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A diagnostic study of a monsoon depression that developed over north-
western Australia in February 1994 is presented. The analyses are
based on gridded data from the Australian Bureau of Meteorology’s
Tropical Analysis System. After remaining quasi-stationary for several
days after its formation in the monsoon trough, the depression drifted
slowly southwestwards along the coast of Western Australia and even-
tually weakened. The evolution is exemplified by time-height cross-sec-
tions of various kinematic quantities as well as the apparent sources of
heat, moisture and potential vorticity. A prominent feature of these
diagnostic fields is the impact of convective and diabatic processes on
the development. The structure of the depression was very similar to
the few monsoon depressions that have been documented over the
Indian subcontinent. The formation of the depression coincided with
the passage of an upper-level mid-latitude trough and a low-level anti-
cyclone to the south, but the extent to which the genesis was influenced
by these disturbances is unclear.

Introduction

Monsoon depressions are important components of the
Australian summer monsoon and are responsible for a
significant fraction of tropical rainfall during the mon-
soon season. Despite this, they have received relatively
little study and there exists no detailed climatology of
them. A brief description of their main characteristics is
given by Davidson and Holland (1987) who analyse two
particular cases in some detail. These authors note that
there are about five such disturbances per year, of which
one or two will be the dominant Australian weather fea-
ture over a period of a few days. Like tropical cyclones,
monsoon depressions are warm-cored systems in the
mid to upper troposphere with the maximum tangential
circulation in the lower troposphere; indeed their basic
structure is similar to that of the outer region of tropical
cyclones and some have their origin as tropical cyclones
that move over land (McBride and Keenan 1982). Their
tangential circulation can be as strong as that of a mini-
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mal tropical cyclone with surface winds exceeding
20 m s-! and they can develop into tropical cyclones
if they drift over the warm ocean (Foster and Lyons
1984; McBride and Keenan 1982). Studies of mon-
soon depressions in the Indian region have been
reviewed by Sikka (1977) and some later case stud-
ies include those of Daggupaty and Sikka (1977),
Warner (1984) and Douglas (1992a, b).

Love and Garden (1984) studied aspects of the mean
monsoon circulation over Australia in the austral sum-
mer of 1973/74. The broadscale monsoon circulation
was found to be cold cored from the surface to 700 hPa
and warm cored between 700 hPa and 150 hPa. Love
and Garden also carried out a detailed wind analysis on
three moist isentropic surfaces (335K, 350K, and 365K)
on one day of the period and suggested that the anom-
alously strong southeast trade-winds associated with a
blocking pattern over the Tasman Sea were an important
feature in the maintenance of the quasi-stationary low
pressure system that was centred over the continent.
They argued that descent in the trade-wind flow feeding

.into the- low on its western .side- undercut the moist

northwesterly airstream entering to the north and west,
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and provided an upslope mechanism to sustain the
observed quasi-steady nimbostratus cloud mass.

The diagnostic analyses of the two monsoon depres-
sions studied by Davidson and Holland (1987) were
based on objective analyses using the (then operational)
ANMRC* Tropical Analysis System. Both depressions
formed over the continent, a relatively data-rich area, in
the monsoon trough in the vicinity of the climatological
northwest Australian heat low. Subsequently they
moved southeastwards, eventually losing their identity
over southeastern Australia over a week later. This
movement is in contrast to Indian depressions which
generally move westward (see e.g. Sikka 1977).
Davidson and Holland analysed the heat and angular
momentum budgets of the two systems and described in
detail their evolution and structure.

Mills and Zhao (1991) carried out numerical pre-
dictability experiments in relation to a monsoon depres-
sion which brought record rainfall over Australia. They
found, inter alia, that the forecasted intensification of
the low as it crossed the continent was significantly
aided by feedback from latent heat release. Interestingly,
they found that this feedback contributed to the fore-
casted intensification of the subtropical jet well down-
stream of the depression. In a companion paper, Zhao
and Mills (1991) described the synoptic evolution of this
depression, noting that it did not transform into a cold-
cored baroclinic system, but rather the baroclinic low
that crossed the continent developed as a separate entity
downstream of it. The monsoon depression, itself,
weakened after it had crossed the coast.

Keenan and Brody (1988) investigated the synoptic-
scale modulation of convection during the Australian
summer monsoon, based on the Japanese Geostationary
Meteorology Satellite (GMS) infrared imagery in con-
junction with wind fields obtained from the ANMRC
tropical analysis scheme. They found that the organisa-
tion of convection into synoptic-scale bands was linked
with the 200 hPa southern hemisphere flow. The troughs
and associated subtropical jet streaks amplified from the
south, interacting with and enhancing the monsoon con-
vection. Areas of enhanced convective banding occurred
east of upper-level tropospheric troughs. West of the
troughs, in the subsiding air, convection was suppressed.

Mapes and Houze (1992) presented an integrated
view of the 1987 Australian monsoon and its mesoscale
convective systems, based on analyses of data from
Phase II of the Australian Monsoon Experiment
(AMEX) and from the Equatorial Mesoscale
Experiment (EMEX) which were carried out in parallel
early that year?. On the basis of their analyses, they con-
cluded that monsoon convection is modulated by low-

* Australian Numerical Meteorology Research Centre.
t The AMEX experiment is described by Holland et al. (1986) and the
EMEX experiment by Webster and Houze (1991).

level processes and not by the destabilising effects of

deep forced ascent. Amongst these low-level processes,

which mostly act as positive feedbacks, are:

* evaporation enhancement by convectively induced
surface winds;

* humidification of the dry middle troposphere by con-
vection;

* the formation of boundary-layer cold pools which
trigger additional convection through intense low-
level lifting at their edges;

* the removal of these cold pools by surface fluxes on
the time-scale of half a day; and

* frictional convergence towards regions of low sur-
face pressure which, inter alia, increases the depth of
the moist surface layer and lowers the level of free
convection, thereby reducing the amount of convec-
tive inhibition. .

Mapes and Houze noted that, at least during AMEX,
‘monsoon convection, once triggered, lasted until tropi-
cal cyclones formed and eventually died of the usual
causes (landfall or poleward drift)’. As a result, they
argue that ‘active phases of the monsoon, once initiated,
can be regarded as superclusters of overlapping, inter-
acting deep convection, which at any given instant are
composed of distinct individual mesoscale convective
systems’. Of course, the foregoing processes will differ
in importance for convection over land in comparison
with maritime convection whose study was the main
thrust of EMEX. Mapes and Houze also considered the
vorticity dynamics of the monsoon circulation and
showed that vortex stretching accounts qualitatively for
the time-mean circulation during AMEX.

Davidson (1995a,b) studied the large-scale vorticity
budget of a range of convective systems in the
Australian tropics and identified two important charac-
teristics of these:
 the occurrence of a mid-level convergence maximum

for cloud clusters embedded in a weak vorticity envi-

ronment; and

+ the presence of significant apparent vorticity sources
associated with both convective and stratiform
regions.

He pointed out that failure to account for these apparent

sources in numerical models may lead to significant

forecast errors. In the second paper he developed a

method to include the apparent sources in numerical

models for tropical weather prediction.

In this paper we present another case study of cyclo-
genesis over northwestern Australia, one that has certain
differences from the events studied by Davidson and
Holland (1987). The depression formed on 15 February
1994, again in the monsoon trough, and was not antici-
pated by forecasters. It lasted altogether about nine
days. After remaining quasi-stationary for more than
four days it then drifted slowly to the southwest, similar



Hell and Smith: Monsoon depression over northwest Australia

23

to an isolated barotropic vortex on a southern hemi-
sphere beta-plane. Our analysis is based largely on grid-
ded fields obtained from the Australian Bureau of
Meteorology’s real-time tropical analysis system dis-
cussed in the next section. We then describe the course
of events on the synoptic scale followed by details of the
kinematic aspects of the evolution and mature structure
of the depression. The heat and moisture budgets are
presented next followed by the potential vorticity (PV)
budget and finally a summary and conclusions. A relat-
ed modelling study (Dengler and Smith 1998), and a
detailed analysis of the motion will be contained in com-
panion papers.

Data source

As in the study of Davidson and Holland (1987), the
diagnostics to be described were based largely on data
from the Australian Bureau of Meteorology’s real-time
tropical analysis system. At the time of the event con-
sidered, the analysis package was an adaptation of the
univariate statistical interpolation/mass-wind blending
scheme of Mills and Seaman (1990). First-guess fields
for the analyses were six and 12-hour forecasts from the
Bureau of Meteorology’s global forecast system
(Bourke et al. 1989). Thus the analyses include some of
the benefits of four-dimensional data assimilation (e.g.
time continuity, dynamical balance and advection of
information into data-void areas), while refining and
including smaller scale structures from the standard
observing network. The interpolation technique utilises
the statistical behaviour of observational data, and takes
into account observations of mixed quality and the skill
of the first-guess field. The mass-wind blending, which
adjusts the mass to wind increments geostrophically if
only one data type is locally available for the analysis, is
used to couple the mass and wind fields over higher lat-
itudes. The blending switches off smoothly between lat-
itudes 25° and 10°.

It is difficult to assess the accuracy of the analyses,
although the database and analysis scheme from which
they were obtained are at least comparable to those
available in the study by Davidson and Holland (1987).

Synoptic description

The February 1994 issue of the Darwin Tropical
Diagnostic Statement (Bureau of Meteorology 1994)
noted that, after a break in the monsoon which lasted
until 12 February, the summer monsoon was quite well-
developed, particularly in the longitudes of northern
Australia. The cross-equatorial flow was stronger than
' normal, with deeper than normal low-level northerlies

and upper-level southerlies, the latter representing the
return flow of the inter-hemispheric monsoonal circula-
tion. The southern hemisphere subtropical ridge was in
its long-term position and the enhanced monsoonal con-
vection reflected the prolonged monsoonal activity over
northern Australia with above-average rainfalls.

The monsoon depression studied here developed and
remained throughout its existence near the northwestern
coast of Australia. The synoptic situation for the period
14 February until 24 February is illustrated by the
sequence of mean sea-level isobaric charts shown in Fig.
1, while Fig. 2 shows a time series of the mean sea-level
pressure at the depression centre from 15 to 25 February
and at the location where it formed from 10 to 15
February. The deepening of the depression occurred
after the development of the monsoon trough in which it
was embedded, with the period of sustained deepening
commencing on about 13 February, but the rate of deep-
ening remaining relatively slow until 15 February. The
first sign of a centre of closed isobars in the region of
interest occurred late (1800 UTC) on 15 February and
we use this to characterise* the time of formation. For
the following four days, the depression remained quasi-
stationary over King Sound, after which it drifted south-
westwards along the monsoon shear line, the centre of
circulation remaining close to the coastline. This is in
contrast to the more rapid southeastward movement of
the two monsoon depressions described by Davidson
and Holland (1987) and the demise, redevelopment and
subsequent southeastward movement of that analysed
by Zhao and Mills (1991).

The synoptic situation at 0000 UTC on 17 February,
when the depression was in its formative stage, is shown
in Fig. 3. At mean sea level (Fig. 3(a)) and 850 hPa
(Fig. 3(b)) the depression had a horizontal extent of
about 1000 km or 10 degrees of latitude as judged by
the outermost symmetric isobar or geopotentialf, but it
was embedded in a much larger-scale monsoonal trough
that extended across the whole of northern Australia.
The scale of the depression, itself, is typical of other
cases reported in the literature (see e.g. Sikka 1977).
The other prominent feature in the surface and 850 hPa
charts at this time is the anticyclone with its centre to the
south of the continent. In the region between these sys-
tems, the easterly flow was enhanced (Fig. 3(b)), com-
pared with that at other longitudes. The anticyclone
drifted eastwards during the development phase of the
depression, which we take to be 15-17 February.

The upper-level outflow from the area of convec-
tion was channelled partly to the northwest into the

* While such a definition depends on the isobar spacing and is not
Galilean-invariant, it is adequate for present purposes.’

% This is only a rough measure of scale and again is not Galilean-invari-
ant; a better measure is provided by the scale of the cyclonic vorticity
region as shown in the next section.
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Fig. 1 Mean sea-level isobaric charts showing the synoptic situation on every second day at 0000 UTC from 14 to 24

February 1994. (Contour interval 4 hPa. )
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upper easterlies and partly to the southeast into a sub-
tropical jet in which wind speeds across the southern
part of Australia were in excess of 35 m s-! at 150 hPa
(Fig. 3(c)). Such double outflow channels have been
associated with relatively large intensification rates of
tropical depressions and tropical cyclones (Chen and
Gray 1986). Other prominent features of the upper
flow are the subtropical upper trough located to the
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west of Western Australia and the mid-latitude trough
with its axis to the west of Tasmania, which were sep-
arated by a weak ridge. Both these troughs had a
marked westward tilt with decreasing latitude and
both were moving eastwards, as was the ridge. The
two troughs are related to distinct cyclonic anomalies
of Ertel potential vorticity (PV) on the 350K isentrop-
ic surface shown in Fig. 3(d); indeed the easternmost
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Fig. 2 Minimum central pressure of the depression at
mean sea level after its formation on 15 February
and in the region where it formed at earlier
times.
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of these anomalies, in particular, gives a much sharp-
er indication of this upper disturbance than the geopo-
tential height pattern as is generally the case (see
Hoskins et al. 1985, p.890).

The eastward progression of the upper and lower-
leve! troughs and ridges is evident in time-latitude sec-
tions of the zonally averaged geopotential heights of
the 850 hPa and 150 hPa isobaric surfaces in the 10
degree longitude range (119°E to 129°E) in which the
depression formed (Figs 4(a) and (b)). These figures
extend into the northern hemisphere and give an indi-
cation of the progression of troughs and ridges there
also. At 850 hPa the passage of the subtropical anticy-
clone is recognisable by the increased geopotential
heights to the south of the depression commencing at
about 0000 UTC on 14 February and reaching a max-
imum at 1200 UTC on 17 February. South of about
25°S, the geopotential heights at the 150 hPa level
declined until 14 February, after which they remained
more or less steady. The passage of an upper-level
trough on 14 February, two days prior to the time of
formation of the depression is evident in Fig. 4(b),
south of about 30°S, and the passage of a weaker
trough, south of about 40°S, on the day of formation
can be seen also. The possible role of these systems in
the formation process is as yet unknown, but their
occurrence is a common precursor to developing trop-
ical systems (J. Callaghan, personal communication).

About two days prior to the formation time, both
the monsoon westerlies (which reached up to almost
400 hPa) and the southeasterly trade winds intensified
north and south of about 15°S, respectively, where-

upon the horizontal wind shear increased along the
monsoon shear line. This was especially noticeable in
the vicinity of where the depression later formed and is
indicated by the evolution of the mean zonal wind field
at 850 hPa whose time-latitude cross-section is shown
in Fig. 5(a). The mean wind speed is calculated for the
same longitude band as above. The enhanced cyclonic '
wind shear was established about one and a half days
before the time of formation of the depression as
defined above. During the mature stage (the period 18
- 25 February), the mean wind speeds reached values
in excess of 25 m s-! near 800 hPa. To the west of the
depression centre, the analysed winds at 1000 hPa
also exceeded 25 m s-!, which would have put the

Fig. 3 Synoptic situation on 17 February 1994 at 0000
UTC: (a) mean sea level pressure (contour inter-
val 2 hPa); (b) geopotential height of the 850 hPa
surface (contour interval 20 gpm) and wind vec-
tors at this level; (c) geopotential height of the
150 hPa isobaric surface (contour interval 40
gpm) and wind vectors at this level; (d) Ertel
potential vorticity distribution on the 350K isen-
tropic surface (contour interval 0.05 PVU; 1
PVU = 106 m2 K s'! kg-1). The centre of the
deepening depression is located near (15°S,
125°E) and the depression is embedded within
the monsoon trough which lies between about 90°
- 150°E and between 10° - 20°S. A subtropical
high (= 40°S, 120°E) lies to the south of the
depression. In the lower troposphere, monsoon
westerlies prevail north of the depression and
trade wind easterlies occur to its south. An
upper-level trough is apparent, both in the
geopotential height field at 150 hPa and in the
potential vorticity distribution shown.
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Fig.3  Continued
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(d)

storm in the category of a tropical cyclone. (i.e. mean
surface wind speed > 17 m s-1). The mean upper-level
easterly flow (above 400 hPa) over and to the north of
the depression centre was weak during the develop-
ment phase, but later strengthened and extended pole-
wards. At 150 hPa (Fig. 5(b)), there was a steady
strengthening of the equatorial easterlies prior to and
during the development stage of the depression and a
strengthening of the southern hemisphere subtropical
westerlies some two days prior to its formation. In con-
trast, there was little variation in the strength of the
subtropical westerlies in the northern hemisphere.

Fig. 4

(a)

(b)
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Time-latitude section of (a) geopotential
height of the 850 hPa isobaric surface (con-
tour interval 20 gpm); (b) geopotential height
of the 150 hPa isobaric surface in gpm (con-
tour interval 50 gpm). The abscissa is
labelled with the corresponding February
days at 0000 UTC, and the ordinate with the
latitude. For the calculation, an average was
applied over the longitudes of about 119°E -
129°E until 21 February which include the
cyclone centre.
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