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A case study of nocturnal thunderstorm development at Perth, Western Australia in
unusual meteorological circumstances is presented. The situation was first de-
scribed using conventional synoptic analyses, and then examined using derived
diagnostic fields.

The fields showed that the thunderstorms originated in a region of steep temper-
ature lapse rate, resulting from the superposition of relatively cold air in the middle
layers associated with an upper trough, with warm air in the low layers advected
from the heated continent. The air in the low layers was very dry but a slightly
moister layer was evident near 700 hPa.

The principal lifting mechanism for the thunderstorms was the development of an
ageostrophic vertical circulation which was forced by an area of frontogenesis off-
shore. This circulation was also seen to be important in transferring the available

moisture into the middle levels.

Introduction

During the early morning of 8 November 1986 an
explosive development of thunderstorms took
place offshore from the lower west coast of
Western Australia (WA). The thunderstorm area
expanded and extended southeastwards resulting
in a period of about ten hours of thunderstorm
activity in the Perth area. Storm damage was
minor but the duration of the event and the
meteorological circumstances under which it took
place made it an unusual occurrence, worthy of
further investigation.

The event posed serious problems for fore-
casters. The thunderstorms occurred in a strong,
dry, low-level easterly wind regime with a broad
trough offshore, a situation normally associated
with hot weather and clear skies in Perth. There
was little evidence of an evolving cloud field on
satellite imagery prior to the onset of the thunder-
storms.

Troughs in easterlies have a large influence on
day-to-day weather conditions near the west coast
of the Australian continent during the warmer
months. Despite this, studies of this phenomenon
have been relatively few in number. In a pioneer
study, Gaffney (1955) investigated trough move-
ment and the timing and intensity of the west
coast cool change. Annette (1978) further con-
sidered the question of trough movement. Watson
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(1984) identified heat advection and upper diver-
gence as important components in the dynamics
of the trough. In numerical studies, Skinner and
Leslie (1982) examined the importance of diurnal
processes in numerical prognoses, whilst Fandry
and Leslie (1984) used a two-layer quasi-geostrop-
hic model to consider factors influencing trough
genesis.

To date no studies have addressed the problem
of the trough becoming convectively active over
southern areas of Western Australia. Experience
shows that in the majority of cases there is a strong
diurnal tendency for thunderstorm formation
along the trough, coincident with the time of
maximum heating during the mid-afternoon.
However, in the case of 8 November the develop-
ment took place in the middle of the night. Such
cases of nocturnal development of thunderstorms
in the trough are not without precedents. An un-
published investigation by the authors into thun-
derstorm development at Perth in an overnight
period with strong dry easterly winds revealed
five similar events in the fifteen-year period
between 1971 and 1986. It is interesting to note
that for each of these events the forecast issued for
Perth on the previous afternoon made no refer-
ence to thunderstorm activity, but highlighted
expectations of fine, hot conditions. This has re-
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sulted in some spectacular forecast failures and an
erosion of public credibility.

It is clear that the lifting mechanism initiating
this type of thunderstorm development at Perth is
not well understood. In this paper we first look at
conventional synoptic aspects of the event. We
then examine diagnostic fields of moisture, stabil-
ity and vertical motion derived from the Bureau
of Meteorology National Meteorological Centre
(NMC) archived analyses in order to better under-
stand the processes operating. We hope that this
approach will contribute to improved forecasting
of future events.

Synoptic background

The sequence of mean sea level analyses is shown
at 12-hourly intervals from 2300 UTC 6 Novem-
ber 1986to 1100 UTC 8 November 1986in Fig. 1.
At 2300 UTC 6 November (Fig. 1(a)) the major
feature of the analysis was a narrow ridge which
extended eastwards from an anticyclone in the
eastern Indian Ocean to a second centre to the
south of Australia. A trough extended south-
westwards from the semi-permanent heat low
over northern WA, to the region offshore from
the upper west coast. Between the trough and the
ridge a strong easterly airflow prevailed over
the south of WA. By 1100 UTC 7 November the
trough had sharpened and deepened off the lower
west coast, effectively splitting the ridge into two
high cells (Fig. 1(b)), but maintaining the strong
north-south pressure gradient over southern WA.
A second low had formed within the trough inland
from the northwest coast. The trough continued
to deepen and by 2300 UTC 7 November a low
with central pressure of 1004 hPa had formed ina
position near 30°S 115°E (Fig. 1(c)), some 200
kilometres to the north of Perth. The low and
associated trough maintained intensity and
moved eastwards to be located over central WA
by 1100 UTC 8 November (Fig. 1(d)).

The 700 hPa level was taken to be representa-
tive of the middle-level flow. The corresponding
sequence of 700 hPa charts is shown in Fig. 2. At
2300 UTC 6 November (Fig. 2(a)) a middle and
high latitude trough was centred over eastern Aus-
tralian longitudes and a sharp ‘cut-off” portion of
this trough was evident near the WA coast. In the
following 24 hours this portion of the trough
retrogressed and deepened and by 2300 UTC 7
November (Fig. 2(b),(c)) a small closed circu-
lation was evident to the northwest of Perth. The
low subsequently weakened slightly and moved
southeastward to be near Perth at 1100 UTC 8§
November (Fig. 2(d)). In the higher levels the
trough was also evident off the west coast but was
of lesser amplitude.

The thickness analysis for 2300 UTC 6 Novem-
ber (Fig. 3(a)) showed a strong north-south gradi-

Fig. 1

MSL analyses at (a) 2300 UTC 6 November
1986; (b) 1100 UTC 7 November 1986; (c) 2300
UTC 7 November 1986 (d) 1100 UTC 8 Novem-
ber 1986. In (a) the location of Perth is
shown.
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Fig. 3 1000-500 hPa thickness analyses at (a) 2300
UTC 6 November 1986; (b) 2300 UTC 7 Nov-
ember 1986.
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ent indicative of a strong temperature gradient
between the warm air over northwestern Australia
and the cold air associated with the mid-latitude
trough near the south coast. In the following 24
hours a thickness ridge developed near the west
coast (Fig. 3(b)) and a trough became evident off-
shore.

Satellite imagery showed the rapid evolution of
the cloud field. At 1200 UTC 7 November infra-
red GMS-3 satellite imagery (Fig. 4(a)) showed
little cloud to the west of Perth but by 1800 UTC a
large area of thunderstorms was evident (Fig.
4(b)). A line of thunderstorms also extended
eastwards from Perth over inland WA. During the
next 12 hours the thunderstorm areas merged and
moved southeastwards over the southwest of the
continent (Fig. 4(c), (d)).

Diagnosis of thunderstorm develop-
ment

Diagnostic fields derived by Tapp (1988) were
used in this study. Such fields can now be accessed
in regional forecast centres around Australia using
PC-ARM (Le Marshall et al. 1987). The data used
to evaluate these fields were obtained from the
archived objective analyses prepared routinely at
NMC, Melbourne for the Australian region
(Seaman et al. 1977). Data were available every 12
hours at a grid spacing of approximately 250 km
and at eight standard levels.

The processes considered important in the de-
velopment of thunderstorms are diagnosed here
through a consideration of fields of moisture,
stability and vertical motion. The fields were
analysed at 1100 UTC 7 November while the sur-
face trough was deepening and approximately five
hours before the commencement of thunderstorm
activity.

Moisture and stability

Fundamental to any study of thunderstorm devel-
opment is the horizontal and vertical distribution
of fields of temperature and moisture. The distri-
bution of temperature at 1000 hPa (Fig. 5(a))
showed a sharp thermal ridge near the west coast
extending southwards from a warm pool over in-
land northern Australia. The ridge was cradled by
a zone of strong temperature gradient between the -
heated continental air and the cooler air over the
adjacent ocean waters.

The warm tongue evident at 1000 hPa was co-
located with a cold trough at 700 hPa (Fig. 5(b)).
The superposition of warm air in the low levels
associated with the continental easterly flow, and
cool air aloft associated with the upper trough,
resulted in a distribution of static stability at 700
hPa as shown in Fig. 6. Minima (areas of steepest
lapse rate) occurred over central Australia and
just to the west of Perth.
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Fig. 4 GMS-3 unenhanced IR imagery at (a) 1200 UTC 7 November 1986; (b) 1800 UTC 7 November 1986; (c) 0000

UTC 8 November 1986; (d) 0600 UTC 8 November 1986.
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Similar fields for relative humidity are shown in
Fig. 7. At 1000 hPa (Fig. 7(a)) a minimum is evi-
dent near the west coast and is characteristic of the
warm, dry, low-level easterly flow of continental
origin. By contrast, at 700 hPa (Fig. 7(b)) a maxi-
mum was apparent near the southwest coast.

The evolution of the vertical temperature and
moisture profiles near the storm area was exam-
ined using the aerological soundings from Perth at
7 November 1000 UTC (Fig. 8(a)) and 7 Novem-
ber 2200 UTC (Fig. 8(b)). Table 1 shows various
stability indices calculated from the Perth sound-
ings.

20S

Table 1. Stability indices calculated from Perth sound-
ings at 7 November 1000 UTC and 7 Novem-
ber 2200 UTC.

Surface .
_lifted. Showalter [I;(I);‘;sl Whiting Sweat
index

07/1000 UTC 5.1 4.3 45.1 234 72.0

07/2200 UTC  10.2 1.1 50.6 331 2270

The earlier sounding showed a near adiabatic
lapse rate extending from the surface to 680 hPa,
indicative of advection of warmer well-mixed
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Fig.5 Temperature fields (K) at 1100 UTC 7 November
1986 for (a) 1000 hPa; (b) 700 hPa.
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continental air over the Perth region during the
day. This was manifest at the 850 hPa level where
the temperature rose 7°C in the previous 12 hours.
This low-level warm air advection most likely
played a role in the deepening of the trough
(Watson 1984).

The air in the low levels was very dry but a
slightly moister layer was evident below a weak
temperature inversion at 680 hPa, above which
abrupt drying occurred.

By 7 November 2200 UTC significant changes
had occurred. A near-saturated layer was evident

“Fig. 6 700 hPa lapse rate of potential temperature

(K/100 hPa) at 1100 UTC 7 November 1986.
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from approximately 700 hPa to 600 hPa modify-
ing the previously dry layer. Below this the air was
still relatively dry although dew-point tempera-
tures had risen in the order of 5°C through the
layer between 850 hPa and 700 hPa. Below 850
hPa, nocturnal cooling of the boundary layer had
occurred.

The source of the increase in moisture between
the two soundings requires some explanation,
particularly as the temperature soundings on the
previous morning to the east and north of Perth
were dry throughout the low and middle levels.
This would discount the possibility of moisture
advection over Perth in the overnight period. The
most likely source of the increase in moisture was
lifting of the pre-existing moisture, observed in
the layer between 850 hPa and 700 hPa on the
previous sounding. Evaporation of rain into the
sub-cloud layer may also have been a factor.

Vertical motion

The broadscale three-dimensional flow was diag-
nosed using dry-bulb isentropic flow. Since the
middle level circulation was almost stationary,
actual winds were considered to be a good ap-
proximation to the airflow relative to the system.
The streamlines, then, are equivalent to air parcel
trajectories. Isentropic flow on the 8=305K sur-
face (Fig. 9) showed a large region of ascent over
the central and southwest parts of WA. The main "’
region of upward motion was to the north of Perth
where the winds were strongest and the slope of
the isentropic surface was steepest. Of the air
ascending from the boundary layer only a narrow
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Fig. 7 Relative humidity fields (%) at 1100 UTC 7
November 1986 for (a) 1000 hPa; (b) 700 hPa.
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ribbon of weak ascent was directed into the region
where the thunderstorms formed. The omega
field at 700 hPa also showed the main ascent
region to be inland to the north of Perth.

The subsynoptic-scale vertical motion was
further diagnosed using the Q vector approach
proposed by Hoskins et al. (1978). The Q vector
form of the quasi-geostrophic omega equation has
been widely used in recent years to study the evol-

Fig.8 Aerological soundings for Perth at (a) 1000 UTC

7 November 1986, (b) 2200 UTC 7 November
1986.
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ution of synoptic systems (Hoskins and Pedder
1980; Tapp 1988; Wilson and Stern 1985; Han-
strum et al. 1990). Q is defined as the time rate of
change of potential temperature gradient moving
with the geostrophic velocity. The distribution of
Q can be used to determine the ageostrophic ver-
tical velocity distribution. The sense of the circu-
lation is with Q pointing in the direction of the
low-level ageostrophic flow and toward ascending






