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ABSTRACT

Onset of the Australian summer monsoon during 1986/87 is examined using the gridded tropospheric winds
and surface pressure data from the Australian Bureau of Meteorology Tropical Region Analyses. Dramatic and
sudden circulation changes on the synoptic and larger scale are known to occur at onset of the monsoon. The
enhanced observing network during AMEX 1987 afforded an excellent opportunity to study these changes as
the onset occurred during the experiment.

During November 1986 through early January 1987 anomalous convection and low-level westerly winds
persisted in the central equatorial Pacific associated with an El Nifio/Southern Oscillation event. This anomalous
convection forced a large-scale sinking, dry southeasterly flow over the Australian tropics, inhibiting the onset
of the monsoon. In early January the anomalous ENSO convection in the central Pacific diminished rapidly,
apparently due to the passage of the downward branch of a 4050 day oscillation event. Thus the att€ndant
dry sinking motion over the Australian tropics diminished, and monsoon onset subsequently occurred in the
second week of January.

Onset in the Australian region appears to have been triggered by the arrival of a westward moving equatorial
wave disturbance. This synoptic scale disturbance appears to have originated in the ENSO westerlies in the
central Pacific just before their temporary demise in early January. It propagated at least 5000 km across the
Pacific into the Australian region. Synoptic-scale low-level moist northerlies due to the wave drastically increased
the low level humidity while the wave’s convergence appears to have initiated organized convection over the
Australian region. Subsequently, in a matter of one to two days, monsoon convection and low-level westerlies
developed over a longitudinal span of ~40°. The synoptic-scale wave disturbances also appear to be associated
with formation of tropical cyclones in the region soon after onset. The subsequent expansion of the monsoon
westerlies after onset results from a combination of an amplification of the synoptic-scale wave disturbance in
the Doppler-shifted group velocity direction (eastward) and by the passage of a 40-50 day oscillation event.

From a thermodynamic viewpoint, substantial but unrealizable conditional instability existed over the Aus-
tralian tropics prior to the monsoon onset. Because of the lack of low-level saturation (due-to the dry sinking
circulation produced by the ENSO anomaly ) substantial lifting was required to achieve buoyancy prior to onset.
The onset process appears to be one where initial development of convection induced by synoptic convergence
and moisture advection cools and further moistens the lower troposphere and thereby reduces the degree of
lifting required to achieve buoyancy. Onset occurs as a dramatic blowup of convection over a large longitudinal
span (~40°) when the lifting required for buoyancy achieves a minimum but prior to the loss of deep conditional
instability due to the vertical transport of heat and moisture by the monsoon convection.
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1. Introduction

The Australian summer monsoon is traditionally

referred to as the wet season over Northern Australia .

when over three-quarters of the annual rainfall occurs.
The tropospheric circulation in the North Australian
region during the monsoon is characterized by a lower
tropospheric trough with low-level convergent west-
erlies to its north and a broad region of upper level
divergent easterlies (Troup 1961). The Australian
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summer monsoon is, however, just a portion of a much
larger monsoonal circulation. Inspection of Fig, 1 (data
used in all figures is described in section 2) reveals that
the summer time-mean low-level monsoonal (i.e., sea-
sonally reversing) westerlies extend from the equator
to about 15°S and from west of 100° to about 155°E.
Nonetheless, the major aim of this paper is to document
the dynamics and ‘thermodynamic structure at onset
of the wet season westerlies over just the Australian
region during AMEX 1987 realizing that Australian
monsoon is just a portion of a much larger circulation.

The transition between the dry winter time regime
of weak barotropic southeasterly flow over the Austra-
lian tropics (Fig. 1a) to the wet summertime regime
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FIG. 1. Three year (1984-86) mean July (a) and January (b) 850
mb winds from the Australian Bureau of Meteorology Tropical Region
Analyses. The maximum vector is 10 m s~*, The box in (b) indicates
the Australian tropical region defined in the text.

of low-level northwesterlies (Fig. 1b) can be regarded
as a manifestation of the annual cycle. As the sun
moves into the Southern Hemisphere and warms the
near equatorial land masses (i.e., Northern Australia,
Indonesia and Papua New Guinea) the region of max-
imum low-level convergence upper-level divergence
(Fig. 2a) and convection (Fig. 2b) follows. The asso-
ciated low-level monsoonal westerlies at these longi-
tudes first appear in the southern hemisphere around
November (Fig. 2¢). They gradually extend poleward,
reaching a maximum extent of about 15°S around one
month after the austral solstice (note the maximum in
monsoonal westerlies is just poleward of the maximum
in divergence and convection). Subsequently they re-
treat towards the Northern Hemisphere. The Northern
Hemisphere monsoonal westerlies (at these longitudes
exhibit a much more abrupt development, more or
less appearing simultaneously from equator to about
20°N. They too reach maximum strength and poleward
extent about one month after the boreal solstice. Their
equatorward retreat is a gradual one as in the Southern
Hemisphere. Another interesting feature of the seasonal
transition is the pronounced semiannual component
of the upper-level equatorial easterlies (Fig. 2d). The
low-level westerlies and the upper-level divergence are
dominated, on the other hand, by the annual cycle. In
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general, though, the structure of the mean wet season
circulation (in both hemispheres) is well explained by
the linear response of the tropical troposphere to a re-
gion of localized steady diabatic forcing (i.e., latent
heating) displaced into the summer hemisphere (Gill
1980).

The wet season monsoonal circulation is by no
means steady nor is the transition gradual. In particular
the onset of the wet westerly regime is a sudden and
dramatic event. In a matter of days the dry regime of
low-level southeasterlies is replaced by westerlies over
a vast longitudinal domain of up to 80° (see Murakami
and Sumi 1982; Davidson et al. 1983, for a detailed
account of the onset during FGGE 1978-79). AMEX
1987 (Holland et al. 1986) afforded an excellent op-
portunity to study in detail the circulation changes as-
sociated with the monsoon onset over Northern Aus-
tralia as the onset (defined in section 3) occurred four
days after the start of the experiment (10 January
1987).

Onset of the summer monsoon is of particular in-
terest because of the pronounced change from a cir-
culation governed by dry dynamics to one governed
by moist dynamics. This paper will document the
changes in the thermodynamic structure and circula-
tion on the synoptic scale and large scale that occurred
prior to and during the monsoon onset of 1987. The
fundamental question of how tropical convection in-
teracts with the larger scale monsoonal circulation at
the time of onset will also be addressed.

2. Data

The major tool for examining the monsoon onset
will be the gridded tropospheric wind, temperature and
surface pressure data from the Australian Bureau of
Meteorology Tropical Region Analyses. These gridded
data have been used by, amongst others, Davidson et
al. (1983) to examine the 1978 /79 monsoon onset and
have been shown by Hendon (1988a) to possess a
meaningful climatology.

The analysis is a univariate optimum interpolation
scheme (Davidson and McAvaney 1981). The previous
analysis (usually 12 hours previous) is used as the first
guess. No dynamical adjustment or initialization is ap-
plied. Advantages of this scheme over those that employ
an initialization (necessary for numerical weather pre-
diction) are discussed in Hendon (1988a).

Gridded (2.5 X 2.5 grid) tropospheric winds at seven
standard pressure levels and surface pressure have been
available since October 1983 for the region 40°S—-40°N,
70°-180°E. Figures 1 and 2 were compiled using once
daily (2300 UTC) analyses. Beginning in November
1986 tropospheric temperature and dewpoint data be-
came available. During AMEX the radiosonde network
over the Australian tropics was upgraded and particular
emphasis was given to quality dewpoint sondes ( Hol-
land et al. 1986). The network of Darwin (12.5°S,
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130°E), Gove (12.2°S, 136°E), the Chinese ship-

(11.5°S, 139°E -after 13 January), Weipa (12.5°S,
141°E) and Thursday Island (10.5°S, 142°E), plus
numerous Australian stations south of 15°S, should
provide a reliable moisture analysis for the Australian
tropical region, (defined here as 10°-15°S, 130°-
145°E; see Fig. 1b). Conclusions drawn from the grid-
ded moisture analysis were corroborated by comparing
with the individual sondings. No gross differences were
seen though this is no guarantee that substantial aliasing
errors are not occurring. Tropical moisture data outside
the AMEX region are not considered reliable and will
not be studied here.

Unless indicated otherwise once daily analyses (2300
UTC) will be used. Data are available at 950, 850, 700,
500, 300, 200 and 100 mb. Dewpoint data only extend
to 500 mb.

Horizontal divergence and the vertical component
of relative vorticity were computed using standard
centered difference schemes. The divergence fields were
mass balanced prior to kinematically computing ver-
tical velocities as in Hendon (1988a). Area averaged
rainfall data were compiled from all Australian stations
north of 15°S (similar to Holland 1986). Cloud data
consist of equivalent blackbody temperatures with 5
km subpoint resolution from the Japanese Geostation-
ary Meteorological Satellite. Five-day average outgoing
longwave radiation (OLR ) from the NOAA polar or-
biting satellites is also used. These data are available
on a 5° grid.

3. Pre- and active monsoon time-mean structure

Various indices have been used to define the onset
date of the Australian monsoon (Holland 1986). In
most years wind indices from Darwin, northern Aus-
tralian rainfall and subjective determination by ex-
amining cloud amount all give similar dates. Here three
indices are examined and all yield equivalent dates.
Thus little ambiguity exists in defining the onset date
for 1987. To minimize spatial variability area averages
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of three parameters over the AMEX region (10°-
12.5°§, 130°-145°E) are employed. Time series of the
850 mb zonal wind, area averaged rainfall, and cloud
top temperature are shown in Fig. 3. Clearly the dry
regime of low-level easterlies persisted until 13 January.
On 14 January the zonal wind became westerly, area
averaged cloud temperature became significantly
colder, and area averaged rainfall increased dramati-
cally. Thus 14 January is clearly the onset date. Note
that AMEX began on 10 January and ran until 15
February. During this time the westerly regime per-
sisted with a break occurring around 27 January. It is
worth noting that cloud-top temperature began de-
creasing about six days before the onset of the westerlies
while rainfall began increasing about four days prior.
The relevance of this will be returned to later.

The onset date of 14 January was more than one
standard deviation later than the long-term mean (24
December) as determined by just the 850 mb wind at
Darwin (Holland 1986). Holland (1986) and Nichols
et al. (1982) have clearly shown the onset date to be
significantly correlated with the Southern Oscillation.
That is a negative Southern Oscillation index (i.e. a
warm El Nifio phase) correlates with a late onset. A
modest El Nifio/Southern Oscillation event occurred
during late 1986 and continued into 1987 (Climate
Diagnostic Bulletins 1987 ) with the Troup SOI (1967)
for November, December (1986) and January (1987)
being —13, —16 and —7 respectively.

‘The physical mechanism responsible for the late
monsoon onset during ENSO events has not been pre-
viously established. Evidence will be presented here to
suggest that anomalous convection near the dateline
(associated with the warmest tropical Pacific sea surface
temperatures during an ENSO event) drives a circu-
lation that inhibits convection in the Australian tropical
region. This sort of inverse Walker circulation is ob-
served to occur on subseasonal time scales (Liebmann
1987) as well as on seasonal time scales (Lau and Chan
1986). The lateness of the monsoon is interpreted to
be a reflection of the extra time required for the tro-
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FiG. 3. Normalized daily time series of 850 mb zonal wind, equivalent blackbody
temperature, and rainfall averaged for the region 10°-12.5°S, 130°~145°E. Rainfall
data are area weighted for all district rainfall in Australia north of 15°S. A 1-2-1 filter
in time was applied. The scale for the zonal wind is +10 m s, for cloud temperature
+30 to —30°C (note inverted scale) and for rainfall is +30° mm day .



374

o
N =
9 Ve e
2 NS
a'/ s I\‘\&&\k\\\l\‘\;\*\r‘\\\\\\\\ll
IR RS
R s @ LS

N

10°S §

. 9:»’ [
o \ '-,:-547
180°E

FIG. 4. The time mean pre-AMEX (15 December 1986-13 January

1987) 850 mb zonal wind (a) and 200 mb divergence (b). The contour

interval is 0.3 X 107 s™! in (b) and the maximum vector is 10 m
s7tin (a).

posphere in the Australian region to become sufficiently
unstable (via seasonally varying processes) and thus
capable of supporting deep large-scale convection de-

spite the inhibiting influence of the anomalous ENSO

circulation. _

The manifestation of the moderately negative SOI
prior to the onset of the Australian monsoon is clearly
seen in the low-level winds and upper-level divergence
averaged from 15 December to 13 January (Fig. 4).
Anomalous low-level westerly winds and convection
(upper-level divergence) occurred in association with
a near-equatorial cyclone east of 150°E. Dry south-
easterlies with large-scale sinking motion persisted
across Northern Australia. The much weakened mon-
soonal trough at Australian longitudes was well north
of its normal position. The AMEX mean (14 January—
15 February, Fig. 5), representative of the active Aus-
tralian monsoon, depicts a completely different cir-
culation regime. Though westerly winds still persist
near the dateline, they are much diminished. The
monsoonal trough is now well developed over Australia

with stronger than normal westerlies and rising motion’

over Northern Australia. Thus, prior to monsoon onset
a very clear ENSO circulation existed in the Australian
tropics. After monsoon onset a more active than nor-
mal monsoon developed though a weakened anoma-
lous ENSO circulation still persisted near the dateline.
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Further evidence of the dramatically different cir-
culation regimes prior to and after monsoon onset is
presented by examining the large-scale thermodynamic
structure of the troposphere over the AMEX region.
Here use is made of moist static energy H(Lg + ¢, T
+ gz) and saturated moist static energy H,(Lg; + ¢, T
+ gz). In the two months prior to monsoon onset (15
November-15 December and 15 December-15 Jan-
uary) the large-scale atmosphere exhibited a large de-
gree of conditional instability (Fig. 6). Low-level H
(950 mb) increased monotonically reflecting the effects
of the seasonal cycle (i.e., the degree of instability in-
creases during summer due to surface warming and
moistening ). During the active monsoon the degree of
deep instability was much lessened consistent with the
notion that the predominance of deep convection tends
to stabilize the atmosphere by vertical transport of hea
and moisture. :

Why deep convection and hence the monsoon was
not active in November and December is revealed by
examining Hs along with H (Fig. 6). A parcel lifted
from a given level will retain its value of H and become
buoyant when this value of H becomes greater than
the environmental Hs. Prior to monsoon onset parcels
lifted from 950 mb (roughly the top of the mixed layer)
will not become buoyant unless lifted well above 800
mb. During the active monsoon, a parcel lifted from
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FIG. 5. As in Fig. 4 for the active monsoon during AMEX

(14 January-15 February 1987).






