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ABSTRACT

The date of Australian summer monsoon onset (ASMO) is found to be well correlated with the monsoon
rainfall of India during the preceding June to September. Years of below (above) normal Indian summer
monsoon rainfall (ISMR) are followed by delayed (early) ASMO. Sea surface temperature (SST) anomalies
during the September to November season over the tropical Indian Ocean, the equatorial eastern Pacific Ocean,
and the ocean north of Australia also correlate significantly with the date of the following ASMO. Delays in
ASMO are associated with cold SST north of Australia and warm SST in the tropical Indian and equatorial
east Pacific oceans.

Previous studies have shown that a warm SST is created over the tropical Indian Ocean in years of poor
ISMR. We hypothesize that a warm SST anomaly over the Indian Ocean delays the seasonal southward and
eastward migration of the cloudiness maximum. A delay in the southeastward movement of cloudiness results
in a delayed ASMO. A similar hypothesis already has been suggested to explain the variability of the date of
monsoon onset over India.

Weak ISMR often is associated with the contemporaneous presence of El Nifio, although many weak monsoons
occur without El Nifio. Thus warm SSTs in the eastern equatorial Pacific are related to a delayed ASMO through
the Indian monsoon. Another signature of El Nifio is the presence of negative SST anomalies north of Australia,
adding to the delay in ASMO. Warm SSTs in the central and eastern Pacific may also act directly to delay
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ASMO by causing convection near and east of the date line and subsidence near Australia.

1. Introduction

Onset of the Australian summer monsoon is marked

by a sudden transition from a dry to a wet regime over .

northern Australia (e.g., Davidson et al. 1983). Large-
scale circulation changes accompany onset (Troup
1961; Davidson et al. 1983; Murakami et al. 1986;
Hendon and Liebmann 1990). Since the date of onset
exhibits large interannual variability (Nicholis 1984a;
Holland 1986; Hendon and Liebmann 1990), an ad-
vance knowledge of the approximate date of onset
would be useful.

Prediction of the Australian Summer Monsoon On-
set (ASMO) date is possible with some degree of success
based on antecedent sea level pressure at Darwin
(Nicholls and Woodcock 1981; Nicholls et al. 1982;
Nicholls 1984a) and sea surface temperature (SST) in
the eastern Pacific (Holland 1986). In the present paper
we present evidence for an association between the
strength of the Indian summer monsoon and the date
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of ASMO that follows and also a physical basis re-
garding the cause of ASMO variability.

2. Data and methodology

ASMO is characterized by a large-scale reversal of
low-level winds to westerly and upper-level winds to
easterly and a rapid increase of rainfall over northern
Australia (Troup 1961; Nicholls et al. 1982; Nicholls
1984a; Holland 1986; Hendon and Liebmann 1990).
Typically, the Australian monsoon consists of 2~3 cy-
cles of heavy rainfall, each lasting more than 10 days,
foltowed by a somewhat longer break. The average pe-
riod from peak-to-peak activity is around 40 days
(Holland 1986). Hendon and Liebmann (1990) con-
cluded that onset of the Australian monsoon in most
years is a manifestation of the 40- to 50-day oscillation
as the seasonal cycle of convection and the 40- to 50-
day activity moves south of the equator during the
Southern Hemisphere warm season (Murakami et al.
1986; Gutzler and Madden 1989).

ASMO has been defined in various ways. Troup
(1961) defined it as the first rainfall event after 1 No-
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vember at six stations near Darwin. Davidson et al.
(1983, 1984) used the first flareup of convective activity
over northern Australia as determined by satellite.

Single station indices have been used successfully as
well. Nicholls (1984a) defined onset at a number of
stations over northern Australia as the date on which
15% of the mean annual rainfall has occurred. He de-
liberately chose a rainfall rather than a circulation index
from a belief that users of long-range forecasts are more
interested in rainfall than large-scale circulation
changes.

Holland (1986) defined ASMO using an index of
weakly low-pass filtered 850 mb wind at Darwin. Onset
was considered to be the first occurrence of 850 mb
westerlies. He rejected a rainfall-based definition be-
cause sporadic rainfall due to isolated thunderstorms
can occur before any large-scale circulation changes.
The correlation between Holland’s index and that of
Nicholls is only 0.49.

Most recently, Hendon and Liebmann (1990) used
a combined wind and rainfall index to determine
ASMO. Combining rainfall and wind should assure
that a true change in the large-scale circulation has
occurred. They defined onset as the first occurrence of
850-mb westerlies (lightly filtered to remove synoptic
fluctuations) at Darwin that accompany an area-av-
eraged rainfall over northern Australia of 7.5 mm day ™
(the climatological mean rainfall when winds turn
westerly ). The correlations between the Hendon and
Liebmann index and indices of Nicholls (1984a) and
Holland (1986) are 0.68 and 0.74, respectively. In the
present study we use the onset dates as defined by Hen-
don and Liebmann for the 30 years from 1957/58
through 1986/87. Their mean date for ASMO is 25
December and its standard deviation is 16 days.

The ISMR data are taken from Mooley and Par-
thasarathy (1984a) for the period 1957 to 1978. Par-
thasarathy (personal communication) kindly provided
the updated data for the period 1979 to 1986. ISMR
is the area-weighted average rainfall of 306 fairly evenly
spaced stations throughout India (excluding the
mountainous region in the north) for each monsoon
season (June, July, August, September). Mean ISMR
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for the period 1957-86 is 839 mm, and its standard
deviation is 89 mm.

The SST data source is the COADS monthly mean
summary trimmed file, in which SST is archived into
2° by 2° boxes. Observations of more than 3.5 standard
deviations away from the median have been eliminated
(Fletcher et al. 1983; Slutz et al. 1985; Woodruff et al.
1987). This method systematically underestimates the
SST field during extremely anomalous periods ( Wolter
et al. 1989).

COADS data tapes contain SST anomalies calcu-
lated as seasonal departures from the 1950 to 1979
mean in each 2° by 2° box. They were averaged into
12° latitude by 24° longitude boxes, area weighted by
a cosine correction applied to latitude. An 11-year run-
ning seasonal mean trend was removed from each box.
Thus correlations involving SST are for the 27-year
period 1957-83, unless otherwise specified.

Good data coverage exists from 1949 onwards. Fig-
ure 1 shows the average number of 2° by 2° boxes
within each of the larger boxes that contain SST data
during the September to November season from 1957
through 1983 (27 years). The maximum possible for
a region fully over the sea is 72. There is more than
50% coverage in every box, except for a few in the
southeast Pacific.

We also use outgoing longwave radiation (OLR)
measurements obtained from NOAA operational sat-
ellites. In the tropics low values of OLR are indicative
of convective cloudiness. Data are available from mid-
1974 through 1988, not including most of 1978. The
data were archived twice daily on a 2.5° grid.

3. Relation between ISMR and ASMO

Figure 2 is a scatter diagram between ISMR and the
date of the following ASMO. The linear correlation
coefficient between the two is —0.56, implying that a
late ASMO should follow a weak ISMR. A two-sided
t-test requires a correlation of 0.47 for significance at
the 99% level after reducing the effective number of
degrees of freedom due to serial correlation for lags 1
to 3 (Quenouille 1952); the actual correlation well ex-
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FIG. 1. Average number of 2° latitude-longitude squares containing monthly mean SST data
in each 12° latitude X 24° longitude box in a SON season during 1957-1983. The maximum
possible number for a box fully over the ocean is 72.
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FIG. 2. Scatter diagram between June to September ISMR in mil-
limeters for each of the 30 years 1957-1986 and the date of the
following ASMO. ASMO counted as days from 31 October (i.e., 1
November is day 1). Last two digits of year of ISMR mark the lo-
cation. Each axis is divided into categories of one-half standard de-
viation and more above the mean, normal, and one-half standard
deviation and more below the mean. El Nifio years are circled and
cold event years are triangled.

ceeds that level. Both quantities on the scatter diagram
are divided into three categories, a half standard de-
viation or more above the mean (excess ISMR, delayed
ASMO), near normal, and a half standard deviation
or more below the mean (deficient ISMR, early
ASMO). Thus “normal” onset occurs between 18 De-
cember and 1 January (inclusive), and “normal” rain-
fall lies between 795 and 883 mm.

As we expect from the negative correlation, most
years lie along the diagonal from upper left to lower
right; early (delayed ) ASMO follows excess (deficient)
ISMR. The diagram shows that of the 30-year sample,
18 years lie within the expected categories. Further-
more, the opposite relationship, excess ISMR with de-
layed ASMO, occurs in only two years, 1961 and 1983.
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Moderate to strong El Nifio, or “warm” events
(Quinn et al. 1987) and anti-El Nifio, or “cold” events
(Kiladis and Diaz 1989) are circled and triangled, re-
spectively. A warm or cold event occurred in nine years
of the 30-year sample. Of the ten years of deficient
rainfall, four are associated with a warm event (one El
Nifio is associated with normal rainfall ) and none with
a cold event. Of the ten years of excess rainfall, four
are associated with a cold event and none with a warm
event. Thus, all of the cold events are associated with
excess rainfall. The statistical association found pre-
viously between rainfall and El Nifio (e.g., Rasmusson
and Carpenter 1983 ) is apparent in the figure. It is also
clear, however, that many cases of deficient (excess)
rainfall are not associated with El Nifio (cold) events.

Three of the five El Nifios are associated with delayed
onset (there are 12 cases of delayed onset) and one El
Nifio each with a normal and an early onset. All four
of the cold events are associated with an early onset
(there are 10 cases of early onset).

4. Relationship of anomalous SST to ISMR and
ASMO

Figure 3 shows the correlation between (June-Sep-
tember) ISMR and SST anomalies during the following
September, October, November (SON) season. A two-
sided r-test (not corrected for serial correlation ) requires
correlation coefficients of 0.38 and 0.49 for significance
at the 95% and 99% levels. The three stippled or cross-
hatched areas represent the locations of the equatorial
trough in the north Indian Ocean, the equatorial trough
north of Australia, and the region of large SST anom-
alies associated with El Nifo.

Figure 3 implies that deficient ISMR is followed by
anomalously warm SST in the north Indian Ocean and
equatorial east Pacific Ocean, and anomalously cold
SST north of Australia. Opposite SST anomalies follow
excess ISMR.

The Indian monsoon has been shown to influence
north Indian Ocean SST (Joseph and Pillai 1984, 1986;
Meehl 1987; Shukla 1987; Rao and Goswamy 1988).
Deficient (excess) ISMR warms (cools) the tropical
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FI1G. 3. Correlation coefficient X 100 between ISMR and following SON SST anomaly in each
12° X 24° box for the 27-year period 1957-1983. SST anomaly has been corrected for trend by
removing an 1 l-year running mean. Areas of relevence to this study are stippled or cross hatched

(see text).
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Indian Ocean, mainly through a weaker (stronger)
surface wind field, which affects the SST through
weaker (stronger) fields of evaporative fluxes and
coastal and open-ocean upwelling (Joseph and Pillai
1986; Krishnamurti 1981). North Indian Ocean SST
cools from May to August, unlike other oceans of the
Northern Hemisphere during this period. The ampli-
tude of this cooling is controlled by the monsoon’s
surface wind field and that controls the intensity and
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sign of the SST anomaly from the end of the monsoon
until the following monsoon.

The correlation between the east-central Pacific and
ISMR s also well known. Previous studies have shown
a connection between ISMR and El Nifio (Angell 1981;
Rasmusson and Carpenter 1983; Mooley and Par-
thasarathy 1984b; Parthasarathy and Pant 1985).

It is not known why the SST anomalies north of
Australia are correlated with ISMR, but the correlation
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FI1G. 4. Correlation coefficient X 100 between the date of ASMO from 1957/58 to 1983/84

and the SST anomaly for (a) preceding MAM season; (b) preceding JJA season; (c¢) preceding
SON season; (d) contemporaneous DJF season. Areas with correlation greater than +0.37 are
cross hatched, and areas with correlation less than —0.37 are stippled.



May 1991

may come through the association between ISMR and
El Nifio (Rasmusson and Carpenter 1983). The rela-
tion between SST anomalies north of Australia and El
Nifio is shown in composite studies of El Nifio (Ras-
musson and Carpenter 1982; Nicholls 1984c¢; Halpert
and Ropelewski 1989). During SON one year prior to
the mature phase of an El Nifio, the waters north of
Australia are anomalously warm and those in the east-
ern Pacific are anomalously cold. The anomalies have
opposite signs one year later.

Figure 4 shows the correlation between the date of
ASMO and SST for three seasons prior to onset and
for the season concurrent with onset. The SON season
in Fig. 4c corresponds to Fig. 3. There are marked sim-
ilarities between the two figures, implying (but not
proving) that ISMR and ASMO are linked through
SST anomalies. The regions of large correlation in Fig.
3 over the northwestern Indian Ocean, north of Aus-
tralia, and in the equatorial east-central Pacific all
roughly correspond to prominent features on Fig. 4c,
but are of opposite sign. The anomaly pattern in the
northern Indian Ocean actually becomes established
during the June, July, August (JJA) season (Fig. 4b),
consistent with the creation of the anomalies by the
surface wind field during the Indian monsoon. During
the SON and the December, January, February (DJF)
seasons (Figs. 4c and 4d) the correlations have ex-
panded throughout the northern Indian Ocean, but
have weakened slightly during DJF.

The correlations north of Australia grow until SON
(Figs. 4a to 4c) and then drop dramatically during DJF
(Fig. 4d). Nicholls ( 1984b) showed that SST anomalies

TaBLE 1. Correlations between the SST anomalies of the SON
season at areas A, B, and C and those between the SON SST anomalies
and the following ASMO for the period 1957-1983. Here, A, B, and
C are the stippled or cross hatched areas of the Indian Ocean, the
ocean north of Australia, and the equatorial eastern Pacific Ocean,
respectively, in Fig. 3.

Coeflicient of

correlation for

significance of
Coefficient of

Correlated pairs correlation 95% 99%
SON SST anomaly

at A and ASMO 0.52 0.39 0.50
SON SST anomaly

at B and ASMO —0.54 0.40 0.51
SON SST anomaly

at C and ASMO 0.47 0.39 0.50
SON SST anomaly

(A-B) and ASMO 0.61 0.39 0.50
SON SST anomalies

at Aand C 0.68 0.43 0.55
SON SST anomalies

atBand C —0.69 0.38 0.49
SON SST anomalies

at Aand B —0.47 0.38 0.49
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FI1G. 5. 850 mb (lightly filtered ) daily zonal wind at Darwin (solid
line) and area averaged rainfall over northern Australia for October
through April (2) 1972/73 and (b) 1975/76. Wind scale isinm s ™'
(left axis) and rain scale is in mm (right axis). Onset is indicated by
an “X.”

in this region change sign during DJF. The temporal
evolution of the correlation pattern north of Australia
suggests that anomalies may have a controlling effect
on ASMO since they peak during the season just prior
to onset. The correlations in the east-central Pacific,
however, peak during JJA (Fig. 4b).

Table 1 illustrates the connection between SON SST
anomalies averaged in each of the three shaded regions
of Fig. 3 and the ASMO that follows, along with the
correlations (corrected for serial correlation) necessary
for statistical significance at the 95% and 99% levels.
The correlation between the SST of the north Indian
Ocean or the ocean north of Australia and ASMO is
about the same, while that between the equatorial east-
ern Pacific and ASMO is slightly smaller. Since the
Indian and Australian SSTs are each better correlated
with ASMO than with each other, it is not surprising
that the difference between these shows a large increase
in explained variance when correlated with ASMO.

The multiple correlation of the date of ASMO with
the SON SST anomalies of the Indian Ocean and the
ocean north of Australia is 0.62. Adding the eastern






