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Abstract:

An historical account of research on the structure and dyesaof a range of dry-season meteorological phenomena titatr @ver
the arid interior of Australia is presented. These includelular bores; sea breezes circulations; continentalfomids in the tropics
and subtropics; dry lines; and heat lows or heat troughs.r@earch was initiated by an expedition mounted in 1979 tioegalata
on the “Morning Glory”, a spectacular cloud formation thators in the Gulf of Carpentaria region. The Morning Glorysvi@und to
have the structure of an undular bore. Studies of the othemqinena were stimulated by attempts to understand the@figbutherly
Morning Glories. Some outstanding problems that have estkiigm the research are discussed.
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1 Introduction

It is more than three and a half decades since the fiiuu
expedition was mounted to gather data on the “Morni
Glory”, the name given to a spectacular cloud formatic
that occurs in the Gulf of Carpentaria region of northeastq
Australia. The clouds are seen early in the morning, m(
frequently towards the end of the late dry season frd
early September to about mid-November. An example
shown in Fig.1. That early research led subsequently
questions concerning the structure and dynamics of a ra
of other dry-season meteorological phenomena that oG
over the arid interior of Australia. These include contita¢n
cold fronts in the tropics and subtropics, heat lows or heat

troughs, sea breezes, which, unimpeded by the low Coridligure 1. A photograph of the Morning Glory looking east tods
forces in the tropics, can penetrate far inland, and dry Burketown.

lines. In this paper we present an historical account of

the research and review the scientific advances that hﬁverheMorning Glory

emerged.

We dedicate the paper to the memory of our dear méire Morning Glory comprises a low roll cloud or fre-
tor and friend, the late Bruce Morton, who gave so mucjfuently a succession of roll clouds, sometimes stretching
support to the early field experiments and participated hifram horizon to horizon. The clouds are typically 1 or 2 km
selfin the 1981 and 1982 experiments. His intense curioditywidth, 1 km deep, and may be 100 km or more long, with
while making measurements in Karumba in 1981 led hioloud bases often no more than 100 or 200 m high. Occa-
to stay up all night for several nights, manually recordirgjonally they are preceded over land by a shallow layer of
surface pressure from a digital barometer every minute! fog that they rapidly disperse. They move rapidly across the

sky at speeds of 10-15 m1§, the most usual direction being
) . . - from the northeast. Occasionally, cloud lines are observed
Correspondence to: Prof. Roger K. Smith, Meteorologicaititute,

Ludwig Maximillians University of Munich, Theresienstses37, 80333 orientated approximately eaSt'V\_’eSt and moving from the
Munich, Germany. E-mail: roger.smith@Imu.de south and, more rarely, ones oriented southwest-northeast
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2 R. K. SMITH AND M. J. REEDER

and moving from the southeast. We refer to these typesesords of surface pressure, wind and temperature at the
northeasterly Morning Glories, southerly Morning Glorie@ow abandoned) weather station at Karumba. Moreover,
and southeasterly Morning Glories, respectively. the theory did not take account of the strong heating
The passage of each cloud overhead is usually accawntrasts between sea and land in the Gulf region. In fact,
panied by the onset of a sudden wind squall whictihere appeared to be the possibility that local sea breeze
although normally of short duration (perhaps 5 to 10 migirculations might be a more important influence than the
utes), have wind speeds comparable to the speed of katabatic flow.
cloud. The disturbance brings about also an abrupt rise in A few years later, Neal et al. (1977) carried out
surface pressure (sometimes more than 1 mb in a few manstudy of pressure jumps recorded on weekly Bureau
utes and often a reversal in surface wind direction. Thé Meteorology barographs around the gulf at Edward
surface pressure may oscillate following the rise, but tRever, Kowanyana, Normanton, Burketown and Morning-
increased mean pressure and change in wind direction foer Island. These data enable estimates to be made of the
quently persist for at least several hours. A typical s&wfaspeed and orientation of a number of pressure jump “lines”,

pressure trace is shown in Fig). presumably associated with Morning Glories. It was shown
that the majority of lines were roughly parallel with theteas
Mornington Island 020908 coast of the Peninsula (and also to the coastal ranges which

1S rise to a height of between 300 and 500 m in the Dividing

Range) and move with a speed of typically 10 m.s
A climatology of pressure jumps was presented also,
showing frequencies of occurrence at the five stations in
terms of time of day and month, and mean sea level isobaric
- ] charts for pressure jump days and for days free of jumps.
1010 m——— = The atter were classified according to whether surface
¢ ? time (EST) L ®  winds were southeasterly or northeasterly in the southeast
gulf area.
In October 1978, Reg Clarke, a former long-time
Figure 2. A typical surface pressure trace accompanyingdissage research scientist with the then CSIRO Division of Atmos-
of a Morning Glory taken on 2 September 2008 on Morningtgsheric Physics, and his wife, Elsje, staged a small expe-
Island. There is normally a sharp pressure jump followed bgrées (ition to the gulf with a view to collecting more detailed

of oscillations, which are manlfestatlo_ns of _the Morninglwaves. surface data on Morning Glories as well as photographs and
Note that the mean pressure remains higher than that bdieret}me_la se movie film of the clouds. Ten davs were spent
passage of the disturbance (this feature remains true ekien ane P ) Yy P

removes the mean diurnal increase that normally occurssatithe I the field during which time four Morning Glories were
of the morning). The abscissa marks Eastern Standard Tig&)(EObserved, a frequency which, coincidentally, correspdnde
and the ordinate pressure in mb. with the average frequency of presumed Morning Glories at
Karumba in October, based on nine years of data (Neal et
al. 1977). Two of these four occurred before daybreak; one
was cloud-free; two had five parallel cloud bands and the
other three. All had marked wind and pressure jumps. One
Anthropologist Margaret Moore told us that the name ofas followed by car over 35 km and its speed measured at
the phenomenon in the language of the Garrawa Aborigindl m s™!; another was photographed in time-lapse which
people who live near the south coast of the Gulf is “karevealed a rolling motion of the cloud band with upward
golgi” and it is credited with increasing the supply of biréhotion at the leading edge and downward motion at the
life. This may reflect the fact that the Morning Glory occungar. In each case, measurements of surface pressure, tem-
most frequently in October, just prior to the “wet” seasoperature, humidity and wind were made during the passage
which is a harbinger of bounty for the Aboriginal people.of the disturbance.

The earliest published description of the Morning
Glory of which we are aware is in the Royal Australiaa
Air Force (1942, Part 2, p. 25), where it is described as
“land breeze” coming out of the east about dawn withEarly in 1979, a more ambitious expedition was planned,
squally onset and with one or several long straight link=i by Reg Clarke and the first author, with six other partic-
of low cloud. Thirty years later, Clarke (1972) exploregbants (Fig.3). It had two main objectives. The first was to
the possibility that the phenomenon could be interpreteldserve the structure of Morning Glories, both in the hori-
as a propagating internal hydraulic jump, formed atzantal and vertical, as they passed Burketown, with a view
discontinuity in the slope of the ground, on a katabatic flaw identifying the mechanisms associated with its propaga-
developing on Cape York Peninsula. Clarke’s theory wdsn and maintenance. The second objective was to obtain
inevitably tentative, since the only available data adairsirface data on Cape York Peninsula in an attempt to iden-
which it could be compared were a series of autographiiy the region of origin and to determine the formation
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s 1012
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2.1 History

a2 The first field experiment
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Figure 4. Schematic of the vertical structure of a Morningr§lThe

bore is propagating from right to left. The airflow relativethe bore

is from left to right. The Morning Glory clouds form as air ascls

ahead of each wave and they evaporate as air descends babind e

wave. The continuous formation of cloud at the leading edgb®

wave gives the appearance that the clouds are rotating arttio
reason, the clouds are often referred to as “roll clouds”.

Figure 3. Participants of the 1979 Morning Glory expeditiBrom

left to right: standing: Reg. Clarke, Richard Hagger, JbaatGood-

field, Karen McAndrew, Roger Merridew (pilot), Roger Smitheel-
ing: Terry Long, Derek Reid, Peter Watterson, and Elsjekelar

mechanism of the phenomenon. To accomplish the fip§PPagating on a stable layer of air in the lowest half to-
of these tasks, the expedition was equipped with theo48€ kllom_etre of the atmosphere (Clarke et al. 1981). The
lites for making pilot balloon wind measurements andSiructure is analogous to that of undular bores that form
light aircraft to make airborne measurements of tempef4! tidal rivers. An undular bore is a weak hydraulic jump
ture and humidity. The expedition lasted two weeks froWich, loses energy through the downstream propagation
late September to early October during which time thr@&internal (possibly solitary) waves instead of dissipgti
Morning Glories occurred at Burketown. An unprecedent&f€rgy through turbulence as in strong hydraulic jumps.
amount of data were collected on these events and i clouds are essentially wave-type clouds associated
subsequent analysis of the data, together with autom¥fjEh the constituent bore waves (see Fg. As a wave
weather station (AWS) data collected on the peninsula w&8St approaches, air parcels rise and cool and condemsatio
presented in a paper by Clarke et al. (1981). A brief descriff:Curs leading to cloud. Then, as the wave crest passes,
tion of the experiment was given by Smith and Goodfielfie air parcels descend and warm so that the cloud re-
(1981). A disturbance was observed also on the morn@¢pPorates. Thus the clouds are not simply being carried
when the expedition party was about to leave BurketowHOng with the air flow: rather cloud is continuously being
but no data were obtained, except photographs. An intridatmed at the leading edge of each wave and continuously
ing feature of this disturbance was that unlike the othéerseroded at the trailing edge.
was moving from the south! Wave propagation, itself, requires a wave guide. The
About the same time as the foregoing expeditigtata from the 1979 expedition showed that the wave guide
and unbeknown to its leaders until after the expeditidiey the Morning Glory is related to the particular thermal
Christie et al. (1979) reported a study of intrusive-tygructure of the lower atmosphere in the southern region of
flows and solitary waves in the lower atmosphere obsentbé gulf, which exhibits of a deep well mixed (neutrally-
in microbarograph records at the Warramunga Seisrstable) layer overlying a shallow stable layer. The neutral
Station at Tennant Creek, about 600 km west-southwisster aloft is a result of the deep well-mixed layer formed
of Burketown. Based on the results of their analysemer the land on the previous day and the stable layer is
Christie et al. (p4968) expressed the opinion that: “. associated with cooler air that exists over the sea. Fur-
it seems very likely that the Morning Glory phenomenaher aspects of the Morning Glory waveguide including the
is in fact a manifestation of a fairly well-developed largeeffects of the vertical wind profile are discussed in subsec-
amplitude isolated solitary wave or group of solitary wavetson 8.
In this interpretation the roll clouds are associated with t When the bore moves into drier air, as often happens as
closed circulation cells in the streamline pattern of largg moves inland after crossing the southern part of the Gulf,
amplitude deep-fluid internal solitary waves propagatiige clouds may dissipate while the bore waves remain. For
along a marine inversion.” The data obtained during tii§is reason, Clarke et al. (1981) emphasize the squall-like
1979 expedition broadly supported this view. nature of the disturbance rather than the cloud accompany-
ing it, since disturbances unmarked by cloud are common
inland from the coastal region. Some authors (e.g. Clarke
1983a,b, Smith and Morton 1984) have used the term “wind
Analysis of data from the 1979 expedition showed thatirge” to describe the overall disturbance. It may be noted
the Morning Glory had the structure of an undular bothat because of strong (dry) convective overturning, the

2.3 Structure and origin of the Morning Glory
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4 R. K. SMITH AND M. J. REEDER

low-level stable layer over the land rarely survives intdmi2.4 Favourable synoptic conditions

morning. However, there is evidence from surface micr b f northeasterly Morning Glori
barograph data that disturbances continue to propagat i occurrence ot northeasterly viorning ©lories appears
e favoured by a synoptic-scale ridge of high pressure

some form for a considerable distance inland during the cf . .

(Christie et al. 1978). The nature of the wave guide at P9 the east coast OT Queensland with assoqated north-

stage of the disturbance remains to be determined. easterly geostrophic winds over Cape York Peninsula. An
example is illustrated by the mean sea level pressure analy-

ses at 1000 EST on 24 September 2006 shown ing-ig.

F - 2= Morning Glory was observed over the southern gulf early
/ on the following morning.
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Figure 5. Maps of the southeast portion of the Gulf of Carpeat
region showing the location of some of the stations from Wwiiata

Figure 6. Bureau of Meteorology mean sea level pressure/sisal
have been collected.

at 1000 EST on 24 September 2006 showing synoptic conditions

conducive to the formation of northeasterly Morning GleriéA
Analyses of AWS data (C|arke et al. 1981, Clark@rominent feature is the ridge along the east coast of therdlizs

1983b) supported by numerical model simulations (see sgeitinent that directs a northeastt_erly component of flowssCape

tion 2.6) indicate that northeasterly Morning Glories origi- York Peninsula.

nate during the late evening over the western side of Cape

York Peninsula when, assisted by the prevailing wind, the

east coast sea breeze crosses the peninsula and encouhgersClimatology

the sea breeze from the west coast of the peninsula. H W-d | tal (2010 ted a climatol f ¢
ever, the collision, itself, has not been observed: the oﬁg elman et al. ( ) presented a climatology of noctur-

information we have about the details of it has emerg | or late morning pressure jumps at stations around the

from high resolution numerical model simulations and %ulf of Carpenta}rla and at one inand station squth of the
few laboratory experiments (see subsectiprin fact, this 02 Egga ;I;gren Cgngﬂogfyn\zﬁsegrﬁsd ?Sn :Vr\}(;—smlg?tti:vzelr—
aspect of the problem is perhaps the least well understogg.re_”ke disturbances that were rec?%ded at tﬁree or more
The origin of Morning Glories from the south iations during the four-month period August-November
now reasonably well understood (sectiBnand it Seems 5006 16 were from the northeast sector and five had a
that most, if not all, are generated by shallow cold froné?gnificant southerly component. One of the latter was

(section9). It is known that southerly Morning Gloriesyacorded as far west as Daly Waters. Only one northeasterly

have the same bore-like structure of their northeastegl¢irpance was identified at Groote Eylandt in the north-
counterparts (Smith et al. 1982). Perhaps remarkably, Wi{Bst of the Gulf.

afew exceptions, they tend to occur at Burketown (see Fig. Their study highlights the value of one-minute data
5 for locations) at much the same time as northeasteglyigentifying the passage of all types of low-level distur-
ones, typically between about 0500 and 0800 EST. (Efdnces at surface stations. Such passages would be missed
refers to eastern standard time = GMT+ 10 hours.) with the conventional hourly or even three-hourly data rou-
Several more field experiments were organized in ttigely available to forecasters. It was found that a pressur
decade following the 1979 expedition and many moj@mp criterion of about 0.25 mb in three minutes is suitable
disturbances were documented, including a few from tfee detecting the majority of morning-glory-type distur-
south (Smith et al. 1982, Smith and Morton 1984, Smibiances. Since their study was initiated, considerably more
and Page 1986, Smith et al. 1986). Some more recent figdda have become available and provide a rich source of
experiments are described in subsecon material to extend this climatology in the future.

Copyright(© 2015 Meteorological Institute TMRR 1: 1-27 (2015)
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Figure 7. Results of a numerical model simulation of seaz@g®ver Cape York Peninsula illustrating the formatiorhefeast-coast sea-
breeze front (the blue dashed curve) and its progressiVisionlwith the west-coast sea breeze on the western sideegfeéninsula during
the evening. From Smith and Noonan (1987).

2.6 Numerical simulations the north of the peninsula, where the peninsula is compar-

) ) ) ) atively narrow and progressively later in the south, where
The data obtained from the various field experiments mqtie peninsula is much broader.

vated attempts to simulate the Morning Glory using numer- ) ) ,
ical models, or at least the sea-breeze circulations that we 1€ rapid development of computer power in the 90's
believed to lead to it. Two first attempts were those Bfovided the possibility of repeating the foregoing calcu-
Clarke (1984) and Noonan and Smith (1986), both usih"’é'or‘? with higher spatial reS(_JIutlon and a over a Iarg_er
two-dimensional models for the flow in a vertical cros§lomain. A set of such calculations was reported by Smith
section across Cape York peninsula. Shortly after, Noorff#! Noonan (1998). While these calculations examined a
and Smith (1987) carried out a three-dimensional simul@nge of additional features of the precursors to Morning
tion over a domain that included the peninsula. The resufi¥ries, they confirmed also the results of earlier ones con-
supported the presumed role of sea-breeze circulatioms &&ning the role of sea breezes. For example, calculations
Cape York Peninsula in the generation of the Mornirfgr @ range of horizontally-uniform geostrophic flows over
Glory. The collision of the east- and west-coast sea bree##gregion, with directions typical of those that occur dgri
under conditions of a moderate (5 m'3 easterly synoptic the dry season, showed that the development of westward-
flow is manifest as a convergence line that extends progresving lines of low-level convergence over the gulf is the
sively southwards with time along the entire length of thrale. This explains why travelling convective- and wave-
Peninsula near the west coast (see FjgCollision of the cloud lines are commonly observed there. The convergence
sea breezes occurs in the late afternoon or early evenintiries are associated with the leading edge of sea-breeze

Copyright(© 2015 Meteorological Institute TMRR 1: 1-27 (2015)
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circulations that develop over Cape York Peninsula and — ; 2‘21S§I\\\w ™
around the gulf. ST T g ‘
. DI U N N N
For easterly and northeasterly geostrophic flows, the

circulations that develop are broadly repeatable from day ,,[

»»»»»

DI U N\
to day, despite the relatively long inertial period (nearly & [ oo\
two days) in the region. However, this is not the case fors [ -f-f«»wNW»&&Q\::QQQQ\
a southeasterly flow. Calculations with and without orog- 577~ "7~ Za -\

raphy showed that the orography on Cape York Peninsula [
enhances the low-level easterly flow over the eastern side ook
of the peninsula, but delays the formation of the Morning -

210 212 214 216

208
Glory convergence line on the western side. Although itzm/s — 1omys z (km)
affects the detail, orography does not play a fundamental
role in the generation of the Morning Glory. 15k

Goler and Reeder (2004) used a high-resolution cloud
model to explore in detail the generation of the Morning
Glory. The model was two-dimensional and nonhydrostatic_ [}
and simulated an east-west cross section of the souther
part of Cape York Peninsula with a horizontal grid spacing "
of 200 m. The calculations were initialized at sunrise with
a5 m s easterly flow and a temperature and humidity
sounding taken upstream from the peninsula. Figkae 0.0 5 X ; 5
shows the wind and potential temperature fields from thSm/s e 118 120 ) 122 124
model at 2210 LST, which is close to the time at which
the sea breezes meet. For clarity, only a small part of the
model domain focussed on the point of collision is showkigure 8. (a) East and west coast sea breezes at 2210 LST. Wind
As in earlier studies, the sea breezes that develop ovgsttors and potential temperature shaded in 1 K increméjt3.he

the peninsula are highly asymmetric with the east-coy%ﬂming Glory at 030 LST. Wind vectors and potential tempere

sea breeze being both deeper and warmer than its westeaco M L K increments. For clarity, only a small part ofrtiwdel
9 P domain is shown. Adapted from Goler and Reeder (2004).

counterpart. The asymmetry is due to the ambient easterly
flow over the peninsula.
The east-coast sea breeze is warmed as it propagatesoutherly Morning Glories

across the heated land and when the sea breezes me?ﬁétobservation at Burketown of a Morning Glory mov-
rides over the west coast sea bre_eze (as in the labora[ﬂﬁyfrom the south at the end of the 1979 field experi-
expe;nments of an mtrusw_e gravity current plescnbed Hent was a total surprise, but the existence of such dis-
section?). In the process it produces a series of WavVgspances was reported in the same year based on data

that propagate on the on the pool of cold air laid dowp,, arrays of microbarometers deployed in the region by

by the west coast sea breeze. The calculations showed BEH& Christie and colleagues from the Australian National

when the_phase speed of these waves matches the westyjat rsity (Christie et al. 1979). A year later, two more
propagation speed of the east-coast sea breeze, the Wa\gSrhances were observed during a field campaign and it
grow to large amplitude, thereby forming the Morningecame apparent that such occurrences were not so uncom-
Glory. When the east-coast sea breeze propagates toofasit (Smith et al. 1986). A feature of the synoptic mean
relative to the waves, the waves do not amplify. sea level pressure patterns conducive to the formation of
Goler and Reeder concluded that the Morning Glory égutherly disturbances over northern Australia was foand t
generated by a resonant coupling between the east-coaspg&afe extension of a ridge of high pressure across the con-
breeze and the disturbances that propagate on the shajigent directing a southerly to southeasterly airstreaer ov
stable layer produced by the west-coast sea breeze. Weetern Queensland. In some cases, strong ridging occurs
leading Morning Glory wave generated by the model iuring the 12- to 24-h period prior to the disturbance and
shown in Fig.8b. The number of waves produced is founig preceded by the movement of a frontal trough across
to depend on the vertical stability of the west-coast seantral Queensland; in other cases, the ridge is quasi sta-
breeze and the strength of the east-coast sea breeze. Agitary and the front (at least as commonly analyzed) is
the calculation by Smith and Noonan (1998), the inclusiaibsent. However, the inland heat trough is always a promi-
of orography representative of Cape York Peninsula dost feature along the leading edge of the ridge (see section
not change the overall result with a Morning Glory forming0). It is well marked in model forecasts as a narrow line
in much the same way as in the case without orography. Tdfeenhanced low-level cyclonic vorticity and, from avail-
main difference is that the sea breezes meet earlier wiadte observations, it appears to be coincident with the dry
orography is included. line (see sectioril). Figure9 below shows the mean sea

0.5
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DRY SEASON METEOROLOGY OF NORTHERN AUSTRALIA 7

level pressure analyses leading up to two well-documented The foregoing analyses stimulated also a program of
southerly Morning Glory events. research to examine the dynamics of heat lows and heat
troughs, the findings of which are summarized in section
10. Two particularly interesting southerly Morning Glories
were documented during the 2002 Gulf Line Experiment
(GLEX, Goler et al. 2006; see also sectidh and we
discuss these briefly in the next two subsections.

3.1 Event of 29 September 2002

One of the southerly Morning Glories reported by Smith
et al. (2006) is discussed now. A special feature of this
event was the clear double change structure at all automatic
weather stations (AWSS) in the southeastern gulf region
with an undular bore-like wave preceding and separating
from an air mass change in the form of a dry line. As in
other major events previously documented, the disturbance
was accompanied by ridging over the northeastern part
of the continent (Fig.9). In this case, the ridging was
strong enough to push the trough a considerable distance
northwards over the gulf and the peninsula. As a result,
there was a significant air mass change across much of the
AWS network with dry continental air extending well out
over the gulf. At Karumba, there were strong southeasterly
winds with blowing dust following the change.
Figure10shows time series of various quantities from
two of the AWS stations: Augustus Downs (one of the
southernmost stations) and Birri Beach on the northern
side of Mornington Island in the gulf. At the southernmost
station, Augustus Downs, the bore wave is evident as a
Figure 9. Bureau of Meteorology mean sea level pressurg/seml Sharp pressure jump at about 2115 EST, accompanied by a
at 1000 EST on 28 September and 1000 EST on 29 Septentlearp increase in wind speed and an abrupt change in wind
2002 indicating conditions conducive to the formation ofitts@rly direction from one slightly west of north to a southerly. A
Morning quries. The southerly Morning Glory was gssocdate’th second wave of the bore with a further jump in pressure
the trough line (marked by a dashed curve) as the line crassed occurred about 15 min later. The passage of the trough
the southern gulf. . . . .
line (effectively a dry line) was marked by a sharp fall in
the dewpoint at around 2300 EST, accompanied by a slight
The analyses of available data for the events descriliecrease in temperature and a rapid freshening of the wind
by Smith et al. (1986) pointed to a possible connectidfom the southeast. The surface data from Birri Beach show
with cold fronts crossing the continent to the south ardsimilar structure, with the bore wave onset at about 0150
also with the inland heat trough. However, at the timegdittEST and the air mass change just after 0645 EST. Thus, the
was known about the structure of fronts that penetrated fere wave had separated farther from the air mass change
northwards across the dry continent. Solving this mysteag the disturbance moved northwards.
called for an observational programme to acquire the nec- There was not much of a temperature change recorded
essary data. To this end, a pilot experiment was organizgdhe surface with the passage of the bore wave, although
September 1988 to document one or two cases (Smith aneéherical model-based mesoscale analyses of the event do
Ridley 1990) and two subsequent experiments, more extgitticate a relatively deep layer of cooler air following the
sive in scope, were carried out in early and mid-90’s (sekange. The analyses are not necessarily inconsistent with
section9 for further information on these experiments anghe surface observations, which often show a rise in surface
the accompanying research on subtropical continental ctdthperature accompanying the passageaofdfront over
fronts). During the first of these experiments in 1991, aentral Australia. The jump in surface temperature is a
unprecedented data set was obtained on a cold front d@isequence of the nocturnal formation of a shallow layer
crossed the northern part of the continent and transforngédtool air adjacent to the surface, which is destroyed by
over night into a southerly Morning Glory (Smith et althe downward turbulent mixing of warmer air from aloft at
1995). the front.
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Figure 10. Time series of temperature, dewpoint temperdidashed), wind speed and direction, and pressure from W8 Stations at
(left) Augustus Downs and (right) Birri Beach on Morningttstand during the passage of the southerly disturbance &@28eptember
2002. Adapted from Smith et al. (2006).

3.2 Event of 9 October 2002 northeasterly Morning Glory, and a group of cloud lines

A second event from Smith et al. (2006) is discussed _qﬁsentially oriented east-west marking th_e southerly Morn
this subsection. On this day, three Morning Glories wefd Glory. The wave crests of each family are noticeably
observed, one moving from the southeast, one from #gvedin the regionin vv_h|ch they intersect. A line of mod-
south and the other from the northeast. These disturbarfé@{€ly shallow convective cloud, a so called North Aus-
were documented in unprecedented detail with airborf@lian Cloud Line (NACL), is visible also in the northeast-
measurements as well as surface observations. (Only ofgePart of the gulf. The NACL will be discussed in section
previously, on 10 October 1990, had Morning Glorieb )
been observed simultaneously propagating from all three The AWS trace at Augustus Downs (Fig3) shows
preferred directions; see Christie 1992, and Reeder 4h@ Passage of a single southerly disturbance at 0400 EST
Christie 1998.) The synoptic situation was very similar farked by a sharp rise in the pressure, a slight decrease in
that for the previous disturbance, namely a ridge of hifie temperature and dewpoint temperature, and an increase
pressure moving across the continent and the inland trodfythe wind speed. Ahead of the disturbance the wind was
line on its northeastern side moving northeastwards tosvag@uthwesterly, but as the disturbance approached, the wind
the gulf (see Fig.11). Recognition of this favourablebacked to become southerly. Our data are inadequate to
pattern, which emerged from the earlier studies of Smﬁﬁtermine whether this disturbance was the southerly or
et al. (1982, 1986), enabled us to forecast the event 8 daQ4theasterly disturbance. The trace shows also the gassag
ahead on the basis of the Bureau of Meteorology’s glotdithe trough and dry line, which arrive at 0715 EST and are
numerical prediction system. With this amount of lead@arked by a pronounced decrease in dewpoint temperature,
time it was possible to deploy the instrumented resea@h increase in wind speed, and the onset of a strong south-
aircraft available to the experiment. Note that a feature gfutheasterly flow.
the synoptic situation favourable for the southerly Mognin ~ Based on the foregoing analyses as well as simulations
Glories shown in Figs9 and 11) is the ridge along the of the events using a mesoscale numerical model (Weinzier!
east coast of Australia, which is favourable also for tieé al. 2007), enabled us to construct a conceptual model
generation of northeasterly Morning Glories as well (s@& a possible mechanism for the formation of southerly
Fig. 6). Morning Glories south of the gulf. This model is shown
Sometime overnight on 8 October, southerly, southt Fig. 14 Frontogenesis occurs to the south of the heat
easterly, and northeasterly Morning Glories developed. Tiough after sunset. The strengthening cold front moves
most prominent feature in the Geostationary Meteorologiquatorward and collides with the sea breeze to the north
cal Satellite (GMS) visible image at 0832 EST 9 Octobef the trough. The sea-breeze air provides a surface-based
is the series of cloud lines in the southeastern corner of giable layer and a deep layer of well-mixed air from the
gulf (Fig. 12). The family of cloud lines oriented northeasteontinent lies over the sea breeze. Together these form a
southwest is the southeasterly Morning Glory. There isamve guide on which the bore waves can propagate towards
cloud line oriented northwest-southeast also, marking ttie north.
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Figure 13. Time series of surface data at (left) Augustus mand (right) Sweers Island on 9 October 2002. Temperaiylid curve
in top panels) and dewpoint temperature (Td, dashed curi@pipanels), wind speed (V), direction (Dirn), and presgpje The southerly
Morning Glory arrived at Sweers Island at 0645 EST and théhsmsterly arrived at 0740 EST. Adapted from Smith et al0O@0

4 TheNorth Australian Cloud Line Glories over the southern part of the gulf region. This
_ o experiment involved Doppler sodar measurements as well
The Gulf of Carpentaria region is frequented not onlys high-temporal-resolution data from operational AWSs.

by Morning Glory wave clouds, but also by a range afhe findings from GLEX Il and Ill were reported by Reeder
convective cloud lines, often referred to generically @$al. (2013).

North Australian Cloud Lines (NACLs) or simply gulf
lines. Such lines form in the early evening along the
northern part of the west coast of Cape York Peninsufa
where the peninsula is relatively narrow. Subsequentihe observations at Weipa showed that the degree of
they move westwards across the gulf during the night aagymmetry between west-coast and east-coast sea breezes
following day. Like the Morning Glory, they originate as gas characterized by the wind field alone) depends on the
result of the collision between the two sea breezes frgsength of the background easterlies. No NACL developed
the east and west coasts of the peninsula, which fop@any day for which the maximum easterly measured by
typical broadscale easterly flow occurs near the west cogst sodar was less than 5 m'swhereas an NACL formed
of the peninsula in the late afternoon (see e.g. Goler et@i. every day on which the maximum easterly exceeded
2006, Reeder et al. 2013). During the dry season the cl®igh s!. At Normanton, the sodar winds showed that
lines are mostly composed of shallow cumulus or cumulgplitude-ordered solitary waves developed downstream
congestus clouds, whose vertical development is hindeyggen the background easterlies were less than about 10 m
by the trade wind inversion at about 3 km. However, durirg?, In contrast, either no jump or a single bore-like jump
the moist season the cloud lines may develop as linesféfimed downstream when the background easterlies were
thunderstorms that pose a significant forecasting problgreater than 10 nTs below a height of 700 m (which is the
in the region (Drosdowsky and Holland, 1987, Drosdowslgepth of the boundary layer covered by the sodars). Taken
etal. 1989, Goler et al. 2006). An example of a dry-seas@igether, the observations from the two field experiments,
case is shown in Fid.5. carried out at opposite ends of the Cape York Peninsula,
In September 2002, a major field experiment (the Gfiggested that strong easterlies favour the formationeof th
Lines EXperiment, GLEX) was organized by the BureaUACL in the northwestern part of the peninsula, whereas
of Meteorology, Monash University and the University afveak easterlies favour the formation of the Morning Glory
Munich to study the NACL (Goler et al. 2006). Followingn the southwest. This point is expanded upon in sedion
GLEX, two further experiments were organized to study
cloud lines over the Gulf of Carpentaria region: GLE . . .
1 in 2005 and GLEX 11 in 2006, GLEX Il was carried)f"2 Numerical simulations
out in December to investigate the initiation of the NACLThomsen and Smith (2006) described high-resolution
which was accomplished using a small autonomous aircradimerical model simulations of low-level convergence
and two Doppler sodars. GLEX Il focused on Mornintines that were documented during the GLEX experiment.

1 Summary of observations

Copyright(© 2015 Meteorological Institute TMRR 1: 1-27 (2015)



R. K. SMITH AND M. J. REEDER

o
[T ——
B o btgorogy b

ILSlmas)is

VALID 1200 UTC 08 OCT 2002

ate) 10PM EST 0B OCT 2002
Nether by Fos Dircbey U 1 800 20 160

Figure 12. GMS satellite image of the gulf region at 0832 EST
on 9 October (2232 UTC 8 October). The four sets of cloud lines
identified are the north Australian cloud line (NACL), theusfwerly
Morning Glory (SMG), a southeasterly Morning Glory (SEM@nd
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Figure 11. Bureau of Meteorology mean sea level pressulgsasa
at 2200 EST on 8 October and 1000 EST on 9 October 20
again indicating conditions conducive to the formation ofitherly || Cold front Heat trough
Morning Glories. The southerly Morning Glory was assodaéth | __, \\ N | l - e
the trough line (marked by a dashed curve) as the line crassed , )
the southern gulf. o Lo %

The calculations prOVidefd further insights into_ the O_'y”a'Ei' re 14. Conceptual model for the inland trough and itsl¢gcy

ics of the convergence lines and the mechanisms involyg@nawn southerly Morning Glory bore waves at night. A mieridl

in their formation. Notably, they show two clearly distincéross section of the isentropes (solid lines) is shown viighcoldest

convergence lines, one that corresponds to the Mornpagential temperatures shaded and the component of lost-d@fiow

Glory and the one that corresponds to the NACL. The for- indicated by arrows. (From Weinzierl et al. 2007).

mer originates from the east-coast sea breeze over Cape

York Peninsula south of about 19, while the latter orig-

inates from the east-coast sea breeze north of this latitUi€ezes from each side of the Cape York Peninsula, which

The calculations support also the conceptual model for tReturn depends on the strength of the background easter-

generation of southerly Morning Glories shown in Fig. lies. When the easterlies are weak {0 m s™'), the sea

In particular, they show the separation of a bore-like digteezes have similar depths and strengths, and their colli-

turbance following the collision of a nocturnal cold front tsion leads to a relatively violent disturbance, whereaswhe

the south of the inland trough with a sea-breeze front to tfe background easterlies are strongl() m s™') the sea

north of the trough. Moreover, they show the progressipgeezes have very different depths and strengths and the

transition of the east-coast sea-breeze front and thednlglisturbance resulting from their collision is comparaijve

cold front from gravity-current-like flows to bore-like dis benign.

turbances overnight to form north-easterly and southerly The foregoing results are consistent with the observa-

Morning Glories, respectively. tional and numerical modelling work from GLEX I. Goler
Numerical simulations reported in Reeder et al. (201&)al. (2006) found that the NACL develops at the leading

show that the structure of convergence line producedge of a weak gravity current, referred to as a land breeze

depends on the strength of the collision between the $gahese authors, which moves westwards from Cape York
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(MesoLAPS) and examined also aspects of the dynamics of
such cloud line disturbances. The predictions were made
during the GLEX Experiment and were compared with
data collected during the experiment. An analysis of the
entire 44-day period between 11 September and 24 October
showed that with appropriate interpretation, MesoLAPS
had significant skill in forecasting the lines, but it did not
capture all of them. About 85% of forecasts of northeast-
erly Morning Glories and southerly Morning Glories, or of
their nonoccurrence, were correct, while the correspandin
percentage for the NACL was about 65%. However, about
15% of northeasterly Morning Glories and about 35% of
NACL events that occurred were not forecast by the model.
Only 6 out of 11 southerly Morning Glories were forecast.

The predicted orientation of the Morning Glories was
acceptable with a standard deviation error of B about
50% of the cases, the times of passage were within an hour
of those observed and there was a marked tendency for
the predicted lines to be late. MesoLAPS usually shows
Peninsula as the west-coast sea breeze decays. Strong lggst-winds at low levels ahead of the convergence lines
erly flow was found behind the NACL with much weakewith a sharp increase in wind speed behind the lines as is
easterlies ahead of it. In numerical simulations, Gelet. observed.
found that this land breeze was accompanied by conver- In the case of the two southerly Morning Glories
gence and upward motion at the leading edge of the weligcussed in subsectioidsl and 3.2, the model was able
low-level cold pool, leading to the development of cloudo capture the separation of a bore-like disturbance from
Presumably, NACLs require relatively strong backgrounbe air mass change, although the model does not have the
easterlies because such a flow produces stronger low-lggsblution to capture the wave-like structures that develo
cold advection and, hence, stronger temperature gradientthe leading edge of the bore waves. A detailed analysis
at the leading edge of the land breeze. The numerical sirofithe MesoLAPS calculations indicated that the broad-
lations reported in Reeder et al. (2013) is consistent atsrale generation mechanisms of northeasterly and soytherl
with the calculations of Goler and Reeder (2004), whorning Glories are similar and it enabled the construction
found that Morning Glories did not develop when the backf a conceptual model for the generation of southerly
ground easterly flow exceeded 10 m's Morning Glories shown in Figl4.

Calculations by Thomsen and Smith (2008) showed
the importance of the boundary layer parameterization jn
the numerical prediction of low-level convergence line

during the GLEX experiment. Calculations using five difajthough most research has focused on Morning Glories
ferent parameterizations were compared with the obseryanorth-eastern Australia, and especially on north-ebste
tions to determine the optimum scheme for capturing thegigturbances, similar disturbances have been reported els
lines. The schemes that give the best agreement with ffieere in Australia; e.g. the Australian National Univer-
observations are the three that include a representatiogig)‘ Warramunga Research Station near Tennant Creek
counter-gradient fluxes and a surface layer scheme base(mﬂistie et al. 1978, 1979, 1981); central Australian dry
Monin-Obukhov theory. One of these, the Medium-Ranggjt |akes (Physick and Tapper 1990); Sydney Airport
Forecast SCheme, |S S“ghtly bettel’ than the Other twomagﬂanasseh and Middleton 1995), and central New South
on its ability to predict the surface pressure distributiop/gles (Drake 1985). Those reported over southern Aus-
The findings are important for the design of mesoscafglia appear to have been associated with cold fronts as
forecasting systems for the arid regions of Australia aggky propagate into stable marine layers or thunderstorm
elsewhere. outflows; e.g. the Spencer Gulf South Australia (Robin
1978, Drake 1984); various locations over southern Aus-
tralia (Clarke 1986); the Great Australian Bight (Schmidt
and Goler 2010); Melbourne’s Port Phillip Bay (Physick
Following a preliminary study by Jackson et al. (2002).986); in advance of the Black Saturday cold front (Engel
Weinzierl et al. (2007) examined the possibility of preet al. 2013).

dicting low-level convergence lines over northeastern-Aus  Another region of Australia where Morning Glory-
tralia such as those which give rise to the Morning Gloryke cloud lines are observed regularly is off northwest
They used a mesoscale version of the Australian BurealtAofstralia over the Indian Ocean. The first documentation
Meteorology’s operational Limited Area Prediction Systeof cloud lines in the region are due to Neal and Butterworth

Figure 15. Aerial view of a North Australian Cloud Line ovéret
Gulf of Carpentaria.

Morning Gloriesin other partsof Australia

5 Forecasting possibilities
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(1973) and Smith (1986). Using visible satellite image
Birch and Reeder (2013) produced a climatology of wa
clouds in the region and found that two main types
cloud lines form over northwestern Australia. The first tyy
occur (at least) 2-3 times per month throughout the ent
year and are very similar in appearance to the Mornif ="
Glory of northeast Australia. Using the Met Office Unifie
Model, Birch and Reeder simulated the generation of
example of this first type of wave cloud. The Mornin
Glory-like waves developed in synoptic-scale, low-lev
southeasterly flow with a heat low along the northwe
coast of Australia. At night, the offshore southeasterli
accelerate into the heat low and collide with the onshore ¢
breeze. The southeasterlies override the sea breeze, much

like an intrusive gravity current, and the wave-cloud lingsgure 16. A simple laboratory experiment to demonstrageirter-
form at the leading edge of this front. (See secfign action of two sea breezes of different densities. See text fescrip-

The second type of could lines are convectively- tion of the experiment.

generated; they are more circular in shape and appear to

originate from convective storms and occur (at least) once. ) ) )
per month during the wet season. The wave-cloud didltimately the two gravity currents collide and the lighter

cussed by Smith (1986) appears to have been of this Lfcthe two, coloure_d red, ascen_ds above t.hfa heavier blue
ond type. He reported that the cloud lines appeared to h§giured current (Figl7c). Following the collision, a wave
been generated by the interaction between the onshorei$&gnerated on the heavier (blue) water and this wave runs
breeze and a northward-propagating gust front produd@dhe left, ahead of the red water. It is followed by an
by the convective storms north of Port Hedland during thi@trusion” of the red water as a sort of tongue between
afternoon. Radiosonde observations from Port Hedland tHi Plue and uncoloured water. The point at which the two
morning showed a surface-based stable |ayer1 formed%?Vity currents collide is chaotic and very turbulent. One
the previous day’s sea breeze and nocturnal radiative céBfy think of the blue coloured water as the west-coast sea
ing. Above this lay a near-neutral layer, produced by stroReeze over Cape York Peninsula, the red coloured water as
diurnal heating on the previous day. This configuration préle warmer east coast sea breeze, and the wave moving to
sumably provided an effective waveguide for the propaghe left on the blue water as the Morning Glory.
tion of disturbances produced by the collision of the two
flows. (See sectio8.) Using the Met Office Unified Model,
Birch and Reeder found that that vertical wavelength w@s Theoretical aspects
the depth of the troposphere. Such convectively generated
wave modes can produce lifting in the low part of the trop@Veakly nonlinear wave theory is the foundation of much of
sphere, thereby increasing the Convective Available Rotéme early theoretical description of the Morning Glory. For
tial Energy (e.g. see Lane and Reeder 2001). an erudite review see Christie (1992). Before discusssg it
application to the Morning Glory, a brief summary of the
main points of the weakly nonlinear wave theory is useful.
There are two versions of this theory. The first deals with
long waves on a single, homogenous fluid layer and may be
The collision of two sea breezes can be illustrated applicable to waves spanning the depth of the troposphere.
a relatively simple laboratory experiment. The apparatlisthis version the governing equation is the Korteweg-de
consists of a 2.5 m long plexiglass tank filled with watéfries (KdV) equation. The second version of the theory
(Fig. 16). At each end of the tank are regions which can lgeals with long internal gravity waves propagating on a
isolated by two vertical plates. Salt and coloured dye a¥gallow stable fluid layer with a deep layer of neutrally-
added in these regions to increase the density of the wat@ble fluid above. In this version the governing equation
by different amounts. The water on the left (coloured bluk) the Benjamin-Davis-Ono (BDO) equation (Benjamin
has more salt added per unit volume than the water on ##67, Davis and Acrivos 1967, Ono 1975). Both the KdV
right (coloured red) and is therefore heavier than the radd BDO equations admit steady, propagating solutions,
coloured water. which include solitary and cnoidal (periodic) waves. A
At the start of the experiment, both retaining plategeneral initial disturbance will evolve into a discrete set
are removed and the heavier water on the left and rigiitamplitude ordered, steadily propagating solitary waves
flows towards the lighter uncoloured water as a pair afong with an independent dispersive wave train. The
gravity currents. The blue-coloured water flows to the righolitary waves are ordered by amplitude as the larger waves
(Fig. 17a) and the red coloured water to the left (Figb). propagate faster.

7 Laboratory experiments with colliding gravity cur-
rents
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Figure 17. Colliding gravity currents with different detiss illustrating the collision of two sea breezes with eliéfint temperatures behind
them. See text for a description of the experiment.

Christie et al. (1979) and Clarke et al. (1981) corscorer Parameter, restrict their propagation to a layee. On
cluded that the Morning Glory could be described as anch configuration, thought to be important for the Morn-
internal undular bore similar to that described by Beirg Glory, is a stable surface-based layer permitting verti
jamin (1967). Using observed environmental profiles, Noeal propagation beneath a deep layer in which the waves
nan and Smith (1985) found that weakly nonlinear there evanescent, preventing the loss of wave energy from
ory was in reasonable agreement with the observed preje lower layer through upward propagation. Northeasterly
agation speeds, although the theory gave horizontal wawksrning Glories propagate towards the southwest against
lengths that were too large by a factor of two. Timgn opposing low-level westerly and, hendé(z) — c >
dependent integrations of the BDO equation by Christie Crook (1988) investigated the conditions under which
(1989) and Christie and Muirhead (1983a, 1983b) illugtorning Glory waves will be long-lived. They are when
trated the asymptotic development of amplitude-ordergd )2 decreases with height, whe(z) increases with
solitary wave families from smooth initial conditionspeight, or whenU., changes sign from negative in the
Detailed reviews of weakly nonlinear theories applied asdpaple surface layer to positive aloft. The last mechanism
the Morning Glory can be fOL_md in_two articles by Christi_gppears to be the one of most relevance to the Morning
(1989, 1992). Egger (1985) investigated also the evolutigliy,ry. Menhofer et al. (1997a) calculated the distribution
of an initial disturbance into a solitary wave train, buthet ¢ the Scorer parameter from radiosonde soundings taken at
context of the KdV equation. Burketown on days on which Morning Glories were known

Consid(_er now the eﬁeqt of the back_ground easterligSp aye been generated over the Cape York Peninsula, but
on the medium through which the Morning Glory prop ailed to reach Burketown, and days on which Morning

gates. Although Moming Glory waves have large amp Slory were observed there. They showed that, although
tud_e, linear theory has been used to describe_, at leaSth&IL/(U(z) _¢) is mostly negative above the Iov'vest few
tatively, the structure of the wave guide on which they_ PTORUndred metres, it is not uniformly so. Consequently, they
agate (Fe.g. Crook 1986, Menh(_)mral. _1997b)_.Acc_ord|ng concluded that the waves must be continuously forced,
to the "”?"’“ ftheory for a two—dlmen3|ona| _s_lnusmdal W& therwise the waves would quickly attenuate as energy is
ngn%i%?g;g Ir:hzlnvoer;ir g;?wsvjrtlig%esg: t:felzlea(i,egotm lost through upward propagation. This finding is consistent
' with the recent numerical modelling study by Smith and

environmental conditions through the expression .
g P Noonan (1989) who concluded that energy losses associ-

m(z)? = 1(z)? — k> ated with the leakiness of the wave- guide in morning-glory
wave disturbances may be at least partially offset by energy
where gains associated with the evolving mesoscale patterns gen-
1(2)? = N()? U erated by sea-breeze circulations.
(U(2) —¢)*  (U(z) —¢) The assumption of weak nonlinearity can be circum-

is the Scorer Parametdk,is the horizontal wavenumbervented by solving the equations of motion numerically. Cal-

z is the geometrical heighty is the Brunt-Vaisala fre- culations of this kind include those of Clarke (1984), Crook
quency,U(z) is the component of the environmental flokand Miller (1985), Haase and Smith (1989), and Goler and
normal to the wave and is the horizontal phase speedReeder (2004), all of which investigated the generation and
Small-amplitude gravity waves propagate vertically wheatopagation of undular bores and solitary waves as a grav-
m is real, but are evanescent whenis imaginary. Con- ity current or sea breeze moves into a surface-based stable
sequently, waves may be ducted when the environmetggier. The key nondimensional parameter controlling the
conditions, characterized by the vertical structure of thehaviour of the flow iS\/ = ¢o/cg4,.. Herecy = 2Nh /7 is
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the phase speed at which the small amplitude waves prop- In contrast, when the background easterlies are
agate on the stable layet,, is the speed of the gravitystronger, the sea breezes are asymmetric. In this case, the
current,N is the Brunt-Vaisala frequency in the stable layeollision is comparatively gentle, with the east-coast sea
ahead of the gravity current, ardis the depth of the sta-breeze simply surmounting the west-coast sea breeze and
ble layer. For example, Goler and Reeder (2004) show thaitning across the top of the cold air. These results suggest
when the phase speed of these waves matches the westibatdthis case is supercritical in the sense that the speed of
propagation speed of an intrusive gravity current (the-easmall-amplitude waves supported on the layer of cold air
coast sea breeze), waves grow to large amplitude. This &tlvected onshore by the west-coast sea breeze is smaller
uation is shown schematically in Fify8a. When the intru- than the typical wind speed behind the east-coast sea breeze
sive gravity current (the east-coast sea breeze) propagétte configuration sketched in Figg8b.) These conclusions

too fast relative to the waves, the waves do not amplify. Fajie supported by observation of Morning Glories at Morn-
this perspective, solitary waves can be generated by a f&gton Island, far downstream from their point of origin.
onant coupling between the east-coast sea breeze and the

disturbances that propagate on the shallow stable layer gjo
duced by the west-coast sea breeze.

Haase and Smith (1989) investigated the collision

between a gravity current and a stable layer. They fouhfie classical models for cold and warm fronts developed
that if the stable layer is sufficiently deep and/or strong b the 1920’s by the Bergen School of meteorologists
that the phase speed of waves on the layer is sufficierft@ve survived as important components of a model for
large compared to the speed of the gravity current, a néi¢ evolution of synoptic-scale low pressure systems in
linear wave disturbance forms and propagates ahead oftheemiddle I_atltudes. However, the reluctance of Australl_a
gravity current. This configuration is shown schematicalfjeteorologists to analyze warm fronts over the Australian
in Fig. 18a. If the stable layer is too weak and/or Shano\?;pntment and unusual fgatures of summertime colq fronts
for this to be the case, the stable layer profoundly affedisSoutheastern Australia (some of them can be virtually
the gravity current head, which develops one or more largé?ud free) cast doubt on the utility of the Norwegian
amplitude waves enveloping the colder air (Figb). In model for extratropical cyclones over Australian. Indeed,
this case the large-amplitude waves advect isolated regibfMmert (1932) noted that cold fronts there tended to
of intruding cold air ahead of the main body of the gravitjs}a"e much larger temperature contrasts to those in Europe,

current. The first case (Fig.8a) is said to besubcritical especially in summertime, and attributed this feature ¢o th
and the second casapercritical (Fig. 18b) large temperature contrast between the hot continent and

. . . iti i minat
Haase and Smitbp. cit. found that the transition from the maritime environment to the south that was dominated

" s by the presence of Antarctica.
subcritical to subcritical flow occurred at a value bf Recognition of the deficiency of the classical model
around 0.7. The transition point is less than one becau&e

dina t K i th the oh d old fronts in the region led to the establishment of a
according fo weaxly nonfinear theory, th€ phase Spee0yy pronts Research Programme in Australia in the late

the waves which propagate on the stable layer increa§ % and early 80's (Smith et al. 1982b). A special focus
with increasing amplitude. The number of waves is relat s on the summertime “cool change”, a kind of cold front
to the relative depth of the stable layer. As the staq at that brings relief to communities in the southern part

layer depth i.ncreas.es, the number of_waves increases $9he continent after sometimes many days of scorching
although their amplitudes decrease. Finally, as the caid PRot northerly winds from the continent. Three field exper-

has finite volume, the solitary waves may run ahead of it g$.nts were organized as part of the research programme

depth of the cold air, and hence its speed, decreases Wi these together with theoretical and numerical studies
time (Fig.18d). that the programme led to a new conceptual model of the
Numerical simulations reported by Reeder et alpol change which differed considerably in detail from the
(2013) showed that the structure of the morning-glory digiassical Norwegian model. Unlike the classical cold front
turbance produced depends on the strength of the cailiany summertime cool changes were shallow and com-
sion between the asymmetric sea breezes, which in tgfstely dry and it was evident that deep turbulent mixing
depends on the strength of the background easterlies. Weg@sr the strongly heated continent had an important role in
the easterlies are comparatively weak, the sea breezest@gestructure of these fronts. A review of the summertime
relatively symmetric and their collision relatively viole cool change and a comprehensive list of references thereon
These results suggest that this case is subcritical in given by Reeder and Smith (1992).
sense that the stable layer provided by the west-coast sea Despite the progress in understanding the structure of
breeze is sufficiently deep and strong to enable waveste summertime cold front, which may be connected to a
propagate faster than the speed of the the east-coastpseant low over the Southern Ocean, there was still a reluc-
breeze. The disturbance subsequently evolves into a se@se by forecasters to analyse cold fronts very far into the
of amplitude-ordered solitary waves that runs ahead of ingerior of the continent. Rather, the equatorwards portio
east-coast sea breeze as sketched inlBy. of the surface front was analysed as an inland trough line,

Continental cold frontsin the Australian subtropics
and tropics
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Figure 18. Conceptual model for the wave generation. (ar@idal case M > 1, in which the waves propagate ahead of the gravity current.
Here M = co/cqr. Hereco = 2Nh /7 is the phase speed at which the small amplitude waves prpagahe stable layet,. is the speed

of the gravity current)V is the Brunt-Vaisala frequency in the stable layer ahdatiegravity current, and is the depth of the stable layer.
(b)Supercritical casel! < 1, in which the waves remain bound to the gravity current. iftjuisive gravity current and resonantly generated
waves,M > 1. (d) Freely propagating solitary waves after the cold pad been exhausted. Based on Figure 1 from Locatelli et 8819

sometimes extending as far north as the southern half gdstwards across the continent (Smith et al. 1986). These
of Carpentaria. Even so, Lammert (1932) was aware thaidings raised fundamental questions concerning the-struc
on occasion, the cooler air may extend well into the tropi¢aye and dynamics of the inland trough, the structure and
even reaching the Gulf of Carpentaria (see her Fig. 5). dynamics of subtropical cold fronts, and the mechanism
More recently, Berry et al. (2011a) objectively anabf interaction between an advancing frontal trough and the
ysed the frequency of fronts globally in the European Cemland trough. These are important questions vis-a-vés th
tre for Medium range Weather Forecasts (ECMWF) ERMleteorology of the Australian subtropics, but up to the late
40 reanalysis. Their detection method is based on the w&f)'s they had received relatively little study, partly besa
bulb potential temperature at 850 mb. Cold fronts ov#e routine data base across the sparsely populated interio
Australia are most common in the spring and summef.the Australian continent was totally inadequate for this
Although there are distinct geographical maxima lying ijpurpose.
the southwestern and southeastern parts of the continent, To help answer the foregoing questions, a small pilot
cold fronts are analysed across the entire continent,dAclfield experiment was organized in September 1988 to
ing the tropics. In contrast, on the rare occasions that wagitain data on the inland heat trough in central and northern
fronts are analysed, they are confined to the southern coasistralia (Smith and Ridley 1990). The vertical structure
line principally during summer. Presumably these analysgfthree fronts was investigated as they passed over Mount
warm fronts are associated with the offshore advection|gh (2rS, 139E), which in each case lay near the northern
warm continental air by northerly air streams and are nphit of a synoptic cold front and the southern limit of a
classical Norwegian warm fronts. semi-permanent pressure trough to the northwest. Fifure
shows height-time cross-sections of potential tempegatur
6, and of equivalent potential temperatufg, at Mount Isa
for the first event and of for all two other events.
An interest in cold fronts at subtropical and even tropical The three cold fronts had some very similar charac-
latitudes was awakened by attempts to determine the @gkistics. The front and trough were originally completely
gin of southerly Morning Glories. An analysis of synoptigeparate features, but the approach of the front from the
conditions for the occurrence of southerly Morning Gloriegest appeared to result in the gradual amalgamation of the
observed during field experiments in the early 80’s point@go in the vicinity of Mount Isa. This front/trough system
to the likely role of the inland heat trough as a ridge @fas contained in all cases between a ridge of high pres-
high pressure, preceded, perhaji® a cold front, extends sure along the Queensland coast and an intensifying ridge
across central Australia. These characteristics are gonsi
1At that time, cold fronts were not usually analysed so farguvards. tent with observations of the synoptic conditions condeiciv

9.1 An early field experiment
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Figure 19. Height-time cross-sections of (a) potentialderatured and (b) equivalent potential temperatéreat Mount Isa for Event 1 and
of ¢ for (c) Event 2 and (d) Event 3. Heights are above ground lemdlisopleths are labelled in deg. C.

to the formation of southerly Morning Glories in the gulthey were dry, shallow (around 1 km deep), and moved into

area (see sectiahabove). a deep (around 4 km) convectively-well-mixed boundary
layer. During the night, the well-mixed layer was termi-

9.2 The Central Australian Fronts Experiment 1991 nated below by a strong, but shallow radiation inversion.

_ _ One of the fronts initiated major dust storms across central
The Central Australian Fronts Experiment (CAFE) wagystralia.

organized to provide a more comprehensive data set on

subtropical cold fronts that could be used to answer SOf€ o+ of the summertime “cool-change” of southeastern
of the basic questions about frontal structure and behav'ﬁlﬂlstralia with frontogenesis occurring in the col region

and to f_lelp c_onflrm or reject_ predictions obtained frOlg]etween the two subtropical anticyclones, relatively far
model simulations. The experiment ran from 7 Septem%fr

The synoptic environment of these fronts was similar

om the centre of the parent cyclone (Reeder and Smith

until 4 October 1991 and documente_d 'Fhree cold fro 3(?2 Fig.21). A unique feature of the region is the
over central and northeastern Australia in unprecedenie

L . resence of a heat trough over northeastern Queensland
detail, with data obtained from a greatly enhanced surf e which the frontal trouah eventually meraes. Generall
observing network, a boundary-layer wind profiler as wi 9 y ges. raty

as serial upper-air soundings (a map of the observatio frontal passage is followed by strong ridging from the

network is shown in Fig20). Data on the surface energy\’es ' ) _ ] ]
balance were obtained also. The findings of the experiment The data obtained during the CAFE experiment high-

are reported by Smith et al. (1995), Reeder et al. (199®,hted the large diurnal variation of frontal structuresas
and Deslandes et al. (1999). ciated with diabatic processes. The fronts were difficult to

locate during the late morning and afternoon when dry con-

vective mixing was at its peak, but developed strong surface
signatures in the evening as the convection subsided and
A common feature of all six fronts documented during surface-based radiation inversion developed. Moreover,
CAFE and of the pilot experiment (pre-CAFE) was thahere appeared to be a ubiquitous tendency in the early

9.3 The structure of dry subtropical cold fronts
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Figure 23. (a) Vertical profiles of potential temperaturel airtual
potential temperaturef(z) and 6,(z), in the prefrontal and post-
frontal air mass at Alice Springs for the first event duringfkEA The
frontal passage at Alice Springs occurred at 0355 EST 9 Bdyse

(b) Vertical profiles of potential temperatufe(z) in the prefrontal
and postfrontal air masses at Mount Isa for the first eveningur
CAFE, which arrived at Mount Isa at 0940 EST | 0 September. The

soundings at 2100 EST 9 September and at 0600 and 0900 EST 10
September are therefore about 13, 3, and | h before the frpasa

Figure 20. Map of the observational network for the 1991 CAF$age, respectively. The soundings at 1200 and 1500 EST aut 2b
experiment. From Smith et al. (1995). and 5 h after the frontal passage. Adapted from Smith et 8@5)L

a strong, but temporary wind surge at the surface accom-
panied by a sharp pressure jump. These are followed by
a series of wind and pressure oscillations with a period of
10-15 min, before the steadier post-frontal airflow is estab
lished. There is no air mass change with the passage of the
bore, but the vigorous turbulence that accompanies it may
lead to a breakdown of any shallow radiation inversion that
exists, leading to an actugke in surface temperature.

9.4 The Central Australian Fronts Experiment 1996

The Central Australian Fronts Experiment 1996 (CAFE96)
was the third in a series of field experiments designed
to document the behaviour of subtropical continental cold
) : _ o fronts during the late dry season. Its central aim was to
Figure 21. Atypical mean sea level chart with a trough lineli¢ated investigate the structure and dynamics of subtropical cold
in the analysis by a dashed line) extending from a heat low ove . . .
Western Australia around the northern perimeter of an yritioe fronts that affect central Australia and prior to their evo-
that is crossing the continent to a cold front that is cragsine lution into bore-like disturbances as they approached the
southeastern part of Australia. Although not analysed a8,sthe Gulf of Carpentaria region. The experiment was carried
trough line is essentially a shallow cold front. out in the region between Giles in Western Australia and
Burketown in northwestern Queensland from the end of
August until early October 1996. A special network of sur-
morning for the formation of non-linear wave-like or boreface measuring stations was installed in the normally data
like structure at the leading edge of the frontal zone @sid region between Yulara and Mount Isa and between
the inversion strengthened. In each case, as the wave/goeint Isa and Burketown. These included fourteen AWSs
developed, it was observed to propagate ahead of thetlaét were deployed along a southwest/northeast oriented
mass change on the pre-existing inversion. Such behaviling between Giles and the lower Cape York Peninsula.
was exemplified by the data for the first two events during Seven fronts were documented in detail during
CAFE. In the latter case, the data are unique in proviBAFE96 and, by and large, they confirmed the conclusions
ing the first clear evidence of the formation of a southedsom CAFE91. The results of the experiment are presented
Morning Glory bore-wave in the Gulf of Carpentaria regiom Reeder et al. (2000), which focused principally on three
from a cold front in the south. The passage of a bore brirfgsntal systems: Events 3, 4 and 6. Events 4 and 6 were

s -
i S
WSL Analysis (hPa
VALID 1200 UTC 24 SEP 2006
10PH EST 24 5EF 2006
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Figure 22. Surface data from Tarlton Downs and Urandangidfation see Fig. 2) for the first frontal passage during@A&E experiment.
The panels show from top to bottom: the temperature in dethéwater vapour mixing ratio in gm/kg, the wind speed in mysee wind
direction, and the pressure in mb (the dew point temperataseunavailable at Tarlton Downs). Note the undular bdee-diisturbance that
occurs about 0700 Eastern Australian Time (EST). Its passagarked by sharp jumps in pressure and temperature, @ cemnge in wind
direction from WNW to SW and a marked freshening of the winlde Temperature rise is a result of the destruction of théashalocturnal
radiation inversion as the wind freshens. The passagel@sved by regular fluctuations in pressure and in wind speelddaection for three
quarters of an hour. The passage of the cold front, itselfideated by the sharp increase in wind speed and a furthekirmpof the wind
about 0815 EST. Following this, the temperature begins ttirtesteadily, the pressure begins a steady rise and thagnitio falls sharply.
Adapted from Smith et al. (1995).

emphasized because aspects of their structure and evbéuesa at 0730 CST and at Alice Springs at 1010 EST (0940
tion were a little different from the previously reporte€ST). However, as the daytime turbulent mixing increased,
paradigm. For example, of the 14 fronts documentedthme front stalled and retreated back through Alice Springs
detail during CAFE96, CAFE91 and pre-CAFE, only thess 1125 CST, bringing with it northwesterlies and blowing
events were detected during the late morning or afternodnst. The front retreated through Santa Teresa about 1330
Moreover, Event 6 decayed over central Australia, only @ST. It subsequently weakened and there is little clear evi-
re-intensify two days later over the northeastern part ef tence that it crossed the network again. While it is probably
continent. Unlike most of the 14 fronts studied, Eventsquite common for the position of subtropical cold fronts to
and 6 were accompanied by severe weather over eastetillate back and forth in response to the daytime turliulen
Australia. Event 4 re-intensified during late afternoon amdixing, Event 6 is the only documented example of which
subsequently crossed the eastern half of the network. T¥eare aware.
front continued to intensify overnight, generating a spect It must be emphasized that we do not consider the
ular family of southerly bore waves (or southerly Morningading edge of the front to be a material surface being
Glories). By the end of the event, a zone of strong equixdvected back and forth across the centre of the continent.
alent potential temperature gradient stretched across Magher, the leading edge of the front is generally much shal-
whole of northern Australia. lower than the depth of the daytime mixed layer and we
Event 6 developed in a broad, slow-moving, extrenvisage that the nose of the front is eroded by turbulent
tropical cyclone that advanced across southern Austrafi@xing in the vertical, leaving a broadscale horizontal tem
The system had the structure of classical mature extparature gradient. At night, once the (buoyantly-genebate
tropical cyclone and was accompanied by a cold front andbulent mixing subsides, the large-scale pattern ofrdefo
strong warm front. Recent research (Berry et al. 201Taation acts to re-establish a strong cross-frontal tempera
see Fig. 3) suggests that warm fronts are uncommontune gradient. The dynamics of fronts like Event 6 is largely
the region, but Event 6 is an example of one. Warm froniaknown and is a topic for further research. As the ridge
generally lie poleward of the low and hence south of theiilt across the continent, strong frontogenesis develope
Southern Ocean storm track. The cold front, itself, stlengbver northeastern Australia on 30 September 1996. The
ened and moved northeastwards across central Australiaurface pressure pattern implied very strong geostrophic
the early hours of 28 September 1996, arriving at Sakaformation over central and northern Queensland with the
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Figure 24. Time-height cross sections of potential tenpegaat 5 \yavelike signature as the disturbance moves northeaktyeor

Mount Isa for () CAFE Event | and (b) CAFE Event 2. Adapteg, its demise northeast of Camooweal. (b) Surface pressgna-s
from Smith et al. (1995). tures recorded at microbarograph stations at and to th@east of
Camooweal during the second CAFE event. As in Fig. 11, the sig
) ) ) ) natures are arranged sequentially. Again, note the dewvedopof an
dilatation axis along the trough axis. Event 6 re-formeghdular-bore-like signature as the disturbance movesieastward
locally and crossed the northeastern part of the observa-during the night and early morning. From Smith et al. (1995).
tional network during the late morning of 30 September.

The structure and evolution of Event 3 was typical of
those subtropical fronts reported previously. It strergéd In general, the results of CAFE96 confirmed the con-

and accelerated during the evening of 11 September 1998sions drawn from the two previous experiments, but
and crossed the observational network during the nigRLy raise a number of theoretical questions concerning the
?r:ld eac;Iy hmornlng hour?. hStrc;ng nea;—_surface WarMiBHect of turbulent mixing on the evolution and progres-
oflowed ‘the passage of the front, This ‘warming WaSon of subtropical cold fronts. Idealised modelling ofctol
(tj)etect;ad in the enhancid satellite imagery and conﬂrn?%cﬂts with turbulent boundary layers has shown that the
y SL_:_rhacetn:jea;uredments.l 2000 hasized th t.Inet of effect of the boundary layer is to weaken the front
€ study Reeder et al. ( X .) emphasized the utllify e 16 a front without a boundary layer. Moreover, the
of low-level cyclonic relative vorticity in analyzing fras cross-front ageostrophic wind increased and the predtont
over continental Australia. Although not commonly useJ .
) ) . . - updraught strengthened (Reeder and Smith 1986, Tory and
in frontal analysis, low-level cyclonic relative vortigihas Reeder 2005, Muir and Reeder 2010). The results are qual-
proved to be reliable indicator of frontal position even whe elv simil ’rt the effect of addin .n Ekman b ndqr
the front is affected by strong spatial and temporal chang#@& cly simiiarto the efiect ot a ga an boundary
in sensible heating. While the fronts in the AustraliaffY®"
subtropics often show little continuity in most fields (such ~ When surface sensible heating and cooling is included
as temperature), they can be traced continuously in théhese idealised calculations (Reeder and Tory 2005, Muir
fields of vorticity and equivalent potential temperature. and a Reeder 2010), the fronts weaken during the day and
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strengthen at night as the ageostrophic wind in the bound- Heat lows and heat troughs have many dynamical
ary layer accelerated in close agreement with observatfeatures in common. The distinction in a surface isobaric
(e.g. Smith et al., 1995; Reeder et al., 2000). Fronts slatvart can depend on the isobar spacing, where the former
or even retreat during the day and surge towards the wdras at least one closed isobar while the latter has the form of
air once the daytime mixing ceased in idealised calculati@m open wave. Both types of disturbance may be thought of
However, unlike fronts over central Australia, the the tlepas localized regions of enhanced low-level cyclonic redati

of the boundary layer is small compared to the depth of therticity that are linked to horizontal gradients of diaibat
cold air in these idealised calculations. The dynamics ledating.

fronts with depths comparable to that of the boundary layer Our own work was motivated by the desire to under-
has not been investigated, although this is the case of maiahd the inland heat trough over Queensland and the heat

relevance to subtropical cold fronts. lows of central and northwestern Australia. As noted in sec-
tion 9.1, the inland heat trough over Queensland appears
9.5 Numerical simulations relevant to understanding the origins of southerly Morning

Gllories. Figures, 9 and 19, for example, show mean sea

Thomsen et al. (2009) investigated the effect of the d'urrfg\/el isobaric charts of the Australian region with a heat

cycle on the evolution of cold fronts in the Australian Su{?éw over northwestern Australia and a heat trough (marked

tr_opics _in two high-resoIL_Jtion numerical simulations. T_h@ the dashed line) running inland from the low to a frontal
simulations are made using the Pennsylvania State Unl\{

sity/National Center for Atmospheric Research Mesoscaﬁéth over southeastern Australia.
Model (MM5) with the initial and boundary conditions ) ] ]
taken from the operational analyses of the European Cefffel  The dynamics of heat lows: basic studies

for Medium Range Weather Forecasts. These simulatigpétivated by our observations over northeastern Australia
were compared with the observations of two cold fronfgacz and Smith (1999) carried out idealized numerical
taken during the 1991 CAFE experiment. The simulatioffodel simulations to investigate the evolution and stmectu
showed a number of features that have been suspectedobdt heat low over a square flat island surrounded by sea.
never confirmed or quantified. Two important findings were:

e Although the wind field in the boundary layer is o The heat low has a minimum surface pressure in
frontogenetic, daytime turbulent mixing is strongly — the |ate afternoon or early evening following strong
frontolytic, which accounts for the weakening and jnsolation of the land, while the relative vorticity
deceleration of the fronts_dunng _the !ate morningand g strongest in the early morning hours following a
afternoon when convective mixing in the boundary  r610nged period of low-level convergence. Thus the
layer is most vigorous. _ heat low is not approximately in quasi-geostrophic

e When the mixing subsides in the early evening, the  j51ance.
low-level winds increase along with the deformation  The |ow-level convergence is associated with the sea

and convergence, leading to a strengthening and  preeze and later with the nocturnal low-level jet.
acceleration of the fronts.

o Bore-like disturbances are generated during the early These findings were in accord with observed features
hours of the morning as the nocturnal inversioof the heat lows over Australia (e.g. Preissler et al. 2002)
strengthens. These bores propagate ahead of dhe are supported by observations of the Saharan heat low.
front, developing a series of large-amplitude wavésdeed, they go some way also to explaining the observed
at their leading edge. The results were in suppaliurnal cycle of the West African monsoon circulation
of idealized simulations of gravity currents movingParker et al. 2005 and references).
into a surface-based stable layer (Haase and Smith Racz and Smith (1999) investigated also the effects
1989a,b). of differing land area and Coriolis parameter on various

aspects of the heat low, but gave little attention to the-over

lying anticyclone. In a subsequent paper, the two authors
extended their model to examine the effects of orography

Heat lows or heat troughs are prominent climatologicaih heat low formation and structure (Reichmann and Smith,

features of many arid land areas of the world during t2€03) and the model was extended further by Spengler et al.

warmer months, especially at low latitudes where insotati¢2005) to examine the effects of simple background flows
is strong. These areas include northwestern and northeastthe heat low.

ern Australia. A list of pertinent references is given bycRa The cycle of diabatic heating and cooling of the atmos-

and Smith (1999). These systems are sometimes referreghere in the numerical model was accomplished using the

as thermal lows or thermal troughs, respectively, and thégllor-Yamada2 :-parametrization scheme for the bound-
are comparatively shallow disturbances, generally extemdy layer (Mellor and Yamada, 1974) in association with
ing up to the depth of the convectively well-mixed layesurface heating or cooling. After long integration times,

(typically 3-4 km). this scheme leads to unrealistic mixed-layer depths becaus

10 Heat lowsand heat troughs
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the only mechanism for cooling to oppose the et heati(iP94) paper. The errors in the initialization were found to
of the atmosphere is that which occurs in a shallow laylesve a negligible effect on the results presented by Reich-
adjacent to the surface. In an effort to remove this limitexann and Smith and those made in the implementation of
tion, in their study of orographic effects, Reichmann aride radiation scheme had only a small impact. However,
Smith (2003) incorporated the radiation scheme propogsbdir existence motivated the development of a new ideal-
by Raymond (1994) into the model. This scheme is basedd model with an improved radiation scheme (Spengler
on a grey atmosphere approximation and allows the atmasd Smith 2008). This new model was run with a higher
phere to cool, thereby preventing the long-term growth bérizontal resolution than the original version and used
the mixed layer. to investigate additional dynamical aspects of the struc-
ture and evolution of a heat low over a subcontinental- or
10.2 Effects of a simple background flow continental-scale circular island. These aspects indude
Calculations for a heat low in simple background flows © the development of an upper-level anticyclone, and
were carried out by Spengler et al. (2005). Like the case ® the degree to which the cyclonic and anticyclonic
without a background flow, the flow shows a significant ~ Circulations are in gradient wind balance.

diurnal variation in which the sea-breeze circulations are

the prominent feature during the daytime and the nocturna| tFrlr?ur$2t6fhovr\1/3 ?er:ghtr—]:?(?uisn%ross Sg?g?{ﬂs (I)ftpf)tfetn;
low-level jet is the prominent feature at night. If the IanHa emperature and tangentia spee € late-ate

area is large enough so that the sea breezes do not c Q (1700 .h) on day 11 in t_he _calculations fora <_:ircu|ar
it entirely during the diurnal cycle, strong convergen gand of radius 800 km. At this time, the effects of insola-

associated with the low-level jet leads to the formation ﬁn are near a maximum. The p.otentlal temperature field
shows a mixed layer (characterized by the depth of the

intense, but shallow, cold fronts along the inland bouregari ion of Uniform potential temperature at the centre of the

of sea-breeze air. These fronts decay rapidly after sumriogmain of iust ngr 4km a vailjue that is tvpical of inland

when surface heating leads to renewed vertical mixin h ot} ’ . yp .
undings across central Australia. The low-level winds

which destroys the low-level stable layer. . . ) L

. are cyclonic and relatively light at this time, not exceed-
The presence of a uniform easterly flow leads to tlie 1 - .

. S ~ .. ing 4 m s'. The most striking feature of the azimuthal
formation of a west-coast trough, similar to the situation= | .. . - :
; ind field at 1700 h is the anticyclone, which has a max-

commonly observed over Western Australia. The trou . - .
um wind speed of over 12 m~$ at heights between

broadens during the day due to the heating of the Iar&‘l jout 2 and 3 km. Interestingly, this anticyclone extends

while at night it sharpens an_d again frontogenesis Occﬂg?oughout much of the troposphere, although it decreases
at low levels near the leading edge of the sea breezes . R ;
Strength with heightin the upper troposphere. This decay

to form shallow cold fronts. In this case here is an eadt- : : . . )
) ; e iS ?on3|stent with slightly cooler air overlying the heaw]o
west asymmetry in the sea-breeze circulations: the cgo . -
. ; . Ssuming thermal wind balance.
air behind the west-coast sea breeze is shallower than tha T -

. ) . In a mean sense one can distinguish between distinct
behind the east-coast sea breeze, but the vertical cimulat . . :

X ) . tterns of the tangential flow component in the heat low:
associated with the west-coast sea breeze is deeper. Hhe
east-coast sea-breeze front penetrates further inlard, bus petween midnight and noon, when the low-level
is more diffuse and is recognizable more by its signature  cycjone is strongest, and
in the relative vorticity than by that in the horizontal o petween noon and midnight when it is much weaker.
temperature gradient.

The presence of a horizontal shear-flow leads to the These differences reflect the strong turbulent mixing
deformation of the heat trough, a process that appear®tanomentum in the mixed layer over land during the
play an important role in the formation of cold fronts oveafternoon, which leads to a significant weakening of the
central Australia. Again the calculations show the formayclone, and the formation of a strong low-level jet at njght
tion of shallow fronts over the land during the night, whictvhich re-amplifies the cyclone circulation.
frontolyse rapidly after sunrise. Despite the idealizeirex The calculations showed that the upper-level anticy-
of the calculations, the associated patterns of low-lewdbne extends through much of the troposphere, but has
vorticity, divergence and horizontal temperature gradidts maximum strength in the lower troposphere, just off-
that develop overnight show remarkable similarity to thos@ore. It exhibits relatively little diurnal variation whehe
observed over central Australia. heat low reaches its mature stage; much less so than the
low-level cyclone. The anticyclone develops steadily over
a period of a few days and is associated with the return
(offshore) branch of the sea-breeze circulation in the towe
During the course of the foregoing study, Thomas Spenglerposphere and a slow diurnal-mean outflow in the mid-
discovered some errors in the model initialization and die and upper troposphere. The outflow at upper levels
the numerical implementation of the radiation scheme ay be interpreted as a mean drift induced by upward-
Reichmann and Smith (2003) and also errors in Raymongi®pagating inertia-gravity waves that are initiated by th

10.3 Animproved numerical model
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Figure 26. Height-radius cross sections of potential teatpee (left panels), tangential wind component (middlegts), and radial wind

component (right panels) at selected times (upper pan@B8 h7lower panels 0500 h) during the mature stage of the ledilcn (day 11).

Contour interval for potential temperature 2 K; for tangantvind 2 m s™*, solid lines indicate cyclonic and dashed lines anticyicdon

circulation; and radial wind speed 1 m’s solid lines indicate outward and dashed lines inward flonlyalf of the domain is shown in
the case of the wind fields. The thick black line along the ilsacshows the region of land. (From Spengler and Smith 2008)

inland-penetrating sea-breeze front during the afterndan lower surface pressure. In the absence of sea, the baro-
and evening. clinicity is solely confined to the slope of the orography.
Spengler and Smith showed that there is a strong anal- The broadscale potential temperature gradient results
ogy between the dynamics of heat lows and to certainan overturning circulation in the lowest few kilometres,
aspects of the dynamics of tropical cyclones, which hawgich is separate from the shallower and more intense
a warm core, a shallow unbalanced boundary layer, aggh breeze circulation in the island cases. The presence
which are surmounted also by an anticyclone. Principlgs orography leads to a stronger overturning circulation
governing the absolute angular momentum budget are {i¢ enhanced baroclinicity. In the case without sea, both
same as those relating to the tropical cyclones (Setiéh  the overturning circulation and tangential circulatior ar
2014) and to the zonal-mean flow over Antarctica (Egggibsely tied to the orography. The overturning circulation
1985). Implications of these principles for obtaining a+eaydvects absolute angular momentum surfaces inwards to
istic steady state in long-term integrations of axisymietispin yp the low-level circulation, despite some frictional

models were discussed. loss of angular momentum enroute. During the night,
radiative cooling over the land leads to a strong nocturnal
10.4 The effects of orography low-level jet that amplifies the spin-up process. During the

In a subsequent paper, Smith and Spengler (2010) in\g@ytime] the cyclone weakens as the angular momentum is
tigated orographic effects on the dynamics of heat low@nvectively mixed through a deep layer.

again in in an idealized flow configuration. The behaviour

of the heat low that forms over a plateau-like orography on

a circular island is compared with that when the island18 Dry lines

flat, and that when the plateau is surrounded by land instead

of sea. In all cases, a broad-scale, negative radial grdirhaps the most striking feature of the low-level seasonal
ent of potential temperature forms in the daytime mixafimatologies of the Australian region the diurnally-viay
layer over land. The presence of orography enhances divenass boundaries in the northern part of the continent
broad-scale baroclinicity over the orographic slope due(@rnup and Reeder 2007). As an example, Eig(a,b)

the identical heating of a column of air with a reduced masfiows the seasonal average mixing ratio gradient and
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potential temperature at 925 mb for September-Octobef-the surging inland airmass matches the phase speed of
November (SON) at 1600 EST and 0400 EST. This climaaves developing along the sea breeze, an undular bore-
tology is based on climatologies of 3 hour forecasts frolike wave propagates ahead of the dry line into the Gulf
the high-resolution Australian Bureau of Meteorologysf Carpentaria. It is principally strong ridging over cen-
Limited Area Prediction Scheme (LAPS) from 2000 ttral Australia that produces the strong meridional temper-
2003. The largest moisture gradients lie on the boundatyre and pressure gradients required for the formation of
between the moist tropical and dry continental air massttee southerly Morning Glory, however these gradients are
Although the coastal gradient is relatively weak comparedhanced by the heat trough. It follows that the southerly
to the strong gradient that marks the dry line, the coaskbrning Glory and the dry line frequently form in the same
gradient occurs every day in the same geographical lolmzation.

tion, and consequently masks the signal of the dry line,

which is less frequent, more intense, and more variable

in its location. For this reason, the points where the mik2 Outstanding questions

ing ratio gradient is less than 5:010~°> g kg=! m~! are

excluded from the calculation of the average. This condilthough it is more than three and a half decades since the
tional average effectively filters the coastal gradientfrofirst Morning Glory expedition, and much has been learnt,
the averaged fields. During the day the sea breeze advétgsdifficulty in taking observations in the northern Aus-
tropical maritime air inland, producing a diffuse strip offaliameans thatthere are still aspects of the MorningyGlor
moist air around the coastline. Subsequently the dry ligeout that remain uncertain. These include the following.
develops overnight from the weak boundary between the

tropical and continental air masses. Like the sea breeze cir ® The nature of the wave guide as dry, daytime con-

culation, the dry line is strongest in spring and summer. vection over land resumes remains to be determined.
In contrast to the dry line of the Great Plains in the ~ Presumably, as the inversion is eroded from below,
United States, the Australian dry line strengthens ovéitnig the wave guide becomes progressively thinner and

(For a comparison of the Australian and Great Plains more elevated. Such a structure may be very simi-
dry lines, see Arnup and Reeder 2009). This nocturnal lar to the wave guide over the ocean off northwestern
strengthening is part of the dramatic diurnal rearrangeémen  Australia (e.g. Birch and Reeder 2013).
of the low-level flow discussed in sectidf. For example, e The details of the collision of the sea breezes are
Fig. 27(c,d) shows the average ageostrophic wind and perhaps the least well understood aspects of Morn-
divergence at 925 mb and MSLP for SON at 1600 EST ing Glories. Although there are no observations of
and 0400 EST. During the day, surface heating leads to the birth of a Morning Glory, numerical modelling
the formation of an extensive heat trough across northern suggests that the strength of the background easter-
Australia. The trough is centred to the northwest of the lies controls the type of disturbances produced in the
continent and extends eastwards, poleward of the Gulf of gulf region in two ways. First, the strength of the
Carpentaria to the base of Cape York Peninsula. Although background easterlies affects the force of collision
not shown here, the location of the trough shifts fromi20 between the east-coast and west-coast sea breezes
in summer, to well equatorward of Australia in winter, as ~ from which Morning Glories evolve. Are Morning
the latitude of maximum of solar insolation moves with Glories generated resonantly when the east coast sea
the seasons (Arnup and Reeder 2009). At night, radiative breeze is much deeper and warmer than the west
cooling leads to the development of a stable layer in which ~ coast sea breeze? Conversely, when the sea breezes
the surface friction is reduced. As surface winds readjust are more equal in depth and temperature, is the
to a new balance of forces, air accelerated toward low collision violent and does the disturbance produced
pressure, increasing the low-level convergence in the heat evolve into a series of amplitude ordered-solitary
trough. Convergence acts to strengthen the background waves? Second, the strength of the easterlies affect
moisture gradient in the region of the heat trough. the structure of the medium through which the dis-
The development of the dry line poleward of the Gulf  turbance subsequently propagates and the speed at
of Carpentaria and the southerly Morning Glory are closely ~ which the disturbance propagates and evolves down-
related. Both form overnight when the inland airmass accel-  stream.
erates down the pressure gradient over northern Australiae Although southeasterly Morning Glories have been
and meets the sea breeze propagating inland from the Gulf observed in satellite imagery, their dynamical origins
of Carpentaria. The southerly Morning Glory occurs when  are unknown.
the pressure gradient is sufficiently strong to force the
inland airmass to either collide with or ride over the sea Further outstanding questions concern the degree to
breeze (e.g. Thomsen et al. 2009). Presumably the rangw/bich the dry season phenomena described here initiate or
possibilities sketched in Fid.8 are applicable to the inter-focus convection during in the wet season, and the degree
action of the subtropical cold front and stable layer asdo- which these phenomena are themselves modified by
ciated with the sea breeze from the gulf. When the spesahvection.
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the western side of Cape York Peninsula is one
of the most pronounced features of the Australian
tropics. Sea-breeze circulations generate these lines
almost daily when easterly winds prevail at low levels
across the Peninsula. The relationship between these
convergence lines and the initiation and organization
of deep convection during the wet season is still
unclear.

e At times cold fronts propagate equatorward as the
anticyclone to their southwest expands across the
continent. The reasons why cold fronts sometime
propagate equatorward rather than eastward is yet
to be determined. Moreover, recent work suggests
that surges in the Australian monsoon may be closely
related to equatorward propagating fronts (Berry and
Reeder, 2015).

e Over the past half a century, the annually aver-
aged, Australia-wide temperature, rainfall, and cloud
cover have all increased, while the diurnal range has
decreased. The increase in the Australia-wide sum-
mertime rainfall is largest over northwestern Aus-
tralia where the trend may be as much as 60 mm
per decade in some places. Significantly, this region
of increased rainfall coincides with that of the north-
western Australian heat low. Although there has been
recent work on the problem (Berry et al. 2011b, Ack-
erley et al. 2014, 2015), the relationship between the
heat low, dry line and increased rainfall in the region
remains to be determined.
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