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Links between wind surges from the South China Sea and Australian
monsoon circulation features are analysed for twelve summers from
1980-81 to 1991-92 using European Centre for Medium Range
Forecasts (ECMWF) data. Composite analyses and lagged correlation
methods were used to investigate the link in circulation features
between these two regions. During strong surge events, winds are
stronger over the South China Sea and east Asia. Anticyclonic circula-
tions occur over east China and to the southwest of Australia during
surge events. Cross-equatorial flows occur over the Indonesian region
five days after surge events over the South China Sea that later influ-
ence the circulation pattern over Indonesia and northern Australia.

Composites of winds in relation to monsoon onset dates show
the development of surges over the South China Sea five to ten days
prior to the monsoon onset. It appears that the relationship between
surges and monsoon activity is strong prior to and during the onset
of the Australian monsoon, but is weak once the monsoon is well
established in the Australian region. Other influencing factors, such
as intraseasonal oscillations, tropical cyclones and the El Nifio-
Southern Oscillation (ENSO) phenomenon and local thunderstorm
activity, make the above-mentioned link more complex.

The strongest correlation between north-south winds over the
South China Sea, the west coast of Australia, east-west winds over the
Timor Sea and Coral Sea was found five to ten days before the mon-
soon onset. Power spectra of wind components over the Timor Sea and
rainfall in northern Australia for all twelve years also show dominant
peaks at five to ten days. These results suggest that the periodicity
around a five to ten-day period could arise from synoptic-scale circu-
lation patterns associated with surges over the South China Sea. The
relationship between the South China Sea winds and northern
Australian rainfall is negative, but weak. The relationship between
Timor Sea winds and northern Australian rainfall is positive and
strong. In general, the onset of the monsoon is associated with a steady
increase in westerly winds and rainfall which follow stronger norther-
lies over the South China Sea. This relationship does not always exist.
In some years heavy rainfall preceded strong winds and in others
heavy rainfall spells were not observed, although there were strong
relationships between wind components between the South China Sea
and the Timor Sea.

Introduction

In recent years, there has been an interest in examining the Australian monsoon circulation (Webster 1981;

the link between surges over the South China Sea and Williams 1981; Davidson et al. 1983; Keenan and Brody
1988). These studies reported some influences of cross-
equatorial flows, initiated by surges over the South
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Murakami 1979; Williams 1981; Chang and Chen
1992). Webster (1981, 1987) demonstrated that winter
monsoon surges have coherent variations associated
with the intense Siberian High. Chiyu (1979) noticed
that peaks of maximum wind speed over the South
China Sea coincide with monsoon surges over Malaysia.
A drop in surface temperatures at Hong Kong of 5°C,
increases in the surface pressure gradient between
coastal and central China of at least 5 hPa and northerly
winds with a speed exceeding 5 m s-! over the South
China Sea during the northern winter monsoon often
produce synoptic-scale cold surges over the South China
Sea and east of the Philippines (Ramage 1971; Cheang
1977, Chang et al. 1979; Ding 1994). Near the surface
(1000 hPa), the maximum frequency of the cold surges
(65 per cent) occurs over the South China Sea, with
about 30 per cent ‘near the Philippines (Ding 1994).
Cold surges develop at irregular intervals of a week or
more in association with mid-latitude baroclinic waves,
with the maximum frequency during the months from
December through February (Johnson and Zimmerman
1986; Ding 1994). In an earlier study, Murakami (1979)
noticed short-term variations in meridional winds, tem-
perature, vertical velocity and heating rate below 700
hPa over the East China Sea associated with cold surges.
On the basis of a case study, Zhu (1983) also suggested
a link between the local meridional circulation, cold
surges and deep convective activity over the South
China Sea region.

Ramage (1971) and Murakami (1979) have demon-
strated that these cold surges and their related cross-
equatorial flows are a part of the southward expansion of
the intensified east Asian Hadley Circulation. Chang and
Lau (1980) noticed coherent variations between the 850
hPa anticyclonic outflow over East Asia in relation to the
local Hadley Circulation, the upper-level jets and 200
hPa trough-ridge over the central Pacific, and cold surges
over the South China Sea. They have suggested that
intensification of the Hadley cell does not last long
(beyond one day). After the surges, the upper tropos-
pheric outflow from the South China Sea region also
accelerates along the equator toward both the central
Pacific and the east coast of Africa, thereby strengthen-
ing the Walker Circulation. Such coherent variations
have been linked to north Australian circulation patterns
(Chang and Lau 1980). Recently, Lau and Wu (1994)
demonstrated a strong influence of cold surges from East
Asia on the development of super cloud clusters in the
equatorial regions by an induced pressure difference
across the maritime continent and the western Pacific.
They further noticed that when the pre-existing super
cloud clusters in relation to the Madden and Julian
Oscillation are weakened, cold surge-induced pressure
anomalies can lead to the development of new super
cloud clusters on eight to ten-day time-scales. In a recent

study, Zhang et al. (1996) reported stronger meridional
winds over the South China Sea during La Niiia years
and weaker meridional winds during El Nifio years, indi-
cating a positive link between the Southern Oscillation
phenomenon and surges over the South China region.

Murakami (1987) demonstrated the role of mechani-
cal (blocking) and radiative cooling effects of the
Tibetan Plateau on the formation of the anticyclonic cir-
culation near the eastern end of the Plateau and its links
with cold surges. Low-level divergent outflows from
the anticyclonic circulation are directed equatorward as
northeasterlies, eventually converging into the southern
hemisphere monsoon trough over the north Australian
region (Murakami 1987; Yoshino et al. 1988).

Williams (1981) stated that cold surges observed
earlier in the South China Sea resulted in increased
convection over Borneo and eventually propagated
eastward with the equatorial westerlies to the north of
Australia at a speed of 10 m s-1. These findings were
later supported by Lau (1982) who noticed similar
eastward-moving systems in the satellite imagery. On
the basis of Winter Monsoon Experiment (WMONEX)
data, Davidson et al. (1983) demonstrated that four
days after the cold surge over the South China Sea the
Australian monsoon set in during December 1978.
During the onset of the Australian monsoon, an exten-
sive cloud system dominated the cross-equatorial flow
and northern Australian regions. Lim and Chang
(1987) also reported that the onset of the westerly
monsoon over Indonesia is preceded by strengthening
northeasterlies associated with cold surges by three to
four days. In particular, northerly winds of subtropical
north Pacific origin, after crossing the equator, tend to
intensify the monsoonal westerlies and the associated
convective activity over the southern hemisphere mon-
soon region (Sumathipala and Murakami 1988). Other
studies (Love 1985a, 1985b) revealed the influences of
cold surges on the formation of tropical cyclones in the
Australian rggion. Keenan and Brody (1988) reported
a weak influence on synoptic-scale modulation of
weather systems over the northern Australian region.
These studies suggest a weak link between surges and
the Australian monsoon circulation through cross-
equatorial flow.

The influence of surges from the west coast of
Australia on monsoonal activity during the summer was
first identified by Davidson et al. (1983). Subsequent
studies (Davidson 1984; McBride 1987) also demon-
strated the influence of west coast surges on monsoon
activity. They considered that these surges are the result
of geostrophic winds caused by an east-west pressure
gradient off the west coast of Australia. However, little
information is available on the characteristics of west
coast surges and their link to surges over the South
China Sea and monsoonal variability.



Suppiah and Wu: Surges, cross-equatorial flows, Australian monsoon and rainfall 115

Since previous studies were either based on a small
number of events or analysis of data from individual
years, an attempt has been made here to examine the
links between surges, cross-equatorial flow and mon-
soon activity during the period from 1980 to 1992 by
using winds, relative humidity and northern Australian
rainfall in order to provide a more comprehensive and
systematic view of these relationships. The major
atmospheric circulation components discussed in this
paper include surges over the South China Sea, the west
coast of Australia, anticyclonic circulations of both
hemispheres and monsoon westerlies, which are shown
in Fig. 1(a). The flow regime encompasses a large area
from the north Pacific to south of Australia.

In this paper, first, a description of the nature of data
and the methodology is given. Secondly, contrasting cir-
culation features between surge and non-surge events,
and their links with wind variations over the Indonesian-
north Australian region are discussed. Thirdly, the evo-
lutionary pattern of the Australian monsoon onset and
links with surges and the cross-equatorial flow are dis-
cussed. Fourthly, relationships among various key
regions are described using lagged correlations and
power spectra of Timor Sea winds and Top End rainfall.
Next, relationships among Timor Sea winds, South
China Sea winds and northern Australian rainfall are
explained. Finally, the conclusions drawn from this
study are given.

Fig. 1(a) The domain considered in this study with select-
ed four grid boxes. Selected grid boxes include
South China Sea (5-10°N, 110-115°E), Timor Sea
(10-15°S, 125 -130°E), west coast of Australia
(25-30°S, 105-110°E) and Coral Sea (15-20°S,
155-160°E). Major circulation patterns discussed
in this paper are also shown.
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Fig. 1(b) Locations of rainfall stations (open circles) used
in the study. Names of places mentioned in the
text are also shown,
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Wind components and relative humidity

Daily wind and relative humidity data were obtained
from the European Centre for Medium Range Weather
Forecasts (ECMWF) for twelve southern summers
(1980-81 to 1991-92). We have used data from 1980 to
1985 from the earlier ECMWEF set and from 1985 to
1992 from the ECMWF-Tropical Ocean and Global
Atmosphere (TOGA) set. Although a large area includ-
ing East Asia and Australia are considered in order to
examine spatial characteristics of atmospheric circula-
tion features, four key regions have been selected to
identify the temporal relationships between the frequen-
cy of surges and the Australian monsoon circulation.
Using wind components at the 1000 and 850 hPa levels,
average values have been calculated on five degree grid
boxes over these four regions. Selected grid boxes
include the South China Sea (5-10°N, 110-115°E), the
Timor Sea (10-15°S, 125-130°E), the west coast of
Australia (25-30°S, 105 -110°E) and the Coral Sea (15-
20°S, 155-160°E), because wind variations over these
grid boxes play an important role in monsoon circula-
tions (Suppiah 1992). In particular, surges over the
South China Sea and the west coast of Australia and
wind variations over the Timor Sea and Coral Sea are
linked to each other during the Australian monsoon sea-
son. Figure 1(a) shows the broader study area with the
locations of the four grid boxes mentioned above and
also winds at 1000 hPa for December to February. This
figure also shows the major circulation features dis-
cussed in this paper: Wind data from some of these grid
boxes have also been considered in previous studies
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(Lau 1982; Davidson et al. 1983; Davidson 1984
Davidson and Holland 1987; Keenan and Brody 1988)
thus enabling a comparison with the present work.

The onset of westerly winds at Darwin has been used
to define the onset of the Australian summer monsoon
(Troup 1961; Holland 1986; Drosdowsky 1996). In this
study, onset dates given by Drosdowsky (1996) have
been used to investigate the link between surges over the
south China Sea and monsoon onset. These dates are
given in Table 1. For most of the years, the dates of the
onset of westerly winds over the Timor Sea (10-15°S,
125-130°E) are identical to those dates defined by using
wind components at Darwin. The link between these
dates, zonal wind components over the Timor Sea and
northern Australian rainfall for individual years can be
found in Fig. 15.

Table 1. The Australian monsoon onset dates defined by
the onset of westerlies at 850 hPa at Darwin.

From Drosdowsky (1996).
Year Date
1980-81 January 6, 1981
1981-82 January 15, 1982
1982-83 January 8, 1983
1983-84 December 4, 1983
1984-85 December 16, 1984
1985-86 January 18, 1986 °
1986-87 January, 15, 1987
1987-88 December 19, 1987
1988-89 December 20, 1988
1989-90 December 13, 1989

1990-91 December 26, 1990
1991-92 January 7, 1992

Infrared equivalent black-body temperature (IR-TBB)
The IR-TBB data estimated by the Japanese
Geostationary Meteorological Satellite (GMS) for the
period 1980 to 1989 were used to identify the character-
istics of the large-scale convection during the Australian
monsoon season. Lower values of IR-TBB data corre-
spond to upper-level cooling due to the penetration of
convective clouds. The original dataset was based on
three-hourly intervals, but we have computed daily val-
ues to compare the results with wind and relative humid-
ity data. This dataset was provided by Dr R. Kawamura
from the National Research Institute for Earth Science
and Disaster and Prevention, Tsukuba.

Rainfall

Area-averaged daily rainfall values for 21 stations from
November to March within a grid box over north
Australia (10-15°S, 125-138°E) for twelve summers
(1980-81 to 1991-92) were also used. Rainfall data were

provided by the National Climate Centre of the Bureau
of Meteorology, Melbourne. Figurel(b) shows the sta-
tions and some frequently used names in this study.

Methods

Surge and Australian monsoon onset days

The definition of a cold surge is based on a sharp drop in
temperature, an occurrence of a minimum temperature
substantially below the seasonal average, a sudden fresh-
ening of the northerly or northeasterly monsoon winds, or
a combination of these events (Ramage 1971; Chang et.
al. 1979). Lau (1982) used the time series of area-aver-
aged northerly surface wind components over the north-
ern part of the South China Sea (15 - 20 °N, 110 - 120 °E)
to identify the surges. He found that the maximum ampli-
tude in convection associated with the surges was within
10° of the equator. The Malaysian Meteorological Service
defines a cold surge over the South China Sea when there
is an increase in the average northerly component by at
least 2.6 m s-1 to an average speed of not less than 7.7 m
s-1 within 24 to 48 hours. Keenan and Brody (1988)
defined the surge dates from a 5 by 10° area-averaged 950
hPa northerly wind at 10°N, 112°E. Surge dates identified
by Lau (1992) and Keenan and Brody (1988) were the
same. In.the present analysis, surge dates were obtained
from area-averaged meridional components over a region
that includes 5-10°N, 110-115°E and which covers the
area considered by Keenan and Brody (1988). Therefore,
results of the present study can be compared with previ-
ous studies mentioned above.

On the basis of the strength of the meridional compo-
nent (north-south wind; northward positive and south-
ward negative) over the South China Sea, 92 surge days
were selected from 1980-81 to 1991-92 and these days
are shown in Table 2. This includes the top five per cent
in the intensity of total observations for twelve years from
November to March. We have also selected 92 non-surge
days with very weak southerly component or calm condi-
tions. However, in this study, no attempt has been made
to understand the mechanism that causes surge or non-
surge events over the South China Sea. The non-surge
days represent the bottom five per cent in intensity of the
total observations. The differences in wind vectors
between surge and non-surge days were computed to
show areas of significant change in circulation patterns
over Australasia. The statistical significance of differ-
ences in meridional and zonal wind components between
surge and non-surge events were computed based on the
t-test. We have also constructed anomaly winds (anom-
alies from the long-term mean, December to February
shown in Fig. 1(a)) after five and eight days from the
surge dates to show the occurrence of cross-equatorial
flow over the Indonesian — northern Australian region.
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Table 2. Selected strong and weak surge dates and total number of days from 1980 to 1992. Strong and weak surge days were
defined by the strength of the meridional component over the South China Sea (5-10 °N, 110-115°E).

Year Case Total Dec. Jan. Feb.
1980-81 Strong 7 12,23 3,11,26 7,22

Weak 8 6, 14, 31 6, 21, 30 15, 25
1981-82 Strong 7 5,18 16, 26 10, 14,24

Weak 7 8,28 21 7,12,21,27
1982-83 Strong 10 17,27 3,14,24 3,8,13,18, 25

Weak 10 5, 24, 30 5,16 1,6, 11, 16, 23
1983-84 Strong 7 5,27 8,17,24 7,12

Weak 8 10, 21, 28 14, 19, 30 10, 24
1984-85 . Strong 6 1,15,29 14, 30 13

Weak 6 11, 17 4,22 9,17
1985-86 Strong 8 1, 15,23 5, 19,27 8,22

Weak 8 10, 20, 30 14, 22 1, 14,25
1986-87 Strong 9 10, 22, 27 13, 20, 27 3,14,20

Weak 9 1,17, 24 2,15, 23,29 12,17
1987-88 Strong 7 6,17 5, 10, 18 10, 23

Weak 8 3,9,29 7, 14 1,20, 26
1988-89 Strong 8 5,26 3, 15,27 1,12,19

Weak 7 23,30 7,19, 30 6, 15
1989-90 Strong 7 1, 14,26 4,26 4,24

Weak 6 10, 21, 30 19, 30 22
1990-91 Strong 9 2,12,22,28 6, 15,22 3,23

Weak 9 10, 19, 25 1,12,21,24 12,27
1991-92 Strong 7 2,20,29 10, 16, 28 24

Weak 6 10, 18 5,12,24 15

Based on monsoon onset dates given in Table 1,
composite maps of winds and relative humidity for dif-
ferent lag days in relation to monsoon onset.days (day 0)
were prepared. These maps for -10, -8, -5, -3, +3, +5,
+8 and +10 days from the monsoon onset days are
shown as anomalies from long-term means (December
to February wind pattern shown in Fig. 1(a)). The statis-
tical significance of meridional and zonal wind anom-
alies from long-term climatology for the composites
-10, -8, -5, -3,0, 43, +5, 48 and +10 days from monsoon
onset days were computed based on the t-test. Only
results which were statistically significant at the 95 per
cent confidence level are shown in Table 3. Composites
based on surge and onset days were used to examine the
evolution of the onset and active and weak phases of the
monsoon on the short-term time-scale and their links
with surges over the South China Sea. Although the
western Pacific region usually has high convective
activity throughout the year, anomalies in relative
humidity are smaller and not statistically significant, but
changes in wind velocity show clear differences, impor-
tant for discussions in this paper. Composite maps for
time lags mentioned earlier and onset conditions were
also made from IR-TBB data to investigate the spatial
characteristics of large-scale convection over the

domain. The IR-TBB analysis includes only nine
Australian summer seasons; 1980-81 to 1988-89.

Lagged correlations between wind components of
selected regions

Lagged correlations between wind components and
rainfall from -20 to + 20 days have been calculated for
data that were created in relation to monsoon onset
dates. First, rainfall and wind data have been arranged in
relation to monsoon onset dates (0). Then seasonal
cycles were removed by fitting second-order polynomi-
al curves to winds over the four selected regions and
anomalies were calculated between fitted and observed
values. Ninety days were used for this analysis; from 20
days before to 69 days after the monsoon onset. The sta-
tistical significance of correlation coefficients were
determined after the calculation of auto-correlation
coefficients. Results of auto-correlation analyses of
wind data show that after five days the correlation coef-
ficients drop below the significant level. This allows us
to determine the number of degrees of freedom as
df=18. Correlation coefficients greater than 0.44 and
less than -0.44 are statistically significant at the 95 per
cent confidence level.
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Table 3. Statistical significance of (a) zonal and (b) meridional wind anomalies from the long-term climatology for different
lags from the monsoon onset days for selected areas. The latitudes and longitudes of the regions are shown. The sta-
tistical significance was calculated based on the t-test. Symbol * depicts that the anomalies are significant at the 95

per cent confidence level.

(a) Zonal wind component

Days from the monsoon onset

Region -10 -8 -5 -3 0 +3 +5 +8 +10
Timor Sea region (10-15°S,125-130°E) * * * * *
Coral Sea region (15-20°S,155-160°E) * * * * * * *
Indonesian-north Australian region(0-10°S, 110-140°E)  * * * * * * *
Southwest Australia (30-40°S,100-120°E) * * *
Southeast Australia (30-40°S,140-150°E) * *
Northwest Pacific (20-30°N,130-150°E) *
(b) Meridional wind component

Days from the monsoon onset
Region -10 -8 -5 -3 0 +3 +5 +8 +10
West coast region (25-30°S,105-110°E) * * *
Coral Sea region (15-20°S,155-160°E) * *
Southwest Australia (30-40°S,100-120°E) * *
Southeast Australia (30-40°S,140-150°E) ® * *
South China Sea region (5-10°N,110-115°E) * *
Northwest Pacific (20-30°N,130-150°E) . *

Power spectrum analysis

Power spectrum analysis developed by Blackman and
Tukey (1958) was used to detect dominant periodicities
in wind components in the Timor Sea region and in area-
averaged rainfall. Since the maximum number of obser-
vations is 150, power spectra have been calculated with
a 30 per cent lag of the total number (lag= 45) to get the
periodicities of short-term, five to ten days, and
intraseasonal time-scales (around 40 days). In this
~ analysis, power spectra of each year have been nor-
malised separately, using the Hanning method.

Results and discussion

Surges and cross-equatorial flow

Almost all surge events during the twelve-year period
were found between December and February. As men-
tioned earlier, there were 92 surge and 92 non-surge
events and the frequency of these events shows consid-
erable month-to-month variations (see Table 2).
Examples for a single surge and non-surge events
determined by winds over the South China Sea and the
difference between these events are given in Fig. 2(a),
(b) and (c). Examples of single surge and non-surge

events given here indicate how a single event can be
similar to or different from the composite maps which
include many events. The single event difference map
of Fig. 2(c) can be compared with Fig. 2(d), which
shows the difference in wind vectors at 1000 hPa
summed over all 92 surge and 92 non-surge events.
Generally, there is an agreement in spatial characteris-
tics between Figs 2(c) and 2(d), but the magnitude of
change in wind vectors is large for the single event. It
is also worth noting that the differences between a sin-
gle event and composites of surge and non-surge events
are somewhat similar in the northern hemisphere, but
dissimilar in the southern hemisphere. The southern
Indian Ocean, in particular, shows contrasting features.
The other area of interest is over the western Pacific,
south of Borneo, where easterly anomalies are apparent
for a single event, but westerly anomalies are found in
the composite pattern. These differences.may arise due
to day-to-day variability, but the overall pattern is clear
in the composite map. Figure 2(d) indicates stronger
winds over the South China Sea, the north Pacific and
south East Asia during surge events and the difference
in north-south winds between surge and non-surge
events over these regions are statistically significant
according to the t-test (see Fig. 3(a)). Southerlies are






