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ABSTRACT

Evidence is presented of a downstream development mechanism operating across the entire longitudinal span
of the 1978 /79 Southern Hemisphere monsoon. Observationally it is seen as progressive cyclonic and anticyclonic
vorticity increases that develop eastward in the monsoon trough at a speed of approximately 5 m s™'. The
process results in many tropical cyclone and tropical depression formations over northern Australia and the

South Pacific.

It is shown that the downstream development process is generally consistent with linearized barotropic dynamics,
and that the Southern Hemisphere monsoon, because of an intrinsic westerly basic state, is a particularly suitable

region for downstream events.

It is also shown that some apparent contradictions in previous observational studies can be rationalized by
the theory. The interactions between the regional components of the monsoon (Indonesian, Australian and
South Pacific sectors) can also be better understood. We further suggest that the process has implications for
other features of the monsoon circulation, namely onset and 40-50 day events.

1. Imtroduction

The Southern Hemisphere Monsoon during the First
Garp Global Experiment (FGGE), and its subcom-
ponent the Winter Monsoon Experiment (WMONEX)
has been extensively studied by a number of authors.
Murakami and Sumi (1982) using their locally gen-
erated wind analyses documented the horizontal struc-
ture of the monsoon for the 1978/79 season. They
noted a large increase in low level monsoon westerlies
near 24 December which they defined as onset, and
suggested that a key area for the triggering of onset and
later active and break phases was the South Central
Pacific. Davidson et al. (1983, 1984) and Davidson
(1984) investigated the horizontal and vertical structure
of the monsoon in the Australian region. They docu-
mented a large scale increase in tropical convection
near 26 December, some 2 days after the wind increase,
and suggested that another important triggering mech-
anism was the intensification of the local Hadley cir-
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culation over Australia. This appeared to be largely
controlled by midlatitude anticyclogenesis over the In-
dian Ocean and southern Australia, and was manifested
on synoptic wind analyses as a strengthening in both
the southerlies off the west Australian coast and the
tradewind easterlies over southern Australia. Enhanced
meridional flows at upper levels were also noted. In a
follow-up study based on data from more recent years,
Wang and Murakami (1987) found that the southerly
surges off the west Australian coast act as “the trigger
and intensifier of low frequency convective systems
which propagate eastward across the equatorial Indian
Ocean and the Western Pacific.”

There has also been much speculation about the ef-
fect on the monsoon of cold surge events over the South
China Sea. Although the above workers found no con-
sistent short term relationship (less than 5 days) be-
tween these events and convective activity in the Aus-
tralian monsoon, some justification for this association
can be found in the work of Love (1985), Lau (1982),
and Lim and Chang (1981). Love found cases of trop-
ical cyclonegenesis which seemed to be related to cold
outbreaks in the winter hemisphere. He suggested that
the equatorward extension of the cold air locally in-
creased the pressure near the equator which induced a
west-east pressure gradient and a strengthening in the
monsoon westerlies. This then produced an increase
in vorticity in the monsoon trough and favorable con-
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ditions for tropical cyclonegenesis. Lau (1982) iden-
tified eastward propagating cloud bands that could be
generated over the maritime continent by cold surge
events (Chang et al. 1979). These bands could then be
identified with Kelvin wave modes predicted by a the-
ory developed by Lim and Chang (1981) for midlati-
tude forcing of equatorial waves. We note here that in
all these studies there was very considerable case-to-
case variability.

More recent work relevant to the current study is
that of Keenan and Brody (1988). They studied trop-
ical analysis data and satellite imagery for a number
of Southern Hemisphere summers and found a clear
relationship between monsoon convection and upper
level troughs which extended equatorward from the
Southern Hemisphere midlatitudes. They were unable
to unequivocally determine a cause—effect relationship
but presented evidence that the trough amplification
preceded the convection. Hendon et al. (1988) using
tropical analysis data for the 1986 /87 monsoon season
found that onset in that year may have been triggered
by a westward moving disturbance from the Pacific in
a manner similar to that suggested by Murakami and
Sumi (1982). They also found that downstream am-
plification was an important factor for tropical cy-
clonegenesis around the North Australian coast. A
similar downstream amplification process has also been
identified for the Asian monsoon by Krishnamurti et
al. (1977). They found for a number of cases the fol-
lowing sequence of events: (i) During northern sum-
mer, pressure drops near the North Vietnam coast
where a tropical disturbance arrives; (ii) during the
ensuing week, pressure rises over Indochina and
Burma; (iii) this is followed about a week later by a
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formation of a monsoon disturbance near the northern
part of the Bay of Bengal.

One motivation for the current study is to under-
stand the reasons for the case-to-case dependence of
the observational studies on the Southern Hemisphere
monsoon. Others are to further understand tropical
depression formation, and the interaction between the
regional subcomponents of the monsoon.

The specific aims of the study are as follows:

1) To provide further evidence of a downstream de-
velopment process operating across the whole longitu-
dinal span of the Southern Hemisphere monsoon. This
mechanism can be used to interpret and rationalize
many features of the monsoon circulation as well as
some apparent contradictions in the observational
findings described above.

2) To clarify the relationship and interaction be-
tween the subcomponents of the Southern Hemisphere
monsoon. The subcomponents can be thought of as
the Indonesian monsoon, the Australian monsoon, and
the South Pacific convergence zone.

3) To reevaluate the mechanisms operating during
the 1978 /79 Australian monsoon, and during the for-
mation of tropical circulation systems.

The study is based upon FGGE IIIB analyses pro-
duced at the European Centre for Medium Range
Weather Forecasts (ECMWF) and as such is indepen-
dent of the analysis data sets used in previous studies.
The analyses are used over the 1.875° latitude-longi-
tude grid on 7 pressure levels (1000, 850, 700, 500,
300, 200 and 100 hpa). The paper is divided into three
further sections. Section 2 establishes the observational
data, provides the necessary definitions and illustrates
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FIG. 1. Time-mean 850 hpa streamline /isotach analysis for the period 16 December 1978 to 1 February 1979.
Units are m s~! and the contour interval is 2 m s~
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the downstream development events. Section 3 relates
the observational findings to the barotropic dynamics
of Matsuno (1966) and discusses the implications for
the understanding of the Southern Hemisphere mon-
soon. Section 4 provides a summary and conclusion.

2. Observational aspects of the Southern Hemisphere
Monsoon during FGGE / WMONEX

a. Background

Figure 1 shows the time mean 850 hpa wind analysis
for the period being studied—16 December 1978 to 1
February 1979. Clearly visible is the monsoon trough
which essentially separates monsoon westerlies from
subtropical easterlies. The longitudinal extent of the
westerlies, which define the Southern Hemisphere
monsoon, is approximately 100°E to 180°E. The lat-
itudinal position of the trough varies from near 10°S
over the western and eastern sectors, to near 15°S over
Australian longitudes. Important regional features of
the flowfield are the closed cyclonic circulations
embedded in the monsoon trough over northern Aus-
tralia and the south central Pacific. Although the west-
erlies mark the extent of the Southern Hemisphere
monsoon there are clearly very significant regional dif-
ferences. Generally there appear to be three subcom-
ponents—the Indonesian sector (around 105°E), the
Australian sector (140°E) and the South Pacific region
(170°E), often referred to as the South Pacific Con-
vergence Zone. The question that we then ask is: What
are the relationships and interactions between the sub-
components? Some information on this has been pro-
vided by Lau and Chan (1983). These authors found
a canonical dipole heating pattern with centers over
the Indonesian and South Pacific sectors, which they
suggested seesawed, possibly in response to cold surge
events in the winter monsoon. How the Australian sec-
tor fits into the picture is still unclear and will be further
addressed in the current study.

Figure 2, taken from McBride (1983) shows for the
1978 /79 season time longitude strips over various lat-
itude bands of satellite cloud imagery. The longitudinal
span is 70°E to 150°W and the latitude bands are 5°
wide. The figure shows extremely clearly the convective
changes that occurred over the Southern Hemisphere
monsoon during that year. We will concentrate on the
5°-10°S and 10°-15°S bands, but as noted by McBride
there is spatial coherence between the bands. Within
these bands and up until the end of January there were
three very clear eastward propagating convective
events. The first event developed near 90°E around 18
December, weakened as it moved eastwards, intensified
over Australian longitudes on 26 December, weakened
again as it moved eastwards and reintensified near
170°E around 6 January. The second event developed
near 90°E on 1 January, weakened as it moved east-
wards and intensified over Australian longitudes on 8
January. Subsequent eastward movement is unclear
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but downstream development could have occurred
near 170°E on 15 January. The third event developed
near 90°E on 10 January, weakened as it moved east-
ward, intensified over Australian longitudes on 17 Jan-
vary, weakened as it moved eastward and reintensified
near 170°E around 25 January. We also note that vor-
tex strengthening over Northern Australia occurred
near 29 December, 8 January, and 25 January. Over
the South Pacific, development occurred near 27 De-
cember, 5 January, 12 January and 28 January. The
timing of these events is summarized in Table 1. Al-
though the assignment of these events is somewhat
subjective, we will show that they are consistent with
the evolution of the analyzed wind and vorticity fields.

b. Downstream development events

Time longitude cross sections of zonal wind, merid-
ional wind and relative vorticity, corresponding to those
in Fig. 2, have been constructed from 850 hpa analysis
data. Because of the longitudinal variation of the lat-
itudinal position of the monsoon trough, we will gen-
erally limit our attention to the 10°-15°S band for
meridional wind and vorticity, and to the 5°~10°S
and 15°-20°S bands for zonal wind. These generally
span the mean position of the monsoon trough (see
Fig. 1). Figure 3 shows for the 10°~15°S band the time-
longitude section of vorticity. Negative values are for
cyclonic vorticity and the contour interval is 0.1
X 10™*s~!. Evident on the figure are the vortices that
developed in the Australian sector near 29 December,
8 January and 25 January, and over the South Pacific
on 5 January, 12 January and 28 January. These are
marked by vorticity values of less than —0.25 X 10~
s~!. We now define a development event to be simply
a local change in vorticity of greater than 0.1 X 10™*
s~ over less than three days. The downstream aspect
requires that successive cyclonic and anticyclonic
events occur eastward of some initial disturbance. The
figure shows three very clear downstream developments
which eventually resulted in vortex formations over
the South Pacific. That is, each of these South Pacific
events occurred after a series of progressive cyclonic
and anticyclonic vorticity increases downstream from
the Indonesian and Australian sectors. The first two
examples can be traced back through vortex strength-
enings over Northern Australia to the Indonesian sec-
tor. The third case can be traced to the Australian sec-

TABLE 1. Event times.

Indonesian Convection
North Australian Convection
South Pacific Convection
North Australian Vortex

Dec 18, Jan 1, Jan 10
Dec 26, Jan 8, Jan 17
Jan 6, Jan 15, Jan 25

Strengthening Dec 29, Jan 8, Jan 25
South Pacific Vortex
Strengthening Dec 27, Jan 5, Jan 12, Jan 28
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FI1G. 3. Time-longitude section of 850 hpa relative vorticity for the 10°-15°S band for 16 December 1978 to 1 February 1979. The

longitudinal span is 90°E—-180°E. Units of vorticity are s~

and stippled.

tor. We will show later that these patterns of down-
stream development are generally consistent with an
eastward propagating energy dispersion process pre-
dicted from linear barotropic dynamics, first discussed
by.Matsuno (1966). Comparison of the downstream
events with the satellite cloud imagery in Fig. 2 shows
good correspondence for the first two events, although
some subjective interpretation is necessary. Event 3 on
the imagery (commencing with Indonesian convection
on 10 January) does not appear as a downstream event.
The vortex of 28 January over the South Pacific does
not appear as an eastward propagating cloud band on
the imagery, however local convective enhancements
~ over the Australian region on 25 January and over the
South Pacific on 28 January are clearly visible as the
circulations strengthen.

To diagnose the windfield changes associated with
these events, we have constructed time-longitude sec-
tions of meridional wind for the 10°-15°S and 0°-
5°S bands, and of zonal wind for the 5°-10°S, 10°-
15°S and 15°-20°S bands. These are shown in Figs. 4
(aand b) and 5 (a-c). Positive values are stippled and
denote southerly and westerly wind. Each downstream
event is evident in Fig. 4a as successive developments
of meridional wind of opposite sign. Each event seems
to commence with a surge in the equatorward com-
ponent of the wind over the Indian Ocean. This has
been noted previously by Davidson (1984) using an
.independent data set. These equatorward surges pre-

, and the contour interval is 0.1 X 10™* s™'. Anticyclonic vorticity is positive

cede the convective outbreaks over the Australian re-
gion. This is not to say, however, that they necessarily
are the initial nor the only forcing factor on the whole
downstream event. This will be discussed later.
Figure 4b shows the time-section of meridional wind
over the 0°-5°S band and illustrates the evolution of
cross-equatorial inflow into the Southern Hemisphere
monsoon. The development and subsequent westward
propagation to near 150°E of northerly flow over the
South Pacific near 19 December, originally noted by
Murakami and Sumi (1982), is clearly evident. We
also note that each of the convective events over the
Indonesian area (105°E) were associated with en-
hanced cross-equatorial flow. The relationship is not
one-to-one, though. There were clearly some periods
of strong northerly flow which were not associated with
convection over Indonesia, e.g., after 17 January. Fig-
ure 5a-c shows sections of zonal wind for the bands
5°-10°S, 10°-15°S and 15°-20°S. These bands span
the westerly and easterly regimes on either side of the
monsoon trough. The onset of westerly winds over the
5°~10°S band across'the whole longitudinal span of
the monsoon is clearly evident near 24 December. This
is prior to the outbreak of any major convective event
(see Fig. 2). We also note from Fig. 4 that the devel-
opment of westerly winds west of 150°E was preceded
by an enhancement in both cross-equatorial flow and

.inflow from the South Hemisphere trades. There is also

evidence of an eastward expansion of westerly winds






