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The objectives of the Australian Monsoon Experiment (AMEX) were: a) to
investigate the interactions between cumulonimbus convection and the Australian
summer monsoon circulation; and b) to investigate the generation, evolution and
propagation mechanisms of north Australian cloud lines, and to study their effect on
north Australian weather. The experiment was based on the collection of
high-density tropical upper-air soundings and radar and satellite data during two
observational phases in October-November 1986 and January-February 1987. The
second phase was complementary to, and carried out as a collaborative exercise
with, the research aircraft-based EMEX and STEP experiments.

The field phases of AMEX were extremely successful. Atmospheric phenomena
captured within the observational network include more than ten north Australian
cloud lines, the monsoon onset and two active-inactive cycles of monsoon
convection. In addition during Phase II four tropical cyclones developed within the
network including two within an approximately 500 km diameter circle of
radiosondes surrounding the Gulf of Carpentaria.

This paper describes some of the highlights obtained from analysis of the data in the
first year following the completion of the field phases, the emphasis being on

aspects of the meteorology that were not known prior to the experiment.

Introduction

The Australian Monsoon Experiment (AMEX)
took place during the north Australian wet season
of 1986-87. AMEX was based on the collection of
high-density tropical upper air soundings and
radar data at the 14 special observation sites
shown in Fig. 1. There were two observational
phases. Phase I (20 October-4 November 1986)
was essentially a pilot experiment. During this
phase only three of the AMEX stations (Darwin,
Gove and Weipa) were operating. These data
were complemented, however, by serial double
theodolite measurements across Cape York Pen-
insula, by an instrumented buoy in the centre of
the Gulf of Carpentaria and by temperature and
humidity measurements from an instrumented
light aircraft.

During Phase II (10 January-15 February
1987), the entire network shown in Fig. | was in
operation, with sonde flights at six-hourly inter-
vals at all fourteen stations and digitised radar at
Darwin, Gove, Weipa and the ship (Xiang-Yang-
Hong No. 5 of the People’s Republic of China).
Phase II occurred simultaneously with two
aircraft-based meteorological experiments oper-
ating from Darwin. These were the Equatorial
Mesoscale Experiment EMEX and the Strato-
sphere Troposphere Exchange Project STEP.
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The experimental design of AMEX (Holland et
al. 1986) was derived from experience gained
from the analysis of data from earlier meteoro-
logical experiments in other parts of the tropics, in
particular the GARP Atlantic Tropical Exper-
iment GATE (Betts 1974; Houze and Betts 1981)
and the Winter Monsoon Experiment WMONEX
(Greenfield and Krishnamurti 1979; Johnson and
Houze 1987; McBride 1987). AMEX had two
specific objectives:

(a) To investigate the interactions between
cumulonimbus convection and the Australian
summer monsoon circulation; and

Fig. 1 The network of special upper air observation sites
operating during AMEX Phase II. Digitised radar were
located at the four sites marked by radar rings.
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(b) to investigate the generation, evolution and
propagation mechanisms of north Australian
cloud lines (NACL’s), and to study their effect
on north Australian weather.

The data network for Phase 1 was specifically
oriented towards the study of NACLs. The Phase
II network was designed specifically for objective
(a). As discussed by McBride and Holland (1986)
and Holland et al. (1986), the design assumed the
data would be used in conjunction with data from
orbiting and geosynchronous satellites plus data
from the already existing upper air data network
over the higher latitude portion of Australia.

The objective of EMEX was ‘to investigate the
diabatic heating mechanisms within tropical
cloud clusters in such a way as to define the effect
of these cloud systems on the vertical profile of
large-scale heating in the troposphere and at the
tropopause’ (Houze and Webster 1984). This has
much in common with objective (a) of AMEX,
and the research flight operation plan for EMEX
was designed to complement the AMEX data
array (Marks 1986).

During AMEX Phase II four tropical cyclones
developed within the data network, and two of
these occurred within the dense sonde network
surrounding the Gulf of Carpentaria. Accord-
ingly, besides the above two aims AMEX research
now includes one additional objective:

(c) toinvestigate the development, structure and
movement of tropical cyclones.

Both field phases were successful in that the
appropriate weather phenomena required to
satisfy the above objectives did occur within the
data network. Also the network operated
efficiently. For example, 96 per cent of the sondes
scheduled for launch at six-hourly intervals
succeeded in reaching the 100 hPa level. Of the
scheduled eight per day GMS (Japanese Meteoro-
logical Agency Geostationary Meteorological Sat-
ellite) infrared images, 97 per cent were in the
digital archive at the completion of the exper-
iment, plus an additional forty-six non-scheduled
‘hourly’ images were archived during Phase II,
mainly during the lifecycles of the tropical
cyclones. The digital archive for the land-based
radars has been processed and two radar atlases
have been published by Keenan and Martin
(1987a, b).

Following the completion of the field phases of
AMEX, many research projects have begun on the
above three objectives. None of these has yet been
completed through to formal publication; and at
this stage, barely one year later, it is too early to
attempt a well-considered overview of the results
of the experiment. The aim of the current paper is
more modest. It is simply to describe some of the
highlights obtained from a first look at the data.
The following three sections consider in turn

experimental findings relevant to each of the
three objectives. The final section summarises
and discusses the outlook for future research.

It is appropriate to note that the work reported
here draws on results from investigations in
progress by our colleagues Tom Keenan, Noel
Davidson, Bruce Gunn, Wasyl Drosdowsky,
Kamal Puri, Lance Leslie, Chris Velden (all at
Bureau of Meteorology Research Centre), and
William Frank (Pennsylvania State University).

Objective (a): convective larger scale
interactions within the monsoon

Prior to AMEX there already existed a large body
of scientific literature on the Australian summer
monsoon (see for example recent papers by
Holland 1986; Keenan and Brody 1988; and a
review by McBride 1987). These studies were
severely restricted by the lack of observations
within the monsoon westerlies, with Darwin
being the only regularly reporting sonde station in
the vicinity of the monsoon trough.

Monsoon activity

Starting with Troup (1961) and continuing
through to Holland (1986) the level of activity of
the monsoon was conventionally measured in
terms of a single index derived from the magni-
tude of the westerly component of the low-level
wind at Darwin. The low-level (850 hPa) flow
averaged over the period of AMEX Phase II is
shown in Fig. 2, which is the mean of the
individual day analyses from the BMRC objec-
tive analysis scheme (Davidson and McAvaney
1981). A well-defined monsoon trough (or shear
line) is seen to lie with a northeast to southwest
orientation through the array of AMEX stations.

Fig 2. Mean low-level flow field at 2300 UTC during AMEX
Phase II. Isotachs are in m/s. The heavy line crossing the
Gulf of Carpentaria is the location of the monsoon shear
line, separating trade easterlies from monsoon westerlies.
Also marked are the locations of the 14 AMEX special
observation sites. The flow over the remainder of the map
is determined by analysis of data from the normal upper
air network (see Holland et al. 1986) plus aircraft and
satellite determined wind data.
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Five of the stations are north of the shear line, i.e.
in the monsoon westerlies. Thus, for the first time
we have the opportunity to document some of the
longitudinal structure within the westerly current,
and in particular to gauge the representativeness
of a single station (viz. Darwin) index.

In that context, we look at Fig. 3 (from
investigations by Gunn), which shows time-
height sections of 6-hourly zonal wind obser-
vations throughout the experiment for these five
stations. The general character of the upper four
time-sections is the same. A rapid transition from
easterlies to deep lower tropospheric westerlies
occurred on January 14, corresponding to mon-
soon onset. The monsoonal westerlies extended
from the surface through to pressures below 300
hPa and were overlain by upper tropospheric
easterlies. Fluctuations in magnitude of the upper
easterlies were generally in phase with the fluctu-
ations on the low-level westerlies, as has been
documented for Darwin by Troup (1961), Hol-
land (1986), McBride (1987) and others. The
westerlies (or active monsoon) are maintained
throughout the period of the experiment with two
short break (or inactive) periods around 28
January and 6 February.

Fig 3. Time-height sections of the zonal component of wind (m/s,
westerly wind positive and shaded) at Darwin, Gove, PRC
ship, Thursday Island and Weipa.
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There are large inter-station differences in the
relative magnitudes of the three-maxima/two-
minima in the westerlies; and in particular the
second westerly minimum does not occur at
Thursday Island. From inspection of the charts,
these differences can be attributed to the exist-
ence of individual weather systems (monsoon
depressions and tropical cyclones) within the
monsoon trough. In particular, the second break
in the westerlies coincided with a tropical cyclone
(Jason) inside the Gulf bringing about a
predominantly meridional flow to stations to the
west (Darwin and Gove). By contrast the first
break occurred at all stations and corresponded to
a general weakening in the monsoon current.

The lowest panel in Fig. 3 is the section for
Weipa. Though the fluctuations are in phase with
the other four stations, the flow is consistently
more easterly. From Fig. 2, we see that Weipa is
close to the actual monsoon shear line, whereas
the other stations are north of it. Thus the
difference in Fig. 3 between Weipa and Thursday
Island (approximately 230 km to the north) reveal
that the shear line is quite sharp and consequently
is associated with a large magnitude -0U/dy
vorticity field. Weipa and Gove, on the other
hand, are at approximately the same latitude.
Their differences in zonal wind are associated
with the northeast-southwest orientation of the
shear line, generating a -0U/0x convergence field
and corresponding upward vertical motion in the
region.

The time-series of relative vorticity and vertical
motion at 700 hPa in the Gulf of Carpentaria
through the experiment are shown in the upper
two panels of Fig. 4. These have been calculated
by line integral techniques using wind and sonde
data from the six stations surrounding the Gulf
(see Fig. 1). As suggested above, the vorticity is
found to be large for the tropics, having a mean
value over the time-series of 27.0 X 10 sec'.
This is approximately twice as large as the values
derived by McBride and Zehr (1981) for pre-
tropical cyclone cloud clusters in the northwest
Pacific and North West Atlantic. It is also
considerably larger than the values diagnosed by
Frank (1978) for cloud clusters during GATE.
Frank did however observe comparable values in
the mid-troposphere at the peak stages of the
lifecycle of GATE squall-lines.

The lowest panel in Fig. 4 is the time-series of
total diabatic heating over the Gulf of
Carpentaria. This also is calculated by line
integral techniques from the budget of dry static
energy, as has been done by Yanai et al. (1973),
Song and Frank (1983) and others. In the
terminology of Yanai et al., the total diabatic
heating in Fig. 4 is equivalent to the pressure-
weighted-average through the depth of the
trophosphere of the ‘apparent heat source’ Q,.
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Fig. 4 Time-series of quantities derived by line integral calcu-
lations of the six-hourly radiosonde flights surrounding
the Gulf of Carpentaria. Also shown are the times of
development within the Gulf of tropical cyclones Jrma and
Jason. a) 700 hPa vorticity; b) 700 hPa vertical motion
(negative-upwards); c) the vertical integral of the apparent
heat source Q,.
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All three time-series in Fig. 4 show enhanced
activity (high vorticity, upward vertical motion,
large heating rate) from near the start of the
experiment to about January 21. This is followed
by an eight day inactive period (small magnitudes
of vorticity, vertical motion and heating) corre-
sponding to the weakening of the monsoon flow
discussed above in the context of Fig. 3. A revival
of the monsoon then occurs with large values
being maintained for all three parameters through
the remainder of the experiment. The upper panel
of the figure also shows the time of development
of the two cyclones that occurred in the Gulf. Both
were preceded by a gradual increase of cyclonic
vorticity over a time-scale of about a week. This is
discussed further below in the section on objec-
tive (c).

Diabatic heating

The ability to produce simultaneous time-series
of diabatic heating (Fig. 4(c)) and monsoon flow
(Fig. 4(a)) was one of the primary design require-
ments of the data network. This is because
dynamical studies of tropical weather are largely
characterised by the mode of specification of the
heat source associated with cumulonimbus con-
vection. There exist, however, very few data sets
suitable for the measurement of this heating
under conditions of deep convective activity in
the tropics. Such measurements were the specific
aim of the GATE experiment (1974) in the
tropical Atlantic and also constitute the objective
of EMEX.

The usual measure of the accuracy of
divergence-related quantities (such a diabatic
heating) is the magnitude of the correction
required to be added to the divergence so that its
mass-weighted vertical integral is zero: the
smaller the required correction, the more reliable
the diabatic heating measurement. In construct-
ing time-series of diabatic heating in GATE,
Frank (1979) eliminated all time periods with a
required correction greater than 4 X 106 sec’'.
The AMEX data are not of such quality, as this
criterion is satisfied by only 65 per cent of the
time-series shown in Fig. 4. The correction
required in AMEX to retain 84 per cent of the
data is twice the GATE cut-off, i.e. 4 X 106sec!.
It is noted that this difference is due not only to
the number and spacing of sondes in the network,
but also to the presence within the AMEX array of
strong horizontal wind shears associated with the
two tropical cyclones. It is also noted that the
GATE sonde array was approximately 60 per cent
larger than the Gulf of Carpentaria, so a given
error in the normal component of wind yields a
larger divergence error in AMEX than in GATE.

There is much research interest in the diabatic
heating rates in Fig. 4(c) and in their relationship
to variations in structure of the large-scale flow.
Some of these relationships are presented in Table
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1 in the form of linear correlation coefficients
over the time-series. It is seen that variations in
total heating are correlated with the integrated
moisture convergence -L (VqV) at a value of 0.86,
substantiating the vertical constraint philosophy
of Kuo-type cumulus parametrisation schemes
(Kuo 1974; Anthes 1977, Krishnamurti et al.
1976). There is effectively a zero correlation,
however, between the integrated moisture con-
vergence and the moisture tendency, indicating
that a simple (b-parameter) linear relationship
between them is not a realistic way to ensure the
satisfaction of the above vertical constraint.

Table 1 also shows there is no statistically
significant relationship between the heating and
the realised warming (3s/dt) (where s is dry static
energy). Thus the energy associated with the large
heating rates of the order of 10 deg/day plotted in
Fig. 4(c) must be dispersed to larger spatial scales
on a time-scale smaller than the 6-hourly
measurement scale of the sondes. Similar con-
clusions were made by Frank (1980) for the
GATE data sets. Table 1 also shows that the
variations in heating are closely related to the
vertical motion at 700 hPa as well as the vorticity
at that level. The physical implications of this
require further investigation, however.

Diurnal variation

Referring again to Fig. 4, it should be noted that
the vertical motion and the heating undergo a
very large modulation on the diurnal time-scale.
This is being investigated by T.D. Keenan. Figure
5 shows daily averages of satellite observed cloud
(as measured by black body temperatures TBB)
over the Gulf of Carpentaria and two other areas
in the AMEX region. It is seen that the three areas
undergo a large diurnal variation in convective
actlvny For the two ocean areas the variation is
in phase, the maximum occurring at
approximately 1200 local time. The land area

Table 1. Linear correlation coefficients between time-
series of various quantities during AMEX
Phase I1. The quantities were calculated by line
integral techniques on the sonde array sur-
rounding the Gulf of Carpentaria.

(Heating, integrated moisture convergence)

Q,, -VqV) : 0.86
(Moisture storage, integrated moisture

convergence)

(Gq/dt, -VqV) : 0.06
(Heating, dry static energy storage)

(Q,, s/t :0.16
(Heating, vorticity at 700 hPa)

Q) &0 :0.42
(Heating, vertical motion at 700 hPa)

Q) Wogo) :0.86

Fig. 5. Diurnal averages through Phase II of the percentage
coverage of high cloud (black body temperature less than
-55°C) over the Gulf of Carpentaria, over an OCEAN
area in the monsoon westerlies north of Darwin and Gove,
and over the tropical LAND area immediately south of
Darwin and Gove.
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Fig. 6 Diurnal averages through Phase II of vertical motion
(hPa/day, negative upwards) obtained from numerically
analysed winds over a 300 km radius circle centred at (a)
13°S, 139°E; (b) 15°S, 133°E.
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over northern Australia has a much larger ampli-
tude to its variation and the phase is different, the
minimum coinciding with the oceanic maximum.

The variation in vertical motion can be made
quantitative in the regions of the enhanced data
network. For example, Fig. 6 shows time-height
sections of vertical motion through the diurnal
cycle. These were calculated kinematically from
Phase II-means of daily analyses of the flow using
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the objective analysis scheme of Davidson and
McAvaney (1981). The section for the Gulf (Fig.
6(a)) reveals deep tropospheric upward vertical
motion (consistent with cumulonimbus activity)
throughout the diurnal cycle but with a broad
maximum at the 1000 and 1600 UTC analysis
times. By contrast over the land (Fig. 6(b)) the
vertical motion is dominated by the diurnal cycle
with an intense upward maximum at 1000 UTC
and close to zero vertical motion at 2200 UTC.

To investigate the forcing mechanisms associ-
ated with this variation, Keenan has analysed
diurnal composites plus case studies of the Phase
II radar returns at Darwin. From this work it is
clear that much of the diurnal variation in
convection results from the interaction between
the prevailing monsoon flow and local land and
sea-breeze circulations. Local topographic fea-
tures play an important role in these interactions,
which are similar in nature to those documented
in the vicinity of north Borneo by Houze et al.
(1981).

Comparison with GATE

As discussed above, the precedent for a time-
series of tropical Total Heating (Fig. 4(c)) is the
GATE experiment. The large-scale flow in GATE
was very different to that in AMEX, the GATE
region being neither one of deep monsoon flow
nor being associated with one of the three tropical
heat sources of the globe. Accordingly it is
important to compare the GATE and AMEX
vertical heating profiles. The explanation of any
differences between them in terms of flow
differences will constitute an important step in
the understanding of convective larger-scale
interactions.

To this end W.M. Frank is studying the mean
lifecycle of AMEX weather systems (or cloud
clusters) in the Gulf of Carpentaria. Figure 7(a)
shows the resultant vertical motion field at each
of five stages of the lifecycle of the mean or
‘composite’ cluster. The stages are six hours apart,
and the compositing has been done relative to
stage 3 which is the beginning of s-budget
diagnosed heavy rainfall. This should be com-
pared to Fig. 7(b), a similar composite for GATE
(from Frank 1978). It is well substantiated that in
the tropics the heating at individual levels is very
closely equal to the product of the vertical motion
and the vertical gradient of dry static energy, i.e.
wo/0p (e.g. Holton 1979; Webster 1983; Frank
1979; McBride 1981a; plus the AMEX data).
Thus in Fig. 7, the level of maximum vertical
motion can be interpreted as the level of maxi-
mum diabatic heating.

Figure 7 reveals both important similarities
and important differences between the vertical
_motion/heating between AMEX and GATE. Both
show a similar lifecycle, with the level of maxi-

Fig. 7. Vertical motion field as a function of the stage in the
lifecycle of a composite cloud cluster: a) in the Gulf of
Carpentaria during AMEX Phase II; b) in the GATE
experiment (from Frank 1978). Also shown on b) are the
levels of maximum vertical motion for both systems.
Stage 3 is the time of maximum budget-diagnosed rainfall
for both systems, i.e. Stage 3 GATE is equivalent to Stage
3 AMEX. To aid in comparison of the other stages, there
are approximately 3 hours between stages in GATE, and
exactly 6 hours between stages in AMEX,
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mum heating beginning at lower tropospheric
levels and finishing at upper levels during the
decaying phases of the cluster. In AMEX the
actual variation in this level is quite small, always
lying between the 600 and 400 hPa level; whereas
in GATE it moves from 850 up to 350 hPa. Thus
in GATE the heating profile is apparently a very
strong function of the stage of the lifecycle of the
weather system; but in AMEX it is apparently
only a weak function of lifecycle stage. Other
differences are that the low-level vertical motion/
heating is much greater in GATE (compare the
locations of the -150 hPa/day isoline); plus in
AMEX the level of maximum vertical motion is
always higher in the troposphere than in GATE,
except in stage 5 where they are about the same.
As discussed above, the physical explanation for
these differences as a function of flow differences
represents one of the exciting challenges facing
those working with the AMEX data sets.






