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Australian Bureau of Meteorology real-time tropical analyses provide daily objec-
tive grid-point analyses of the wind field in the tropical region to the north of
Australia without the constraints of a forecast model first-guess field or an initial-
isation procedure. Seasonal means and anomalies from these analyses are used to
describe the evolution of the tropical circulation during the El Nifio-Southern Oscil-
lation (ENSO) warm event of 1986-1987 and the cold event of 1988-1989. The links
between circulation anomalies over the western Pacific and over Australia during
the ENSO cycle are also described. The marked similarities between the opposite
sign anomalies in the warm and cold phases of the ENSQO cycle are noted, particu-
larly for the horizontal patterns of wind field and divergence anomalies.

Introduction

The Australian Bureau of Meteorology has been
routinely running an objective numerical tropical
analysis system for more than six years (Davidson
and McAvaney 1981). The analysis region covers
the area from 45°S to 45°N and from 70°E to the
date-line. Although the analyses are used primar-
ily for tropical weather analysis and prediction,
they also provide a valuable resource for describ-
ing longer time-scale fluctuations of the tropical
circulation. .

In 1986 and 1987 there were marked warm
anomalies of the eastern equatorial Pacific Ocean
sea-surface temperature (SST) associated with an
El Nifio-Southern Oscillation (ENSQO) warm
event. These were closely followed by rapid cool-
ing of the SST in the same area with marked cool
anomalies in 1988 and early 1989, associated with
a La Nifia or cold event. Our aim is to use these
tropical analyses to examine the changes associ-
ated with the ENSO warm event and cold event in
the tropical circulation over the western Pacific
Ocean, paying particular attention to circulation
anomalies over Australia. We therefore describe
the evolution of the anomalies over the full ENSO
cycle, from a warm phase to a cold phase.

Corresponding author address: Mrs B. Lavery, Bureau of
Meteorology Research Centre, GPO Box 1289K, Melbourne,
Victoria 3001, Australia.

71

Routine monitoring of the seasonal fluctu-
ations of the atmospheric circulation in the
southern hemisphere is carried out in the Aus-
tralian National Climate Centre and the Darwin
Regional Specialised Meteorologlcal Centre
(RSMC), and reported in the Australian Meteor-
ological Magazine (e.g. Butterworth et al. 1988),
while monitoring for the globe is carried out in the
United States Climate Analysis Center (CAC) and
reported in the Journal of Climate (e.g. Halpert
1988; Ropelewski 1988). The circulation anom-
alies described here using the Australian tropical
analyses are compared with those presented in the
routine seasonal reports. We shall also compare
our results with those of Kousk)} and Leetmaa
(1989), who described the evolution of the at-
mospheric and oceanic anomalies during the
1986-1987 warm event using data avallable tothe
United States CAC.

A brief description of the tropical analysis
system and our processing of the analyses is pre-
sented in the next section. To describe the evol-
ution of the circulation anomalies, we have used a
sequence of seasonal-averaged wind anomalies in
the lower troposphere to show the'changes to the
large-scale flow which accompanied the warm and
cold events during this recent ENSO cycle. In ad-
dition, time series plots or ‘Hovmoller diagrams’
of some selected meteorological variables includ-
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ing divergence and the divergent component of
the zonal wind are shown over the period 1984 to
1989.

Data

The Australian objective tropical analysis scheme
of Davidson and McAvaney (1981) has run in
real-time since September 1983. It is used rou-
tinely to prepare analyses of mean sea level press-
ure and tropospheric winds, on a horizontal grid
with 2.5° resolution for sigma levels 0.95, 0.85,
0.70, 0.50, 0.30,0.25, 0.20 and 0.10. Analyses are
made twice daily at 1100 UTC and 2300 UTC
using surface synoptic, conventional upper air
and aircraft observations, as well as satellite-
derived cloud drift wind measurements. Darwin
RSMC insert pseudo-observations, particularly
around tropical cyclones, where necessary. The
data are assimilated using a univariate optimum
interpolation scheme with a first-guess field from
the previous analysis, usually 12 hours earlier.

This scheme was designed to analyse tropical
winds and pressure. Since no forecast model or
initialisation is used during the assimilation, the
analysed winds are essentially the optimal inter-
polated data values. Furthermore, there are no
dynamical constraints placed on the winds, either
geostrophic or mass balance.* Therefore these
analyses offer an independent tropical analysis
which can be compared with those generated by
other major forecast/analysis centres which gen-
erally use forecast models to provide first-guess
fields for the analyses and apply an initialisation
procedure to the analyses.

Hendon (1988) performed a qualitative assess-
ment of these Australian tropical region analyses
using data from September 1983 to May 1985. He
used the European Centre for Medium-range
Weather Forecasting (ECMWF) gridded analyses,
outgoing long wave radiation (OLR) and results
from mesoscale and synoptic-scale projects such
as GATE and MONEX to compare with the trop-
ical analyses. Hendon concluded that . . . indeed,
the time-mean tropical circulation depicted . . . is
reasonable’. The fields produced by the analysis
scheme do not have the problem of introduced
changes to the divergent tropical circulation
which initialisation procedures for forecasting
models usually encounter. Thus the circulation of
the tropical western Pacific troposphere can be
studied qualitatively by examining these data.

The primary aim in using these data here was to
assess the changes to the atmospheric circulation
over the tropical western Pacific Ocean and in the
Australian region during opposite phases of the
ENSO cycle. To this end, we have used the daily

*apart from those introduced through the bogussing of tropical
cyclones.

2300 UTC analyses from December 1983 to Nov-
ember 1989, and prepared seasonal means for the
three-month calendar seasons (DJF, MAM, JJA,
SON). When specifying a season, the southern
hemispheric terminology has been used, for ex-
ample, JJA is referred to as winter. Analyses at
1100 UTC have not been used as they were avail-
able for a shorter period. Seasonal anomalies were
computed as the difference of the individual sea-
sonal means from the long-term mean, calculated
from the full six-year period. Quantities, such as
divergence, vorticity and velocity potential, were
derived from the grid-point wind analyses using a
second-order finite differencing method.

The velocity potential and the divergent com-
ponent of the wind were diagnosed from the full
wind field assuming that the velocity potential is
zero at the boundaries of the analysis region and
hence the divergent component of the wind is nor-
mal to the boundary. Davidson et al. (1984) inves-
tigated the effects of imposing this condition on
the divergent wind field. They used data from the
ECMWEF to compare divergent wind solutions ob-
tained from the limited area and global data sets
of the same analysis. They found that in the sub-
domain starting some 10° latitude in from the
boundary, the derived divergent wind fields were
almost identical.

Time series and Hovmoller diagrams have been
prepared from these seasonal means and anom-
alies. Averaging over a period of order a season is
required to lessen the effects of the intraseasonal
(30 to 60-day) oscillation of the tropical circu-
lation from the analyses.

Primary features of interest

The Southern Oscillation

To set the stage, we first look at the values of the
Southern Oscillation Index (SOI) during the per-
iod of observations. This index is computed using
the difference between the monthly mean sea level
pressures at Tahiti and Darwin normalised to a
standard deviation of 10, and is a commonly used
indicator of the state of the tropical atmosphere
over the Pacific Ocean. Figure 1 shows the values
of the SOI for the period 1983 to early 1990, as
provided by the Australian National Climate
Centre. The warm episode is represented by the
period in which the index is substantially negative
(SOI <—10), from November 1986 till Septem-
ber 1987. The cold phase, with substantially posi-
tive index values, began around July 1988 and
finished around May 1989. It should be noted that
the magnitudes of the maximum anomalies of the
SOI were similar (about two standard deviations)
in the two extremes of this cycle.

Wind field anomalies
A sequence of seasonal anomalies of the wind
field at the 850 hPa level is presented in Figs 2(a)



Lavery and Karoly: The 1986-89 ENSO cycle over the western Pacific Ocean : 73

Fig. 1 Southern Oscillation Index for January 1983
to June 1990, obtained from the Australian
National Climate Centre. The index is computed
using the difference of the monthly mean sea
level pressure at Tahiti and Darwin, normalised
to a standard deviation of 10. The individual
monthly values, represented by the vertical lines,
have been filtered using a five-point binomial fil-
ter the result of which is the solid line.
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to 2(f). They represent the southern hemispheric
winter (JJA) and summer (DJF) seasons from JJA
1986 to DJF 1989. The year associated with the
summer season is the year in which January and
February fall.

A moderate westerly wind anomaly was present
during the winter of 1986 (Fig. 2(a)) in the area
from the equator to 15°N between 130°E and the
date-line. This occurred in the season immedi-
ately prior to the onset of the 1987 warm event.
Such a feature could indicate the presence of re-
duced easterly trades or westerly wind bursts dur-
ing this period in the area north of the equator.
Westerly wind bursts on or near the equator gen-
erate Kelvin waves in the ocean, which propagate
eastwards using the equator as a waveguide
(Enfield 1989). Upon reaching the coast of South
America some two to three months later, they de-
press the thermocline. With the thermocline de-
pressed, one of the main conditions for the start of
a warm episode is in place. It is a point of some
contention as to whether these bursts are a necess-
ary precursor to a warm event, or whether they
merely indicate that the ocean-atmosphere
system is in an unstable state. The link between
westerly wind bursts and ENSOs may then only
exist because both require instability in the
coupled system. More study is obviously needed
to clarify this matter.

Figure 2(a) also shows strong wind anomalies to
the southwest of Australia. The analysis in the
Indian Ocean area south of about 30° is less re-
liable than the rest of the analysis because of the
very sparse data coverage. For that reason we will
concentrate on the tropical anomalies revealed in
the analysis.

The main area of westerly zonal wind anom-
alies in Fig. 2(b), representing DJF 1987, is
towards the east and equatorward of where it ap-
peared in the last figure. This flow has a classic
ENSO pattern to it, and resembles the composite
ENSO ‘Peak Phase’ of Rasmusson arid Carpenter
(1982). There are cyclonic circulation anomalies
on either side of the equator centred near the date-
line. At this time the CAC analyses (Kousky and
Leetmaa 1989) show that there was an increase in
sea-surface temperatures in the central and east-
ern equatorial Pacific. According to the simple
model of Gill (1980), this anomalous warming
and the associated enhanced conveétive heating
should produce, at lower levels, a cyclonic couplet
straddling the equator to the west of the SST
anomaly. Another interesting feature is the
easterly anomalies in the Indian Ocean, primarily
in the region just south of the equator. Low-level
convergence in the vicinity of the maritime con-
tinent usually dominates the flow in this area, but
the easterly anomalies to the west and westerly
anomalies to the east indicate a lessemng of con-
vergence south of Java.

The SOI recorded its lowest value in April 1987,
indicating that the 1986-1987 warm episode
reached a peak around this time. The next mem-
ber of the sequence, Fig. 2(c), represents the low-
level flow over the western Pacific during the
winter (JJA) of 1987, as the warm episode started
to decline. We see that characteristics of two
seasons earlier are still present, but are weakening.
Anticyclonic anomalies are found in the mid-
latitudes over the western Pacific in each hemi-
sphere, consistent with the composite mid-lati-
tude response to warm events in the northern
hemisphere (Horel and Wallace 1981) and south-
ern hemisphere (Karoly 1989). The flows are
associated with high pressure anomalies which
exist in these areas during warm events.

Flow in the tropics seemed to be returning to
normal during the summer season of 1987-1988
(Fig. 2(d)) with only a small area of westerly wind
anomalies still present along the équator. The
evolution of the lower tropospheric westerly
anomalies during the warm phase was similar to
that shown by Halpert (1988) using CAC analyses.
However, the CAC analyses showed weaker
anomalies east of 150°E and a return to easterly
anomalies in this region by January 1988. This
was earlier than in the Australian analyses. These
differences may be due to the different base
periods used for computing the mean fields.

Figure 2(e) reveals the strengthening of easterly
flow along the equator over the western Pacific as
the temperature gradient across the equatorial Pa-
cific increased. The temperature gradient from
the east side of the Pacific Ocean to the west side is
usually of the order of 10°C. This decreases during
an El Nifio year as SSTs in the central and eastern
equatorial areas warm, and increases during a La
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Fig.2 Sequence of wind field anomalies at 850 hPa for the seasons DJF and JJA from 1986 through to 1989. The year
associated with the season DJF is the year in which January and February fall. Isotachs are at 3.0 m s ~! intervals.
Base period for all anomalies is December 1983 to November 1989.
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Nifia as the same areas experience cooler SSTs.
The recorded values for these areas during the
winter of 1988 were between one and two degrees
below normal (Climate Diagnostic Bulletin,
CACQ). An interesting feature noted by Ropelewski
(1988) was that the negative SST anomalies in the
equatorial Pacific east of the date-line at this time
were of a magnitude and extent comparable to the
positive anomalies experienced during the 1986-
1987 warm episode.

This figure also shows cyclonic anomalies in the
northern hemisphere and easterly anomalies in
the equatorial Indian Ocean. The first feature is
associated with the lower atmospheric pressure
which occurred near Japan during this time. To
explain the second feature we need to look at other
atmospheric variables. Data from the United
States CAC shows that there was a large negative
anomaly in OLR over Indonesia and New Guinea
(values of OLR are negatively correlated with con-
vective cloud cover and thus can indicate changes
in convective activity). This indicates increased
convective activity in this region, which should be
associated with westerly anomalies in the equa-
torial Indian Ocean, as we would expect if we
reversed the effect a warm event has on this area.
The CAC data set also shows that a larger negative
OLR anomaly existed over the western equatorial
Indian Ocean and India itself. The observed
anomalies in the wind field are therefore associ-
ated with the anomalous low-level convergence
and enhanced convection over the Indian
Ocean.

In the summer of 1988-1989 (Fig. 2(f)), the
flow along the equator was characteristic of a La
Nifia or cold event at its peak, with low-level east-
erly anomalies over the western Pacific and
strengthening of the low-level confluence over
Indonesia and New Guinea. Off the east coast of
Australia there were cyclonic anomalies. During
La Nifia years, Australia experiences greater
cyclonic activity (Nicholls 1985; Drosdowsky and
Williams 1990). The patterns of low-level wind
anomalies in DJF 1987 (Fig. 2(b)) and DJF in
1989 (Fig. 2(f)) are remarkably similar but of op-
posite sign, particularly over the western Pacific
Ocean, eastern Australia and South-East Asia. By
the winter of 1989 (not shown) the circulation in
the Australian region had returned to a ‘normal’
state with little anomalous flow.

Upper tropospheric wind field anomalies

To complete the picture of the wind field, we look
at the time series of seasonal zonal wind anom-
alies at 200 hPa along the equator (Fig. 3). The
values are an average from 5°S to 5°N. During
1985 there were easterly anomalies in the upper
troposphere over the equator, from about 80° to
180°E. In DJF and MAM 1986, there was a change
in position of the maximum of these anomalies, so
that by JJA 1986 there were also upper tropo-

Fig. 3 Time-longitude plot of zonal wind anomalies at
200 hPa level for the equatorial band from 5°S
to 5°N and 80°E to the date-line. Contour interval,
1 m s~ Dashed lines represent easterly anom-
alies.
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spheric easterly anomalies east of 150°E. By DJF
1987, the pattern of anomalies of 1985 had re-
versed to the classic warm phase pattern (Arkin
1982), with easterly anomalies at high levels east
of 140°E and westerly anomalies further to the
west. The decline of the warm episode was indi-
cated by the lack of easterly anomalies in the
upper troposphere to the region east of 150°E by
DJF 1988. ‘

The cold event started to take effect by JJA
1988, according to the SOI, and by spring, at the
peak of the cold event, there was a strong pattern
of westerly anomalies east of about 140°E. These
westerly anomalies extended into the Indian
Ocean, where they were associated with low-level
easterly anomalies and increased convective ac-
tivity which existed there at the same time. By JJA
1989 there is little irregularity observed in the
upper level zonal wind flow along the equator.
The cold event weakened during the spring of
1989 as conditions returned to near normal.

By examining the time series as a whole we can
clearly see the evolution of the climate anomalies.
The development of the warm phase was indi-
cated by the change in position of easterly anom-
alies along the equator from over the Indian
Ocean in 1985 to over the Pacific in 1987. The
strong westerly anomalies in the area of 160°E to






