorntonia
Station around 0230 EST it had already developed a
pressure signature characteristic of an undular bore in
which form it reached the southern coast of the Gulf of
Carpentaria around 0700 EST. The early development
of a double changelike structure is evident in the low-
level wind structure at Mount Isa obtained from the
wind profiler there and shown in Fig. 23. There was an
initial change below about 700 m AGL at 0030 EST,
but this was followed at 0040 EST by a return to es-
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FiG. 19. Time-height display of the horizontal low-level wind vec-
tors obtained from hourly pilot balloons released at Hughenden dur-
ing the first CAFE event. Note particularly the backing between 2000
and 2100 EST. Wind vectors are scaled so that 1 h along the abscissa
corresponds with a wind speed of 20 m s™%.

sentially prefrontal conditions. The second change oc-
curred some 5—10 min later. There was no evidence
for a sudden temperature decrease at Lake Nash, but
the event was marked there by a sudden change in the
rate of cooling from 0.9°C h~! t0 2.3°C h™'. Moreover,
there was no obvious indication of an airmass change

0. 0 1 1 n 1 1 1 I 1 i 1 1
295 300 305 310 315 320 325

NMz) K

FIG. 20. Vertical profiles of potential temperature 6(z) in the pre-
frontal and postfrontal air masses at Hughenden for the first CAFE
event. The solid and dashed lines are the 1800 and 2100 EST sound-
ings, respectively.
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FiG. 21. Legend as for Fig. 6 except for Boulia
during the second CAFE front.

in the surface temperature records from Camooweal
and other sites farther north (Fig. 16).

To the southwest of Mount Isa, the average speed of
the pressure disturbance was 12.0 + 0.2 m s~ from
205°. The observations suggest that the disturbance
slowed down slightly, to about 11.4 = 0.2 m s~' over
the area immediately to the north of Mount Isa, prob-
ably due to the higher topography, and then speeded
up as the waves became well developed. In the gulf
region and over the southern part of Cape York Pen-
insula the speed had increased to 15.6 + 0.2 ms™'. It
is possible that this acceleration can be attributed in part
to the movement of the disturbance into a deeper and
stronger stable layer as provided by the inland intrusion
of sea-breeze air from the gulf on the previous day.
While we do not have data to determine the inland ex-
tent of this intrusion on 16 September, we can say that
conditions were favorable for this with a strong north-
erly sea breeze at Burketown during the afternoon un-
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FIG. 22. Surface pressure signatures recorded at microbarograph stations at and to the northeast
of Camooweal during the second CAFE event. As in Fig. 11, the signatures are arranged sequen-
tially. Again, note the development of an undular borelike signature as the disturbance moves
northeastward during the night and early morning.

der conditions of a northeasterly geostrophic flow (see,
e.g., Physick and Smith 1985). Another factor in the
acceleration is the typical increase in wave speed that
occurs when nonlinear waves increase in amplitude
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F1G. 23. Time~height display of horizontal wind vectors based on
data obtained from the Mount Isa wind profiler during the passage
of the second CAFE event. The first low-level wind change occurs
at about 0030 EST, but is short lived with a return to northerlies at
0040 EST. The second change occurs at 0050 EST. As in Fig. 12,
the wind vectors are scaled so that 5 min along the abscissa corre-
sponds with a wind speed of 20 m s,

during the normal evolution process (Whitham 1974).
Finally, the slight downhill slope of the topography to
toward the coast may have played a role also.

As they approached moister air near the gulf coast,
the bore waves generated a pair of spectacular ‘‘morn-
ing glory’’ roll clouds. These are seen in satellite im-
agery to be over 300 km long, aligned along the pres-
sure disturbance (cf. Fig. 15b), and separated by a dis-
tance of about 20 km (Fig. 24).

Fic. 24. NOAA-12 AVHRR visible satellite image
at 0730 EST 17 September 1991.
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Positive identification of the borelike structure in the
gulf region was provided by a pair of radiosonde
soundings. at Burketown, one at 0430 EST, approxi-
mately 2 h before the passage and the other at 0922
EST, some 3 h after the passage of the leading cloud
roll. Figure 25 shows the vertical profiles of potential
temperature §, and mixing ratio w, obtained from these
soundings. A characteristic of a bore is that the relative
streamlines, and therefore air parcels, are permanently
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displaced in the vertical following its passage. This be-
havior is exemplified by the streamlines for the morn-
ing glories of 11 and 20 October 1981 documented by
Smith and Morton (1984, see their Figs. 9, 10, and 18).
A consequence is that air with lower potential temper-
ature is permanently lifted in the layer affected by the
bore, but not of course at the surface where the vertical
velocity is zero. The result is cooling aloft when one
compares the pre- and postdisturbance soundings. In

(b) BURKETOWN EVENT 2
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FiG. 25. (a) Potential temperature as a function of height
for the sounding before (solid line) and after (dashed line) for
the second CAFE event (i.e., the southerly morning glory) at
Burketown on 17 September 1991. (b) As for (a) but mixing
ratio. (c) Potential temperature as a function of mixing ratio;
again the sounding before is a solid line and the sounding
after is dashed. The numbers refer to the height for that par-
ticular § and w.
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contrast, an airmass change brought about by the hor-
izontal advection of cooler air would normally bring
about cooling at the surface as well. It follows that, in
theory, one should be able to distinguish between a
bore and a more conventional cold front or gravity cur-
rent by examining the change in the potential temper-
ature of the air at the surface. In practice, however, as
we have seen, both types of disturbance may bring
about an increase in surface air temperature by destroy-
ing any surface-based radiation inversion through sur-
face mixing. An alternative method of distinguishing a
bore from a gravity current is to use a second conserved
tracer such as the mixing ratio or the equivalent poten-
tial~temperatufe 4., a method that has been used also
by Koch et al. (1991; see their Fig. 19). Inspection of
Fig. 25b shows a dry layer in the predisturbance mixing
ratio trace and it would appear that this' layer is lifted
about 1 km following the passage of the disturbance.
On the assumption that § and w are conserved along
streamlines, the profile of  versus w should be the
same before and after the passage, although the height
corresponding with a particular § and w will have
changed. Figure 25c¢ shows the pre- and postdistur-
bance §(w) profiles based on the foregoing soundings
and indicates the height z(8) at 500-m intervals for
each profile. It will be seen that at heights above 500 m
there is close agreement between the two curves con-
firming the borelike structure of the disturbance. A
change in air mass brought about by horizontal advec-
tion would not be expected to produce such agreement.
However, below 500 m convective mixing had already
begun to alter the postdisturbance distributions of 6(z)
and w(z), destroying the predisturbance 6(w) relation-
ship there.

c. Event 3

The front passed through Alice Springs at 0200 EST
2 October. It was marked there by a sharp change in
wind direction from a north-northwesterly to a south-
southwesterly, an abrupt rise in dewpoint temperature
(from —10°C to 2°C in 10 min) and a 1-mb pressure
jump. The surface wind speed increased from about 5
m s~' before the passage to about 8 ms™! after the
passage and the temperature declined steadily. The
leading disturbance in this frontal system was recorded
at the CAFE surface stations closest to Alice Springs
in the form of a series of solitary wave components
moving northeastward at a speed of about 10 ms™'
(the isochrones are shown in Fig. 15c). The upper-air
sounding there at 0300 EST showed a moderate ( ~10
m s ') southerly flow in the lowest kilometer AGL in
contrast to the light northeasterly that was present at
2100 EST 1 October. There was a marked cooling
(~10°C) also in this layer (Fig. 26) between the ra-
diosonde soundings at 1900 EST 1 October and 0300
EST 2 October indicative of an airmass change. Figure
27 shows the surface wind and pressure data at Tarlton
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Downs and Argadargada for this event where the wave-
like structure is most apparent, but there was no evi-
dence that it was accompanied at these stations by an
airmass change. At Harts Range there was a slight rise
in pressure, but no more than 0.5 mb about 0500 EST;
otherwise there was no obvious surface signature of an
airmass change. In contrast, at Jervois there was a sin-
gle, sharp pressure jump of about 2.1 mb at 0525 EST
accompanied by a well-defined temperature jump that
merged into the normal pattern of temperature increase
after sunrise. It is possible that the airmass boundary
coincided with the pressure jump, but there is no firm
evidence for this. At Tobermory Station the disturbance
was recorded as a weak group of solitary waves with
onset around 0916 EST. Their maximum pressure am-
plitude was about 0.8 mb and they were accompanied
by a small increase in temperature (on the order of
0:8°C) and short lived (about 20 min) drop in pressure.
Presumably, by this stage the disturbance was being
rapidly destroyed by the reestablishment of deep con-
vective mixing in the boundary layer. It was not de-
tectable at any of the other stations in the network, even
at Marion Downs and Boulia. The other nearby station,
Urandangi, was not operating on this day. The available
data for this event are too sparse to allow any real con-
clusions, except that it appears that solitary waves had
effectively separated from the airmass boundary by the
time they reached Tarlton Downs and Argadargada.

d. Synthesis

All fronts showed a marked diurnal variation in the
subtropics, being difficult to locate during the late
morning and afternoon, but developing a sharp surface
change after sunset. Such development appeared to be
associated with rapid nocturnal frontogenesis in the
semipermanent low-latitude trough, which can be at-
tributed in part to the heating of the continent. The cold
airmass boundary in CE1 decelerated markedly during
the daytime, whereas CE2 had crossed the network by
1000 EST and CE3 did not survive beyond that time.
All three fronts excited large-amplitude wave motions
in the early morning, which propagated ahead of the
airmass change by distances of over 40 km on a sur-
face-based nocturnal radiation inversion. Thus the fron-
tal system appeared for periods of up to about 12 h to
have the form of a double change, the leading change
being manifest at the surface by an abrupt wind surge
(or a series of wavelike surges) and accompanied by a
pressure jump and frequently a temperature rise.® The
second change marks the passage of the airmass bound-
ary and brings a temperature fall and a change in the

.3 We note that the flow may still be hydrostatic since the temper-
ature rise occurs in a very shallow layer. The cold air (which is po-
tentially warmer than that in the shallow inversion layer) is imuch
deeper.
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FiG: 26. Vertical profiles of potentral temperature 6(2) in the pre-
frontal and postfrontal air mass at Alice Spnngs for the third event
during CAFE.

moisture content of the air. This behavior is exemph-
fied well by the surface data for CE1 at. Argadargada
(Fig. 8) and Urandangi (Fig.-9). The nonlinear wave
becomes' progresswely modified as the convective mix-
ing recommences, butin both CE1 and CE2 it remamed
a significant feature until 09001000 EST. .
Observations of wavelike structures at Mount Isa and
nearby stations until 1000 EST during CEl, along with
upper-air soundmgs at Mount Isa (Fig. 14), suggest
that in the hours after sunrise the nonlinear wave dis-
turbance in thls case must have continued to propagate

on the elevated inversion at the top. of the newly de-

veloping well-mixed layer since the-surface-based sta-
ble layer there had already been removed by the tlme
the front arrived.

Dynamlcal aspects of the apparent daytrme weak—
ening of cold fronts over central Australia and possible
mechanisms for their reformation after sunset are dis-
cussed in section 6.

s. Surface energétiés :

It is clear that the nature and behavior of ¢ontinental
cold fronts in the Australian subtropics is strongly mod-
ulated by the surface energy transfer. To provide data
on.this a detailed set of | 'observations of shertwave ir-
radiance (total, diffuse, and reflected); longwave irra-
diance (atmospheric and terrestrial), and surface heat
fluxes (sensible, ev,aporative, and substrate) was ob-
tained over natural grassland at Hughenden Aero-
drome.
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The typlcal d1urna1 variation of the surface energy
balance at Hughenden throughout the period is well
represented in the plot for 1617 September (Fig. 28).
CE2 passed through Hughenden at about 0600 EST 17
September. Apart from some slight cloud effects on
that afternoon, net all-wave irradiance Q* was similar
on both days, peakmg at 500 W m‘2 around noon, with
a nocturnal radiative deficit averaging approximately
—70 W m™. On 16 September approximately 60% of
net 1rrad1ance was pamtloned into sensible heating of
the atmosphere (QH) with much of the remaindet be-
ing utilized in heating of the soil substrate (Qg), while
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FiG. 28. Surface energy balance measured at Hughenden on 16—
17 September 1991. Here O* is the net all-wave irradiance; Qy and
Q¢ are the sensible and evaporative heat fluxes, respectively; and Qg
is the substrate heat flux. The second CAFE front arrived at Hugh-
enden at about 0600 EST 17 September 1991.

on the following day as much as 75% of net irradiance
was partitioned into sensible heat flux. The greater sen-
sible heat flux on this day would appear related to the
advection of a much cooler air mass, resulting in an
enhanced thermal gradient between the surface and
lower atmosphere. Evaporative heat flux Qr was neg-
ligible on both days. The nocturnal radiative deficit on
each day is primarily balanced by a transfer of heat
from the substrate, but this flux was strongly affected
by environmental factors at the surface (note the noc-
turnal fluctuation in Qg associated with the turbulent
mixing down of warm air to the surface during periods
of stronger winds).

6. Dynamical considerations

Analysis of the three events sampled during CAFE
has demonstrated that cold fronts do penetrate into the
subtropics, and that these fronts may, in turn, generate
bore waves or solitary wave trains that propagate still
further equatorward. Such observations raise funda-
mental questions concerning the dynamics of subtrop-
ical cold fronts. For example:

(i) Why do low-latitude fronts show such little sur-
face signature during the daytime while rapidly inten-
sifying after sunset?

(ii) What is the precise generation mechanism for
the nonlinear waves that were observed?

While definitive answers to these questions await fur-
ther research, we offer now a largely speculative ex-
planation.

Individually, the dynamics of dry buoyant boundary
layer convection and the dynamics of inviscid adiabatic
midlatitude frontogenesis are, for the most part, well
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understood. In contrast, there has been very little atten-
tion paid to the effect of the convective boundary layer
on frontal development, a problem central to under-
standing the behavior of subtropical cold fronts over
the Australian interior. Some insight is provided by
simplified midlatitude numerical model calculations by
Reeder (1986) and Reeder et al. (1991). These inves-
tigations, together with a recent study of frontogenesis
in the presence of convective mixing in the context of
sea-breeze fronts by Reible et al. (1993), are pertinent
to the discussion that follows.

Figure 29 shows time—height cross sections of po-
tential temperature at Mount Isa for CE1 and CE2. Al-
though it is not valid to invoke a time-to-space con-
version in the presence of the large diurnal changes, it
is clear that, despite the deep convective mixing of the
warm air mass and the strong heating of the cold air
mass during the day, there remains a significant tem-
perature contrast between the prefrontal and postfrontal
air (see also Figs. 2 and 3). It is evident also that in
the cold air mass the heating is opposed locally by cold-
air advection and that the latter continues after the heat-
ing has ceased.
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To put matters into focus, we consider frontogenesis
in a two-dimensional model. Let (x, y, z) be a rectan-
gular coordinate system with x directed normal to the
surface front toward the warm air, y along the front,
and z pointing vertically upward. Let (u, v, w) denote
the corresponding velocity components in these direc-
tions. Then the frontogenesis equation (Miller 1947)
takes the form

D8] _ _ouon_onom
Dt|dx|  Oxdx Oxdy
owold 9
~ B 0z 8_(V'Q), (1)

where 6 is the potential temperature, q is the eddy heat
flux, and D/Dt denotes the usual material rate of
change.

Across central Australia during the daytime it is rea-
sonable to assume that q is dominated by the vertical
heat transport associated with dry convection. Further-
more, it is clear from Figs. 14 and 29 that both the cold
and warm air masses are vertically well mixed at such
times. It is therefore appropriate to consider the verti-
cally integrated effect on frontogenesis or frontolysis
of the term in (1) involving q. Suppose that an hour
or two after sunrise, the nocturnal radiation inversion
has been removed from both air masses as suggested
by Figs. 14 and 29. Then, assuming a simple zero-order
closure model for the mixed layer (see, e.g., Garratt
1992, chapter -6; Carson 1973), it follows that the
mixed-layer potential temperature 6,, increases with
time according to

0, = [T?h5 + 2I'(1 + B)Qut}'* — Thy, (2)

where 4 is the mixed-layer depth, h, is the mixed-layer
height shortly after sunrise, I" is the static stability of
the air above the mixed layer, and £ is the ratio of the
turbulent heat flux by entrainment through the top of
the mixed layer to @, normally assumed constant
(Garratt 1992). The energy balance observations dis-
cussed in the previous section indicate that Qy is
slightly greater in the cold air mass than in the warm
air mass. Further, Figs. 14 and 29 suggest that T is
greater in the cold air, but A, is greater in the warm air
mass than in the cold air mass. Thus, the observed vari-
ations in the parameters Qy, I', and A, with the front’s
passage imply that, insofar as Q,, is governed by (2),
Q.. will increase more rapidly on the cold side of the
airmass change than on the warm side. It follows that,
on the frontal scale, the gross effect of dry convective
heating represented by the last term in (1) is likely to
be frontolytic, although larger-scale spatial variations
in surface sensible heat flux may be expected to main-
tain the broadscale temperature gradient.

Possible frontogenesis processes are represented by
the first three terms on the right-hand side of (1). These
may be associated with the action of synoptic-scale pat-
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terns of deformation together and the cross-frontal cir-
culation in the x—z plane on preexisting temperature
gradients (Hoskins and Bretherton 1972). It is possible
that the necessary background temperature gradients
may be provided by differential sensible heating. Al-
though direct measurements do not exist, one expects
the sensible heat flux to vary substantially on the syn-
optic scale due to large-scale inhomogeneities in the
albedo and Bowen ratios, and the dependence of the
irradiance on latitude. Indeed, the heat troughs of north-
ern Australia are thought to be a result of a combination
of orographic effects and horizontal gradients in sen-
sible heating. [ Aspects of the dynamics of the Austra-
lian heat troughs may be found in Fandry and Leslie
(1984), Adams (1990), and Kepert and Smith
(1992).] Figures 2b, 3b, and 4b show prominent low-
level potential temperature maxima associated with
heat troughs, and it is reasonable to presume that these
maxima result, at least partially, from differential heat-
ing. Of relevance to the present discussion is the north-
west—southeast-oriented band of pronounced temper-
ature gradient on the southwestern side of the heat
trough. Thus, the deformation provided by the wind
field associated with the approaching front may act to
enhance such temperature gradients.

In the case of sea breezes, the background temper-
ature gradient is provided by differential sensible heat-
ing across the coastline, and the cross-frontal circula-
tion is gravity driven. In this case frontogenesis is as-
sociated principally with the term — (du/dx)(96/9x)
in (1) as discussed by Rieble et al. (1993). The latter
authors argue that the development of a sharp sea-
breeze front depends inter alia on the relative magni-
tude of this term compared with the frontolytic effect
of the dry convective heating. In particular they present
observations that suggest that the development of a
sharp sea-breeze front in the late afternoon may be at-
tributed to the decline in the strength of the convection,
allowing frontogenesis to proceed relatively unhin-
dered.

It seems reasonable to interpret the diurnal variation
of the strength of cold fronts over central Australia in
similar terms, although the processes responsible for
frontogenesis may be different. It is still unclear to what
extent gravitational effects contribute to the cross-fron-
tal circulation, but it is known that the local structure
of CE1 and CE2 at Mount Isa was unlike that of the
classical laboratory gravity current. There, the frontal
speed ¢ was significantly in excess of the low-level
wind speed in the direction of motion of the front so
that there was no low-level feeder flow of cold air to-
ward the front. In other words, the pressure jump line
was not moving as a material surface (cf. Smith and
Reeder 1988). Wind profiler data at Mount Isa showed
that in both CE1 and CE2, values of u — ¢ were neg-
ative up to at least 2 km above ground in the first hour
after the passage of the leading disturbance, the maxi-
mum values being around —3.0 m s~'. This is consis-
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tent with the fact that the leading edge of both distur-
bances had a wavelike structure at Mount Isa. Unfor-
tunately, in neither case could we determine the speed
of the airmass boundary in the neighborhood of Mount
Isa, although at least in CE2, where the wavelike struc-
ture was in its early stages of evolution, this speed is
unlikely to differ much from that of the leading change.
At Boulia in CE2, the surface values of u — ¢ reached
values greater than —1.0 m s~' for about 10 min im-
mediately following the frontal passage, suggesting
that there might have been a region aloft where u — ¢
attained positive values during this time. There was
only a single change there, so that the disturbance speed
and the speed of the airmass boundary were the same.
Even so, the relatively short duration of this (possible)
pulse of relative flow toward the front suggests that
classical gravity current dynamics is unlikely to apply
near the front. The arguments presented above suggest
that the effect of dry homogeneous convective heating
is probably frontolytic, in agreement with the observed
behavior of frontal systems over central Australia.
However, horizontal inhomogeneities in sensible heat-
ing may help provide the background temperature gra-
dient needed for frontogenesis. At night, after the tur-
bulent mixing has effectively ceased, frontogenesis
proceeds unhindered. Nevertheless, the theoretical un-
derstanding of this problem is clearly more complicated
than these arguments alone imply.

During the night, with the cessation of sensible heat-
ing, the turbulent boundary layer stress is greatly re-
duced and a shallow nocturnal inversion quickly de-
velops below the deep well-mixed layer formed during
the day. In response to the sharply reduced stress, air
parcels in the remnant mixed layer accelerate, a com-
ponent of the acceleration pointing down the pressure
gradient. We hypothesize that it is the large parcel ac-
celerations and subsequent convergence into the trough
associated with this sort of adjustment that generate the
kind of solitary wave train observed in all the CAFE
events. Similar phenomena are known to occur when a
gravity current moves into a surface-based stably strat-
ified layer as mentioned earlier. While it is not possible
to determine the extent to which the front can be re-
garded locally as a gravity current (cf. Smith and
Reeder 1988, section 3), the mechanism of solitary
wave formation may not depend crucially on the pre-
cise details of the forcing (see, e.g., Christie 1989).
Further observational and theoretical work on the de-
tailed mechanisms that govern the evolution of sub-
tropical continental cold frontal systems is clearly
called for.

7. Summary and conclusions

Data gathered during two recent field experiments in
central and northern Australia have enabled us to doc-
ument in unprecedented detail the structure and evo-
lution of cold fronts that are a common feature in the
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Australian subtropics during the dry season (approxi-
mately May—October). Typically, such fronts are often
dry, are shallow (~1 km deep), and move into a deep
convectively well-mixed boundary layer which, during
the night, overlies a strong but shallow radiation in-
version.

The synoptic environment of these fronts is similar
to that of the summertime ‘‘cool change’” of south-
eastern Australia* with frontogenesis occuring in the
col region between the two subtropical anticyclones,
relatively far from the center of the parent cyclone. A
unique feature of the region is the presence of heat
troughs over northeastern Western Australia and north-
western Queensland with which the frontal trough
eventually merges. Generally, the frontal passage is fol-
lowed by strong ridging from the west.

The data obtained during the CAFE experiment
highlight the large diurnal variation of frontal structure
associated with diabatic processes. The fronts are often
difficult to locate during the late morning and afternoon
when convective mixing is at its peak, but develop
strong surface signatures in the evening as the convec-
tion subsides and a surface-based radiation inversion
develops. Moreover, there appears to be a ubiquitous
tendency in the early morning for the formation of a
nonlinear wavelike or borelike structure at the leading
edge of the frontal zone as the inversion strengthens.
In each case, as the wave/bore developed, it was ob-
served to propagate ahead of the airmass change on the
preexisting inversion. Such behavior was exemplified
by the data for CE1 and CE2. In the latter case, the data
are unique in providing the first clear evidence of the
formation of a southerly morning glory bore wave in
the Gulf of Carpentaria region from a cold front in the
south. The passage of the bore brings a strong but tem-
porary wind surge at the surface accompanied by a
sharp pressure jump. These are followed by a series of
wind and pressure oscillations with a period of 1015
min, before the steadier postfrontal airflow is estab-
lished. Our observations are consistent with the idea
that the penetration of a disturbance into the southern
gulf region in the form of a southerly morning glory is
favored by an evening passage of the front through
Mount Isa. In this case, the disturbance is not subject
to the destructive effect of strong diabatic heating on
its way to the gulf.

Modeling studies are being carried out at present to
investigate the frontolysis and deceleration of fronts
during the daytime and their reintensification and ac-
celeration during the evening, as well as their genera-
tion of nonlinear wave- or borelike disturbances.
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