
Introduction
One of the most important, but difficult forecasting
problems in northern Australia is to predict the occur-
rence of deep convection. On occasion, convective
storms are triggered along convergence lines that
originate as a result of organised mesoscale circula-
tions such as sea-breezes. If one can forecast these
lines, it might be possible also to forecast the storms
that they initiate. The Gulf of Carpentaria and Cape
York Peninsula region of northeasternAustralia is dis-
tinguished for the regular occurrence there of a range
of convective and wave-cloud lines which appear to
be associated with mesoscale convergence lines.
These include the celebrated ‘morning glory’ phe-
nomenon, a spectacular travelling wave-cloud system
commonly observed over the southern part of the gulf
and adjacent seaboard (see Smith 1988 and

Christie 1992 for recent reviews), and the so-called
north Australian cloud line (NACL), a line of convec-
tive cloud that is seen in satellite imagery to extend
frequently across the entire gulf (Drosdowsky and
Holland 1987; Drosdowsky et al. 1989). Both types of
disturbance form on the western side of the Peninsula,
the former typically in the late evening and the latter
in the late afternoon, and they both move with a west-
ward component across the gulf. Moreover, both are
responsible for significant weather events in the
region. The morning glory is accompanied by sudden
wind squalls, intense low-altitude wind shear and a
marked vertical displacement of air parcels, some-
times sufficient to initiate showers or thunderstorms
in the wake of the disturbance. The NACL brings a
wind change also and while the depth of convection is
sometimes limited by an inversion at a height of about
3 km, embedded showers and thunderstorms may
occur at times of the year when the air over the gulf is
sufficiently moist. Sometimes the morning glory
forms the southern extension of the NACL (Smith and
Page 1985).
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There is much evidence that the majority of both
types of disturbance have their origin in organised
mesoscale circulations that develop over the peninsu-
la and adjacent gulf associated with sea-breezes
(Clarke et al. 1981; Clarke 1984; Noonan and Smith
1986, 1987; Drosdowsky et al. 1989; Smith and
Noonan 1998). However, some morning glory distur-
bances moving from the south are generated by
frontal systems crossing central Australia (Smith et al.
1986; Smith et al. 1995; Reeder et al. 2000).
Some insight into the precursors of cloud line for-

mation was provided by the study of sea-breeze circu-
lations over Cape York Peninsula by Noonan and
Smith (1987) using the three-dimensional mesoscale
numerical model developed by R. Pielke and collabo-
rators (McNider and Pielke 1981). This model was ini-
tialised at sunrise (0600 EST) with a uniform (5 m s-1)
easterly geostrophic airstream and a temperature-
sounding characteristic of the Coral Sea in November.
The integration, which covered a 20-hour period,
showed the evolution in the late afternoon and evening
of westward-moving convergence lines over the
southern part of the peninsula and over the northern
gulf. It was hypothesised that these lines are the model
analogue of convergence lines that initiate the NACL
and northeasterly morning glories. However, there
were many limitations of the calculation, necessitated
at that time by computational constraints. One was the
relatively small size of the computational domain that
included only the eastern half of the gulf and little of
the southern gulf seaboard. Furthermore, the calcula-
tion lasted less than half an inertial period and did not
consider the effects of orography.
Smith and Noonan (1998) presented the results of

a series of numerical experiments encompassing a
much larger domain than that used by Noonan and
Smith (1987), covering the northeastern part of
Australia, including the entire gulf, but again only
considering dry convection. Calculations for a range
of uniform geostrophic flows over the region, with
directions typical of dry season conditions, showed
that the development over the gulf of westward-mov-
ing lines of low-level convergence is the rule. This
explains why travelling convective and wave-cloud
lines are commonly observed over the gulf. It was
found that for easterly and northeasterly geostrophic
flows, the circulations that develop are broadly
repeatable from day to day, despite the relatively long
inertial period (nearly two days) in the region, but this
is not the case for a southeasterly flow.
Smith and Noonan's calculations raised the possi-

bility of being able to predict the convergence lines,
and even, perhaps, the occasional formation of deep
convection along the lines, using operational high-
resolution prediction systems such as the Australian

Bureau of Meteorology's (BoM) Limited Area
Prediction System (LAPS). The present paper investi-
gates this possibility on the assumption that cloud
lines observed in satellite imagery mark the position
of the convergence line in reality.
A brief description of LAPS is given next. We then

list the selection of events that were used for the study
followed by an examination of each event in turn.
Finally, the conclusions are presented.

The numerical forecasts
The numerical forecasts were carried out using the
LAPS model, which is described by Puri et al. (1998).
The numerical model, which forms part of LAPS, is a
grid-point hydrostatic primitive-equation model
based on an Arakawa A (non-staggered), latitude-lon-
gitude grid. It is formulated in an (x,y,σ) coordinate
system where σ = p/ps, p being the pressure and ps the
surface pressure. The surface fluxes of momentum,
heat and moisture are parametrised using the Monin-
Obhukov formulation with stability dependent drag
coefficient. The radiation scheme is the Fels-
Schwarzkopf scheme that uses a combination of Lacis
and Hansen's (1974) parametrisation for solar wave-
lengths and the Fels and Schwarzkopf (1975) method
for terrestrial wavelengths, and allows for a diurnal
variation. The sea-surface temperature (SST) dataset
used is from the BoM operational SST analysis
scheme (Smith 1995) at a one-degree resolution. The
horizontal momentum equations use fourth order spa-
tial differencing to calculate pressure gradient and
geopotential gradient terms.
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Fig. 1 Topographic map of the calculation region of
northern Australia and Papua New Guinea
showing the plotting domain for the model
forecasts. Topography is obtained from a 0.1
degree resolution dataset, with the 100, 250,
500 and 1000 m contours indicated.



The calculation domain is shown in Fig. 1. There
are 260 x 200 grid-points in the horizontal with a grid
spacing of 0.125 degrees latitude. This represents a
total domain size 32.375 degrees (~3500 km) west to
east and 24.875 degrees (~2700 km) south to north.
The domain is larger than the domain of interest in
order to reduce the influence of boundary effects in
the latter. The calculation domain is nested within the
BoM operational LAPS that provides boundary con-
ditions at 0.75 degree horizontal resolution. The plot-
ting domain is shown also in Fig. 1. The model has 29
levels in the vertical with finer resolution in the
boundary layer. The approximate heights of the sigma
levels below 3 km are 10 m (σ = 0.9988) and 20, 45,
100, 210, 320, 430, 650, 880,1050, 1350, 1800, 2300,
2850 m. Topography is obtained from a 0.1 degree
resolution dataset.

Forecast events
A list of events studied in this paper is given in Table
1. The main focus of the paper centres on a three-day
period (10–12 September 1996) during the 1996
Central Australian Fronts Experiment (Reeder et al.
2000). Gulf cloud lines were observed in satellite
imagery on 11 and 12 September. An analysis of two
forecasts for this period is presented in the next sec-
tion. Less detailed analyses of four other cases are
described in subsequent sections.

Table 1. List of case studies described in this paper.

Period Forecast(s)

10-12 September 1996 48 h forecast and 24 h forecast
8-10 April 1997 48 h forecast
5 March 1999 48 h forecast
28 August 2000 48 h forecast

The cloud line events of 11-12
September 1996
A chronology of the cloud-line events observed dur-
ing this period together with satellite imagery at 0730
EST on each day is shown in Fig. 2. We show the
results of two forecasts for these events, one of 48
hours duration commencing at 0900 EST on 10
September and the other of 24 hours duration com-
mencing one day later. As the main focus is on the
low-level flow, we show mostly plots of surface wind
vectors with contours of surface divergence overlaid.
We begin by examining the initial analysis and flow
evolution of the 24-hour forecast, which are typical of
the period.
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Fig. 2 Chronology of cloud-line events during the
period 11–12 September 1996. The times indi-
cated above the long horizontal arrow are in
UTC while those below are in EST (= UTC +
10 h). Two forecasts were carried out (also
indicated by horizontal arrows), one of 48-
hour duration starting at 0900 EST on 9
September, the other of 24 hours duration
starting at 0900 EST on 10 September. Visible
satellite imagery at 0730 EST on each day is
shown.

Fig. 3 Initial surface wind field (arrows, 10 m s-1
standard vector shown above colour scale) and
horizontal divergence (scale units 10-5 s-1) for
the 48 h forecast commencing at 0900 EST on
10 September 1996. The latitude of
Mornington Island is marked by the line X—
X and is referred to in Fig. 5.



Initial analysis at 0900 EST on 11 September
The initial fields for the 24-hour forecast commenc-
ing on 11 September are shown in Fig. 3. The
analysed flow over Cape York Peninsula at this time
is easterly over the central part and northeasterly over
the southern part, while there is a broad strip of con-
vergence stretching south-north across the middle of
the gulf. This is the gulf convergence line generated
over the peninsula on the previous day.

Surface flow evolution
The evolution of the surface flow in the forecast
starting from the foregoing analysis is indicated in
Fig. 4. By 1500 EST the sea-breeze influence is evi-
dent over much of the domain shown and extends
over most of the gulf (compared with the initial con-
dition in Fig. 3). A line of strong convergence marks
the sea-breeze front along the west coast of the
peninsula, while sea- breezes elsewhere along the
gulf coastline are manifest as regions of enhanced
onshore flow approximately normal to the coast.

Along the east coast of the peninsula the sea-breeze
influence is partly masked by the synoptic-scale
flow, which has a large onshore component.
By 2100 EST the sea-breeze convergence line

along the western side of the gulf has moved offshore
in the north and onshore in the south, where the
peninsula is much broader, and the easterly/northeast-
erly flow to the east has strengthened. The momentum
generated in the low-level airflow over the peninsula
produces the ‘morning glory wind surge’.
During the next three hours, the convergence line

continues to move offshore in the north and inland in
the south so that by 0000 EST it has a more north-
northwest – south-southeast orientation. As time pro-
ceeds, the line continues its westward movement and
slowly weakens, while the body of easterly/northeast-
erly flow to the east moves with it.
The pattern of evolution described here is similar to

that found in the idealised simulations of Noonan and
Smith (1987) and Smith and Noonan (1998) and is sim-
ilar also on all days in the two forecasts in this section.
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Fig. 4 Selected forecast surface wind field (arrows, 10 m s-1 standard vector shown above colour scale) and horizon-
tal divergence (scale units 10-5 s-1) for the 48 h forecast commencing at 0900 EST on 10 September. Panels cover
the forecast period from six hours (1500 EST 10 September) to 22 h (0700 EST 11 September). Time of validi-
ty of the forecast is indicated at the top of each panel.
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The regularity of the course of events described
above is a feature of the time-longitude plot of zonal
wind speed (Fig. 5) at the latitude of Mornington Island
(marked by the line X - X in Fig. 3), as is the steady
westward movement of the gulf convergence line,
highlighted by sloping blue lines along the zero con-
tour. The development of the east and west coast sea-
breezes over the peninsula are indicated also. This dia-
gram is similar to the one shown by Smith and Noonan
(1998) and suggests that the development of the con-
vergence line is a normal feature of the mesoscale cir-
culation over the gulf when the prevailing large-scale
flow is easterly and of moderate strength. This sugges-
tion is corroborated by the observations of the NACL
by Drosdowsky and Holland (1987).

Comparison of predicted convergence line with
the observed cloud line
The 22-hour forecast of the flow over the gulf at 0700
on 11 September and the 22-hour and 46-hour forecasts
of one day later are shown in Figs 6 and 7, respective-
ly. These figures show also the gulf cloud line in visi-
ble satellite imagery at 0730 EST on these two days.
On each occasion, and even in the 46-hour forecast, the
predicted position of the convergence line agrees rea-
sonably well with the corresponding cloud line. The
22-hour forecast for 0700 EST on 11 September (Fig.
6) captures the location and even the shape of the con-

vergence line remarkably well. In making the compar-
ison it should be remembered that the satellite picture
is taken half an hour later than the forecast, which
would explain some of the westward discrepancy com-
pared with the forecast. Moreover, one would not
expect exact agreement because the model is hydrosta-
tic, the resolution is 15 km and a 2∆x-wave on the
model grid is significantly larger than the typical scale
of an individual morning glory wave. It is known, for
example that these highly nonlinear (and nonhydrosta-
tic) wave disturbances, which are essentially an
embroidery on the convergence line, move faster than
would be predicted by the linear long-wave speed
(appropriate to a hydrostatic calculation); see, for
example, Smith (1988) and Christie (1992).
The two forecasts for 0700 EST on 12 September

(Fig. 7) show very good agreement between each
other, both in the position and general shape of the
convergence line, and they show acceptable agree-
ment with the observed position of the cloud line,
bearing in mind the foregoing remarks as to what one
might expect. The shape of the cloud line in this case
is slightly different from that in the forecasts,
although the orientation in the forecasts is not so easy
to determine with precision.

Fig. 5 Time-longitude plot of 10 m zonal wind speed
(scale in m s-1) along the latitude of
Mornington Island indicated by a black line
marked X--X in Fig. 3. The sea-breezes on the
east and west coasts of Cape York Peninsula
and the morning glory convergence line are
indicated by black horizontal arrows denoting
either easterly or westerly flow. Dashed verti-
cal red lines indicate coastlines. Time line is
denoted by hour (EST) and day date.

Fig. 6 Forecast surface wind field (arrows, 10 m s-1
standard vector shown above colour scale) and
horizontal divergence (scale units 10-5 s-1) at
0700 EST on 11 September for the 22 h fore-
cast commencing at 0900 EST on 10
September (left panel). The white line indi-
cates the axis of maximum convergence in the
southern part of the gulf. The right panel
shows visible satellite imagery at 0730 EST
with the gulf cloud line clearly visible.
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Fig. 7 Forecast surface wind field (arrows, 10 m s-1 standard vector shown above colour scale) and horizontal diver-
gence (scale units 10-5 s-1) at 0700 EST on 12 September for the 46 h (left panel) and 22 h (right panel) forecasts
commencing at 0900 EST on 9 and 10 September. The white line indicates the axis of maximum convergence.
The lower central panel shows visible satellite imagery at 0730 EST and the location of the gulf cloud line.

Fig. 8 Forecast surface wind field with horizontal divergence (left panel) and relative vorticity (right panel) at 0700 EST
on 11 September for the 22 h forecast commencing at 0900 EST on 10 September. Arrow above colour scale bar
shows scale for a surface wind speed of 10 m s-1. Scale for vorticity and horizontal divergence units 10-5 s-1.



Surface vorticity signature of the convergence line
The sea-breezes and gulf convergence line have not
only strong signatures in the low-level divergence
field, but also in the low-level relative vorticity field.
As an example we compare these two fields in Fig. 8
for the 22-hour forecast at 0700 EST on 11
September. On this occasion, the convergence line has
an even clearer signature in the vorticity pattern. The
result is significant for forecasting in that the low-
level relative vorticity signature has been shown to be
a more robust indicator of frontal position over the
Australian continent than other fields such as temper-
ature or moisture (see, for example, Deslandes et al.
(1999) and Reeder et al. (2000)) and animations of
900 hPa relative vorticity fields are available routine-
ly to forecasters in Australia. In the forecasts exam-
ined here, the surface vorticity signature of the con-
vergence line is still present at 900 hPa (not shown).

The cloud line events of 9-10 April
1997
Figure 9 compares the observed cloud patterns over
the gulf at 0830 EST and 1230 EST on 9 April 1997,
with the forecasts for 0800 EST and 1200 EST,
respectively, starting from 0900 EST on 8 April. A
cloud line at 0830 EST extends in an arc from near
Kowanyama on the southwestern side of the penin-
sula through the centre of the gulf and northwards into
the Arafura Sea. Subsequently, the arc becomes more
linear as it tracks southwestwards at a speed of 10.5 ±
2 m s-1. At 1230 EST a second, more-or-less station-
ary line has developed over the western half of the
Gulf, having more of a west-northwest – east-south-
east orientation. Panels (c) and (d) of Fig. 9 show
forecasts of the surface wind field and surface vortic-
ity half an hour earlier than the respective satellite
pictures. As in the previous cases the location of the
cloud arc at each time corresponds reasonably well
with an arc of enhanced relative vorticity in the fore-
casts, which moves westwards with time.
Interestingly, the second line in panel (b) coincides
with a region of convergence in the 27-hour forecast
that separates southeasterly flow to the southwest
from easterly flow on its northern side.
A new cloud line formed overnight on 9 April and

is seen in the GMS-IR satellite imagery at 0430 EST
and the visible imagery at 0830 EST in panels (a) and
(b) of Fig. 10. Like the previous day the later picture
shows two intersecting cloud lines with different ori-
entations. Panel (c) shows the 43-hour forecast of sur-
face wind and vorticity half an hour earlier than the
image in panel (a) and panel (d) shows the 47-hour
forecast of surface wind and horizontal divergence

half an hour earlier than the image in panel (b). Once
again the location of the cloud line at each time cor-
responds reasonably well with an arc of enhanced rel-
ative vorticity and horizontal divergence in the fore-
casts, which moves southwestwards with time as was
observed. Again also, the second line in panel (b) is
located along a line of marked confluence in the 47-
hour forecast that separates southeasterly flow to the
southwest from easterly flow on its northern side. In
this case, the principal line was moving southwest-
wards at an estimated speed of 9.5 ± 2 m s-1.

The cloud line event of 5 March 1999
We consider now the case of a rather ragged cloud
line that was observed over the gulf on the morning of
5 March 1999. Visible GMS imagery for this event at
0830 EST is shown in Fig. 11(a) and the 23-hour fore-
casts of surface wind and vorticity half an hour earli-
er are shown in Fig. 11(b). While the model captures
a band of enhanced vorticity west of the peninsula,
the location of the band is too far (about 150 km) to
the east in comparison with the observed line. On the
same afternoon, a line of deep convection formed
over Cape York Peninsula and moved west-south-
westwards. Panels (c) and (e) of Fig. 11 show GMS
IR satellite imagery at 1830 EST on 5 March and at
0330 on 6 March. Panels (d) and (f) show the 32-hour
and 41-hour forecasts of surface wind and horizontal
divergence at 1800 EST and 0300 EST, respectively,
half an hour earlier than the corresponding satellite
picture. Comparison of panels (c) and (d) shows that
the model captured the leading line of deep convec-
tion just off the west coast of the peninsula very well.
It even predicted a line of enhanced divergence just
inland of the southwest corner of the gulf and a region
of enhanced convergence just to the south of it, where
there was also an area of deep convection. The 42-
hour forecast showed a south-north oriented line of
enhanced convergence in the middle of the gulf. A
line of storms was observed along the northern part of
this line at 0330 EST, although the forecast put the
largest magnitude of convergence in the southern part
of the line. Note also that a line of convection along
the eastern part of the southern gulf coast coincides
with a line of enhanced convergence in the forecast.

The cloud line event of 28 August
2000
The final case examined is interesting because of the
existence of two cloud lines in the satellite imagery, one
moving from the northeast and one moving from the
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Fig. 9 Visible GMS satellite imagery at (a) 0830 EST and (b) 1230 EST on 9 April 1997. In (a) the cloud line is indicated
by a white dashed line; in (b) by arrows. Panels (c) and (d) show the 23 h and 27 h forecasts of surface wind and
vorticity half an hour earlier than (a) and (b), respectively; and panels (e) and (f) the corresponding wind and hor-
izontal divergence fields. The 48 h forecast commenced at 0900 EST on 8 April. Arrow above colour scale bar
shows scale for a surface wind speed of 10 m s-1. Scale for vorticity and horizontal divergence units 10-5 s-1. The
location of the settlement at Kowanyama, referred to in the text, is indicated by a point labelled ‘Ko’ in panel (a).

(a) (b)

(c) (d)

(e) (f)



south. Figure 12 shows visible GMS satellite imagery at
0830 EST on 29August 2000, and the 24-hour forecast
of surface wind and horizontal divergence for 0900 EST
on the same day. In this case the forecast predicted a
northward moving convergence line lying between 100
km and 200 km to the south of the observed cloud line,
depending on the longitude. However, the forecast gave
no indication of the northeasterly line.

Conclusions
The present case studies show that the BoM LAPS
model is capable of forecasting the westward-moving

low-level convergence lines that commonly occur
over the Gulf of Carpentaria region of northern
Australia up to 48 hours in advance. The methodolo-
gy has been to compare forecasts of convergence lines
over the gulf with cloud lines observed in GMS satel-
lite imagery. In most cases there was good agreement
between the forecasts and the observations. The cal-
culations raise the possibility that deep convective
lines that sometimes form along the convergence line
might have some useful measure of predictability.
While this preliminary study is encouraging from a

forecasting perspective, a more systematic investiga-
tion is called for. For example, one would like to know
to what extent the cases described here are representa-
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Fig. 10 GMS satellite imagery at (a) 0430 EST (infrared), and (b) 0830 EST (visible), on 10 April 1997. The cloud line
in (b) is indicated by arrows. Panel (c) shows the 43 h forecast of surface wind and vorticity half an hour earli-
er than (a) and panel (d) shows the 47 h forecast of surface wind and horizontal divergence half an hour earli-
er than (b). Arrow above colour scale bar shows scale for a surface wind speed of 10 m s-1. Scale for horizontal
divergence units 10-5 s-1.

(a) (b)

(c) (d)
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Fig. 11 Visible GMS satellite imagery at (a) 0830 EST on 5 March 1999 and (b) forecast of surface wind and vorticity half
an hour earlier. Panels (c) and (e) show GMS IR satellite imagery at 1830 EST 5 March and at 0330 EST on 6
March respectively. Panels (d) and (f) show the 33 h and 42 h forecasts of surface wind and horizontal divergence
half an hour earlier than the corresponding satellite picture (c) and (e) respectively. Arrow above colour scale bar
shows surface wind speed of 10 m s-1. Scale for vorticity and horizontal divergence units 10-5 s-1.

(a) (b)

(c)
(d)

(e) (f)
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tive and whether there are special synoptic situations
in which the model performs well or poorly in pre-
dicting the convergence lines and their attendant
weather. Such knowledge would increase forecaster
confidence in the utility of LAPS in the region. It is
clear that additional data will be required for such an
investigation so that LAPS forecasts can be properly
assessed in detail over a period of time. Current plans
are to establish a field experiment to acquire such data.
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