15 DECEMBER 1990

HARRY H. HENDON AND BRANT LIEBMANN

The Intraseasonal (30-50 day) Oscillation of the Australian Summer Monsoon

HARRY H. HENDON

Center for Atmospheric Theory and Analysis, University of Colorado, Boulder, Colorado

BRANT LIEBMANN
Cooperative Institute for Research in Environmental Science, University of Colorado, Boulder, Colorado

(Manuscript received 5 December 1989, in final form 4 June 1990)

ABSTRACT

The tropical intraseasonal (30-50 day) oscillation manifests itself in the Australian summer monsoon by a
pronounced modulation of the monsoonal westerlies. These 30-50 day fluctuations of the monsoonal westerlies
are coherent with rainfall and OLR across northern Australia. The OLR fluctuation originates in the Indian
Ocean and systematically propagates eastward at 5 m s™!, consistent with previous studies of the intraseasonal
oscillation.

The detailed evolution of the intraseasonal oscillation of the monsoon is studied via composites of upper air
data in and about the Australian tropics. During the summer periods 1957-87, 91 events were identified at
Darwin, Australia. The composite oscillation at Darwin has a very deep baroclinic structure with westerlies
extending up to 300 mb. The westerly phase lasts about ten days and lags a similar duration rainfall event by
about four days. During the westerly phase, the upper troposphere is warm and the extreme lower troposphere
is cool. This structure is consistent with midtropospheric latent heating and lower tropospheric cooling due to
evaporation of falling rain. The magnitude of the composite oscillation at Darwin is about 5 m s™! in zonal
wind, 1 m s~ in meridional wind, 0.5°K in temperature, 5 mm rainfall per day, and 10% in relative humidity.
The oscillation at Darwin is readily traced as far west as Cocos Island and as far east as Pago Pago.

Above northern Australia, enhanced synoptic scale variability develops during the wet-westerly phase of the
oscillation. Analysis of a single station record precludes documentation of the structure of these synoptic fluc-
tuations. In the Northern Hemisphere midlatitudes, a wave train in 500 mb heights appears to emanate from
the longitude of the Australian tropics during the wet-westerly phase. The magnitude of this wave train is only
about 50 m while the wave train undergoes a systematic evolution as the tropical convective anomaly moves
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west to east, no sense of dispersion from a localized low-latitude heat source is evident.

1. Introduction

The intraseasonal (30-50 day) oscillation affects a
significant portion of the tropical troposphere (Madden
and Julian 1971, 1972). At upper levels the oscillation
shows little seasonality while at lower levels it predom-
inantly occurs in the summer hemisphere of the west-
ern Pacific-Indian Ocean region (Madden 1986).
Where a strong signal is observed in the lower tropo-
sphere, a pronounced out-of-phase signal in the wind
field is observed in the upper troposphere. This cou-
pling of the upper and lower troposphere occurs via
the convection that accompanies the slow eastward
propagation of the oscillation. The displacement of the
mean convection into the summer hemisphere appar-
ently is responsible for the observed seasonality of the
low-level oscillation.

Northern Australia is one such area that exhibits a
pronounced summertime maximum in both convec-
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tion and vertically coupled 30-50 day activity. During
southern summer, intense convection is at its most
southerly location and just covers extreme northern
Australia (Fig. 1). Upper-tropospheric easterlies and
lower-tropospheric westerlies (not shown) coincide
with the region of time-mean convection. Peak out-of-
phase coherence between upper and lower-tropospheric
zonal wind at Darwin, in the 30-50 day band, occurs
during summer while little coherence is observed dur-
ing the rest of the year (Madden 1986). Northern Aus-
tralia exhibits a distinct monsoonal circulation (i.e.,
Troup 1961) and, thus, we can infer that the monsoon
itself is strongly influenced by the 30-50 day oscillation.
Indeed Holland (1986) has shown that the average time
between active episodes of the Australian monsoon is
40 days. Furthermore, composite (Knutson and
Weickmann 1987) and correlative (Lau and Chan
1985) studies of outgoing longwave radiation (OLR)
clearly show that most of northern Australia is effected
by the eastward passage of the oscillation. During
southern winter the convective signal remains well to
the north. Most recently, Hendon and Leibmann
(1990) have shown that often the onset of the monsoon

8QDXWKHQWLFDWHG _ 'RZQORDGHG



JOURNAL OF THE ATMOSPHERIC SCIENCES

VoL. 47, No. 24

EQ

455 |

9E

1358 -~

160

F1G. 1. The January mean outgoing longwave radiation (1974-87) and 200 mb windfield from ECMWF analyses (1980-87). Light

stipling represents radiances less than 235 W m >

while dark stipling represents radiances less than 210 W m ~2 (intense convection). The

maximum vector displayed has magnitude 37 m s™'. The maximum easterlies north of Australia have magnitude 15 m s™'. Station locations
are identified: D: Darwin, K: Koror, AD: Adelaide, AS: Alice Springs, C: Cocos Island, H: Honiara, and P: Pago Pago.

is a manifestation of the eastward traversal of the 30-
50 day oscillation.

The present study will document in further detail
the impact of the intraseasonal oscillation on the Aus-
tralian summer monsoon. It is similar to that of Hen-
don and Liebmann (1990 ) who concentrated solely on
the onset phenomenon. They identified the onset of
the Australian monsoon each year (1957-87) and
composited atmospheric fields in and about the Aus-
tralian tropics relative to these dates. Here, all identi-
fiable 30-50 day events, throughout the summer mon-
soon season, will be composited. Upwards of 90 events
have been identified in the 31 year wind and rainfall
record at Darwin (12°S, 132°E). Thus, highly stable
composites should result and will allow examination
of very sensitive fields such as relative humidity and
temperature. These composites are not only of interest
to better understand how the intraseasonal oscillation
effects the monsoon, but also to identify the extent of
Australia that is effected by the passage of an event.
The region where an intraseasonal forecast potentially
could be made, based on the real-time assessment of
the 30-50 day oscillation, also can be better identified.

2. Data

The primary data analyzed are upper-air station rec-
ords in and about northern Australia. Daily data were
created by averaging all available observations each day.
Missing data were created by linearly interpolating in
time. At most stations data are available up to 70 mb.
Because individual 30-50 day events occur throughout
the monsoon season (generally December through
March), the mean seasonal cycle (mean plus three

harmonics) was removed prior to spectral analysis and
compositing. This was done by creating the mean sea-
sonal cycle at each station and then subtracting this
from the individual time series each year. Table 1 lists
the stations, their locations, and available record; the
approximate locations are indicated in Fig. 1.

Area-averaged daily rainfall over northern Australia
was also created for all reporting surface stations north
of 15°S (about 30 total). Holland ( 1986) used a similar
record for all stations north of 20°S. OLR, as a proxy
for active convection, is also employed. The data are
available on a 2.5° grid for the period 1974-87 (1978-
79 summer season missing ). Once daily data were cre-
ated from twice daily observations.

Northern Hemisphere 500 mb heights are also ex-
amined to assess the impact of the 30-50 day oscillation
on the northern winter circulation. NMC gridded

TABLE 1. Hendon and Liebmann: The intraseasonal (30-50 day)
oscillation of the Australian Summer monsoon.

Station Location Record length
Darwin 12°S 130°E 1957-87
Koror 7°N 134°E 1957-87
Alice Springs 23°S 133°E 1957-77
Adelaide 34°S 138°E 1957-77
Cocos Is. 12°S 96°E 1957-77
Honiara 9°S 159°E 1957-77
Pago Pago 14°S 170°W 1966-87

Locations and record length for stations examined in this study.
All records were averaged to produced winds, temperature and mois-
ture variables once per day. Missing data were created by linearly
interpolating in time.
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FIG. 2. Power spectra of (a) Ussp at Darwin and (b) North Australian rainfall for the summer seasons (15 October~15 April) 1957-87.
The power has been normalized to unity and only frequencies less than 0.1 cycles per day are shown. The vertical lines demark the “30-
50 day period range (frequency band 5.5/256~8.5/256 cpd). The 95% confidence limit (assuming 62 degrees of freedom ) for the spectral
peak at 32 day period and the bandwidth (1 /256 cpd; horizontal bar) are shown in (a). A subjective estimate of the background spectrum
in (a) was made by the linear fit between the adjacent spectral minima to the 30-50 day band (dashed line). (c) The coherency squared
(solid) and phase (dashed) between Ugsy and North Australian rainfall. The scale for coherency squared is on the left and phase angle (in
cycles) is on the right. A positive phase indicates rainfall leads Usgso. The horizontal line is the 95% confidence limit (assuming 62 degrees
of freedom) for the coherency squared estimate.

heights, north of 20°N, are availble from 1957-87. The hereafter cpd]. The power spectra for each year were
seasonal cycle also was removed from these heights, as  averaged together (resulting in 62 degrees of freedom
well as from the rainfall and OLR records, prior to per spectral estimate), as were the cospectrum and
analysis and compositing. quadspectrum prior to computing coherence square
and phase. While 62 degrees of freedom is probably
an overestimation of the true number of degrees of
Madden (1986 ) showed that tropical stations, inthe  freedom due to significant correlations between suc-
vicinity of the Australian monsoon, exhibit a pro- cessive 30-50 events during each monsoon, it none-
nounced southern summer maximum in both the 30~  theless is the traditional estimation and is useful for
50 day power in the upper-tropospheric zonal wind comparison to previous studies.
and the 30-50 day coherence between upper and lower- As anticipated, the 850 mb zonal wind possesses
tropospheric zonal wind. This out-of-phase coherence large power in the 30-50 day band (Fig. 2a) with the
is presumably driven by the modulation of monsoon spectral peak occurring at 32 days (frequency 8/256
convection. To substantiate this important role of con-  cpd). Here, the “30-50” day band is taken to include
vection, the relationship between the monsoonal west-  spectral estimates between 6/256 cpd and 8/256 cpd
erlies and rainfall is examined. (which yields an actual period band of 47-30 days as
Power spectra and cross spectra of 850 mb zonal indicated by the dotted vertical lines in Fig. 2). The
wind at Darwin (12°S, 132°E) and northern Australia . power at periods longer than 120 days is postulated to
rainfall are computed. Two hundred, twelve-day seg- be due to the seasonal cycle which was not totally re-
ments, beginning 1 October each year, are Hanning moved by the preliminary preparation of the time se-
windowed and then padded with zeros to 256 days. ries. On the other hand, the rainfall spectrum is mark-
A Fast Fourier Transform (FFT) was used to compute edly red; no outstanding spectral peak in the 30-50
spectral coefficients [bandwidth 1/256 cycles (day)™!, day band is observed (Fig. 2b). A significant peak in

3. Preliminary spectral analysis
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coherence, however, occurs in the 30-50 day band (Fig.
2¢). The phase is such that rainfall leads the wind by

about 4 days. The coherence between the two time’

series increases with decreasing frequency, however,
and all fluctuations beyond 20 day period are coherent.
Thus, while rainfall occurs with increasing power at
lower frequencies, with no obvious preference for a
particular frequency, very coherent rainfall fluctuations
accompany the pronounced 30-50 day wind events.

The horizontal region over which this 30-50 day
convective event is coherent is further documented by
analysis of OLR spectra. At each grid point, OLR time
series are prepared as per the rainfall and 850 mb zonal
wind for the years 1974-87. Coherency squared and
phase of OLR with rainfall and 850 mb zonal wind at
Darwin are computed using an FFT to compute the
spectral coefficients. Three spectral estimates in the 30-
50 day band (frequencies 6/256, 7/256 and 8/256
cpd) and the estimates for each of the available 12
seasons (1974-87) are averaged together, yielding 72
degrees of freedom per spectral estimate (again this is
likely an overestimation of the true number of degrees
of freedom). ‘

Contours of coherency squared and phases between
OLR and 850 mb zonal wind at Darwin (Fig. 3a) and
northern Australian rainfall (Fig. 3b) are displayed for
this 30-50 day band. Significant coherence in both
fields extends from about 70°E to the dateline, all south
of the equator. Most of northern Australia is covered
by regions of coherence exceeding 0.4. Coherence be-
tween zonal wind and OLR is greater than that between
rainfall and OLR, thus, emphasizing the noisy nature
of tropical rainfall. The convective region that is co-
herent with this 30-50 day fluctuation in monsoonal
westerlies and rainfall systematically propagates east-
ward at about 3-4 m s™! in the Australian tropics (as
given by the systematic clockwise rotation of the phase
arrows). This propagation is similar to that detected
by many previous studies of the 30-50 day oscillation
during southern summer (e.g., Knutson and Weick-
mann 1987). _

Eastward propagation of OLR anomalies that are
coherent with fluctuations of the monsoon (both rain
and wind) are not limited to the 30-50 day band. In
fact, for all periods greater than about 30 days, system-
atic eastward propagation occurs. A typical example
for 85 day period (frequencies 2/256, 3/256 and 4/
256 cpd) is shown in Fig. 4a for 850 mb zonal wind
at Darwin with OLR. As compared to the 30-50 day

" band (Fig. 3a), a more extensive region of coherency

exists in the tropics and is more elongated along the
equator. Also, these OLR fluctuations appear to orig-
inate north of the equator over the Indian Ocean and
propagate eastward at the very low speed of ~1 m s7.
This general behavior occurs for all periods 32-256
days. At periods less than 32 days, however, the co-
herency drops off dramatically as does the signature of
eastward propagation. A representative example is
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shown in Fig. 4b for the 25.6 day band (frequencies
9/256, 10/256 and 11/256 cpd).

Thus, the 850 mb zonal wind at Darwin exhibits a
broad spectral peak in the 30-50 day period band which
is coherent with rainfall and OLR. The coherent OLR
fluctuations systematically propagate eastward char-
acteristic of the 30-50 day intraseasonal oscillation.
This eastward propagation is by no means unique to
the 30-50 day band, as all low frequency (periods
greater than 30 days) fluctuations exhibit this general
behavior. Nonetheless, the postulation by Madden
(1986) that the low-level zonal wind component of the
30-50 day oscillation is directly linked to the convec-
tion, which itself propagates eastward, is wholly con-
firmed here.

4. Composite fields at Darwin

In this section the detailed structure of the 30-50
day modulation of the Australian summer monsoon
is examined by means of composites. As in Hendon
and Liebmann (1990) particular events are identified
in the 850 mb zonal wind at Darwin and north Aus-
tralian rainfall time series. Unfiltered (other than sub-
traction of the mean seasonal cycle) data are compos-
ited about these dates. An advantage of using unfiltered
data is that the life cycle of a 30-50 day event may not
exhibit exactly 30-50 day periodicity. For instance,
sudden changes in rainfall may accompany a more
gradual change in the windfield. Unfiltered compositing
hopefully will preserve these sorts of variations.

To identify the 30-50 day events over northern
Australia, the time series of 850 mb wind and rainfall
are first filtered with a 30-60 day (halfwidths) bandpass
filter (Murakami 1979). Only events where a peak in
both rainfall and wind is observed are included. Fur-
thermore, only events which occur at or after onset of
the monsoon each year are retained. Onset was defined
by Hendon and Liebmann (1990) to be the first oc-

-currence of wet-westerly winds at Darwin. In their

study, 27 of 30 onsets were associated with the sum-
mertime occurrence of a 30-50 day oscillation. Thus,
the same 27 events are included in the present com-
posite study along with another 64 events that occurred
post onset (but before 31 March each year). This total
of 91 events is the most, to our knowledge, that have
been included in a composite study of the 30-50 day

_oscillation.

All composites are made relative to the maximum
850 mb westerly wind at Darwin. (Note that the com-
posite onset by Hendon and Liebmann (1990) was
made relative to the beginning of the westerlies.) Com-
posites run from 20 days prior to 20 days after the
maximum westerly wind. To account for the horizontal
displacement of the area-averaged rainfall time series
relative to the station observations at Darwin, the rain-
fall time series is shifted 2 days ahead of Darwin’s rec-
ord. The 2-day shift is justified because the longitudinal
span of the rainfall region is about 15-20 degrees while
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FIG. 3. The coherency squared (contours) and phase angle (arrows) in the 30-50 day period range (average of the
three spectral estimates at 6/256, 7/256, and 8/256 cpd) between (a) Usso at Darwin and gridded OLR and (b) North
Australian rainfall and gridded OLR for the summer seasons 1974-87. The 95% significance limit (assuming 72 degrees
of freedom, see text) is approximately 0.2 (first contour). The contour interval is 0.1, For continuity, phase angles are
drawn where coherency squared exceeds 0.1. An upward pointing arrow implies OLR in phase with the particular
field; downward implies out of phase. Note that negative OLR implies enhanced convection, hence downward pointing
arrows imply an in phase relation between convection and the particular field. Rotation of arrows in a clockwise sense,

from west to east, implies eastward propagation.

Darwin resides at the extreme western edge of the re-
gion (see Holland 1986). The composited oscillations
are assumed to propagate eastward at 4 m s”! (as in
Fig. 3 and confirmed below). Thus, the two day shift
1s equivalent to about an eight degree westward lon-

gitudinal shift of the rainfall record, and brings it in
phase with Darwin’s record.

Composited winds, rainfall, temperature, and rela-
tive humidity are shown in Fig. 5 for Darwin. The
zonal wind exhibits the expected baroclinic structure

8QDXWKHQWLFDWHG _ 'RZQORDGHG
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with no tilt in the vertical. Low-level westerlies extend
up to 300 mb, much deeper than the 500 mb level
which has been traditionally assumed. The lower-tro-
pospheric anomaly is roughly equal in magnitude to
that of the upper troposphere. The signal is detectable
in the lower stratosphere but is evanescent above about
100 mb. At lower levels the peak westerlies are about
twice as strong as the peak easterlies.

JOURNAL OF THE ATMOSPHERIC SCIENCES
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Contrary to early studies of the 30-50 day oscillation
(e.g., Madden and Julian 1971), but detected by sea-
sonally stratifying the data (Madden 1986), a substan-
tial and coherent meridional wind perturbation (Fig.
5c) accompanies the zonal wind oscillation. The me-
ridional wind also exhibits a deep baroclinic structure
with a peak-to-peak magnitude of almost 2 ms™'. The
meridional wind is essentially in quadrature with the

FIG. 4. The coherency squared and phase angle in the (a) 85 day period range (frequencies 2/256, 3/256, and 4/
256 cpd) and (b) 25.6 day period range (frequencies 9/256, 10/256, and 11/256 cpd) between Us, at Darwin and

OLR. Plotting convention is in Fig. 3.
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FIG. 5. Composite 30-50 day oscillation (91 events) at Darwin of (a) zonal wind, (b) rainfall, (c) meridional wind, (d) temperature,
and (e) relative humidity. Unfiltered fields were composited. The contour intervals are (a) | m s™', (¢) 0.5 m s™! (first contour at +0.25
m s7!), (d) 0.1°K, and (e) 1.0%. Composites run from —20 days to +20 days with day zero corresponding to the maximum 850 mb
westerly wind. Note time runs from right to left. The longitudinal scale across the top of the figures is an approximate one assuming that
the composited oscillation moves steadily eastward at 4 m s~'. The height scale was approximated hydrostatically from the pressure levels
using a constant scale height of 8.5 km.
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zonal wind and out of phase (at lower levels) with the
rainfall. Hendon and Liebmann (1990) interpreted this
structure to be a transient poleward fluctuation in the
local Hadley circulation, and eastward translation of
the upper-level anticyclone as the convective heating
traversed northern Australia.

The temperature field at Darwin (Fig. 5d) is typical
of a synoptic-scale rainfall event in the tropics (e.g.,
easterly waves; Reed and Recker 1971). Rainfall re-
gions (and presumed upward motion ) coincide with a
warm troposphere but with a cool pool below 850 mb.
The cool pool is presumably driven by evaporation of
rainfall. The opposite temperature structure occurs
during the dry periods of the oscillation (day 10-20
and —20-—10). The amplitude is on order of 0.5°K
and again very little vertical tilt is observed. The relative
humidity field (Fig. Se) clearly slows this pronounced
dry-wet-dry cycle with the wet phase of the oscillation
lasting about 10-15 days (also seen in the rainfall com-
posite, Fig. 5b).

Model studies of the 30-50 day oscillation have
made various assumptions regarding the mean static
stability of the tropical atmosphere and the impact of
the oscillation on this stability (e.g., Lau and Peng 1987,
Hendon 1988). The impact of the 30-50 day oscillation
on the stability at Darwin is examined here via com-
posites of moist static energy. Composites are made
using total fields (not deviations from the seasonal cy-
cle) as we are interested in the absolute stability.

Composites of moist static energy (H) and saturated
moist static energy (H;) are shown in Fig. 6 for day
—20 (predry period), day —5 (time of maximum rain),
and day +10 (postdry period). The most obvious dif-
ference between the rainy and dry periods is the in-
crease in H above 850 mb. Presumably this results from
the vertical mixing of moisture and irreversible release
of latent heat associated with convective rainfall. The
net effect is to increase the moist static stability, but
only slightly. Also apparent in the lower troposphere
is that more nearly saturated conditions exist during
the wet phase. A smaller vertical lifting of surface air
is thus required in order to obtain buoyancy during
the wet phase. A very slight maximum in surface H
also occurs prior to initiation of rainfall while a more
dramatic decrease accompanies the cessation of rainfall.
These variations in low level H are, of course, more
significant in regards to total stability than those in the
midtroposphere as only air lifted from below 900 mb
can ever become buoyant.

The temporal variation of Hysomp (representative of
the extreme lower troposphere) and its components
are displayed in Fig. 7. The slight maximum in H,
prior to initiation of rainfall, is thus seen to be insig-
nificant compared to the dramatic decrease that ac-
companies the cessation. The evolution of H is pro-
duced almost entirely by the moisture field. The tem-
perature field evolves out of phase with the rainfall
(cool when it is raining, warm when it is not), and has
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little impact on H. Thus, it appears that no low-level
stability precursor exists prior to initiation of the 30—
50 day rainy episode but substantial drying (and hence
stabilizing ) occurs after the rainy period. From a static
stability viewpoint, no apparent reason exists for the
onset of the rainy episode but a substantial inhibiting
influence occurs after the passage of the wet phase.
This implies that atmospheric dynamics are responsible
for initiation of the rainy episode as the soundings dur-
ing the previous 15 days are essentially as unstable as
during the convective episode. On the other hand, after
the rainy episode the lower troposphere dries and sta-
bilizes such that no reasonable amount of synoptic lift-
ing can produce buoyancy. ‘

5. Composite fields about the Australian tropics

In the tropics to the north and south of Darwin, the
passage of the 30-50 day oscillation produces upper-
tropospheric easterlies, in phase with those at Darwin.
This signal extends to at least Koror to the north (7°N,
Fig. 8a) and Alice Springs to the south (23°S, Fig. 8b).
At Adelaide (34°S, representative of the Australian
subtropics), the inverse is seen, with the subtropical
westerly jet increasing, out of phase with the easterlies
at Darwin (Fig. 8c). This expansion of the easterlies
about the equator and southward displacement and
intensification of the subtropical jet were also seen by
Hendon and Liebmann (1990) at the onset of the
monsoon. Also, while the upper-tropospheric easterlies
expand both north and south of the equator, the low-
level westerlies are observed only in the vicinity of
Darwin. Again, this is consistent with the vertically
coupled wind being driven by the convective rainfall,
which itself is confined south of the equator (Fig. 3
and see also below).

28 T T

T

TT T

PRESSURE (MB)

3.63

Fi1G. 6. Composited profiles of moist static energy, H = ¢pT + Lq
+ gz, and saturated moist static energy, Hs = CpT + Lgs + gz, at
Darwin for day —20 (dotted line), day —5 (solid line) and day +10
(dashed line).
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variable is shown in the upper right.

The anticipated west to east propagation of the 30—
50 day oscillation detected in the Australian monsoon
is confirmed by compositing winds at tropical stations
to the east and west of Darwin. Composite zonal winds

(based on events at Darwin ) are shown for Cocos Island

(100°E, Fig. 9a), Honiara ( 160°E, Fig. 9b), and Pago
Pago (170°W, Fig. 9¢). Comparing to the zonal wind
at Darwin (Fig. 5a), a very clear 4-5 m s™! eastward
propagation of the upper-level anomaly is observed at
these stations. The maximum easterlies occur at day
-2 at Cocos, day +2 at Darwin, day +10 at Honiara,
and at day +15 at Pago Pago (90° in 18 days). At all
of these stations some semblance of a deep baroclinic
zonal wind anomaly is observed, thus, indicating a
convective coupling. The vertical tilt of the oscillation,
however, appears to systematically change from west
to east. West of Darwin the disturbance tilts westward
with height, at Darwin no tilt is observed and east of
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Darwin it tilts eastward with height. Also, propagation
of the zonal wind anomalies in the lower troposphere
is not nearly as systematic as in the upper troposphere.
Furthermore, at Pago Pago only a very weak low-level
perturbation is evident, perhaps due to Pago Pago’s
location outside of the main time mean convective
zone during the summer season (Fig. 1).

The horizontal extent of the convective anomaly is
estimated through composites of OLR (35 events dur-
ing 1974-87 are included). At day —2 (near the time
of maximum rainfall, Fig. 10b), negative OLR anom-
alies (enhanced convection ) cover all of the Australian
tropics and extend southward down the east coast.
Suppressed convection occurs south of the equator in
the Indian Ocean. The horizontal extent of the en-
hanced convection is on order of 60 degrees. The east-
ward propagation of this convective dipole is observed
from the composited OLR two weeks prior (day —16,
Fig. 10a) and two weeks after (day +12, Fig. 10¢) day
—2. Both positive and negative convective anomalies
appear to originate in the southern Indian Ocean, re-
main predominantly south of the equator as they tra-
verse northern Australia, and then decay east of the
dateline. This structure and phase propagation is sim-
ilar to that described by the cross-spectral analysis in
section 3.

To better see the eastward and southward expansion
of the convection across Australia, time-longitude and
time-latitude displays of the OLR anomalies are made.
Knowing that the convective signal is confined pre-
dominantly south of the equator, the OLR anomalies
are averaged between 5°S and 15°S and displayed as
a function of time (Fig. 11a). Systematic eastward
propagation of a convective dipole, at about 4-5 m
s~!, occurs from the central Indian Ocean past the
dateline. At Australian longitudes (120-145°E), the
positive convective anomaly is a maximum around day
—5 (in agreement with the rainfall leading the wind by
four days at these frequencies). This positive convective
anomaly tends to become stationary near Australia be-
tween days —7 and 0. Interaction of the propagating
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FiG. 8. Composite zonal winds, 10 the north and south of Darwin, at (a) Koror, (b) Alice Springs, and (c) Adelaide.
Plotting is as in Fig. 5a. Day zero refers to time of maximum 850 mb westerlies at Darwin.

8QDXWKHQWLFDWHG _ 'RZQORDGHG



JOURNAL OF THE ATMOSPHERIC SCIENCES

VoL. 47, No. 24

25

20
120 \ [ﬂ 100
' L, N “
-2 3 o 8/ b 415 -
@ N 1] g B
g \ \"_’_," H g g
a TN 8 2
g 300 |- \\;‘—’; 10 " g 320

g

__ T I
L
.90 !

-
e L
H -.812
).69
NS B D ; o
19 LR 20

1200
20

— E

20

HEIGHT (kM)

-20
DAY

)
OAY

F1G. 9. Composite zonal winds, to the west and east of Darwin, at (a) Cocos Island, (b) Honiara, and (c) Pago Pago.
- Plotting is as in Fig. 5a. Day zero refers to time of maximum 850 mb westerlies at Darwin.

anomaly with the stationary monsoon may be occur-
ring. Despite the very slow eastward phase speed (a
zonal wavenumber ! disturbance would take 80-90
days to traverse the globe at 4-5 m s™') a very distinct
30 day lifetime of the composited OLR anomalies oc-
curs at Australian longitudes.

The north-south evolution of the convective anom-
aly, at Australian longitudes, is displayed in Fig. 11b.
The negative OLR anomaly (positive convective
anomaly) tends to form near the equator, expand rap-
idly poleward around day —35, then retract rapidly
equatorward around day +5. This behavior over the
monsoon region is dramatically different from the
banded, poleward propagation that occurs over the In-
dian monsoon ( Yasunari 1979). The maximum pole-
ward extent of active convection over Australia is about
to 20°S, in agreement with the lack of a convectively
driven wind field at Alice Springs (Fig. 8b).

6. Local transient and far-field contemporaneous re-
sponse

Previously, composited fields have been examined
to determine the structure and propagation character-
istics of the 30-50 day oscillation, itself, as it traverses
the Australian monsoon. Here, we examine the impact
of the oscillation on the synoptic variability at Darwin
and on the far-field (Northern Hemisphere midlati-
tudes) circulation. The reported increase of synoptic
scale (3-10 day period) variability, during wet phases
of the oscillation (Nakazawa 1986), has profound im-
plications for daily forecasting in the tropics. Further-
more, evidence exists for the correlation of tropical
cyclone activity with the 30-50 day oscillation (Nak-

azawa 1986). Thus, the impact on the synoptic weather .

seems significant and documentation of its effects at
Darwin is in order. Similarly, an association between
the 30-50 day oscillation of tropical convection and
Northern Hemisphere circulation anomalies has been
reported (Weickmann et al. 1985; Lau and Phillips

1986). This, too, has important ramifications for both
short and extended range forecasts in the midlatitudes.
Not only would an accurate analysis of the tropical
30-50 day oscillation be required, but an accurate
forecast of it as well would be required to make im-
proved midlatitude forecasts. Again, documentation
of the midlatitude anomalies that accompany the os-
cillation at Darwin is in order. To achieve this, com-
posites of Northern Hemisphere 500 mb heights along
with transient kinetic energy [3(«'? + v'2)] at Darwin
and north Australian rainfall variance are constructed.

To create the kinetic energy and rainfall variance
time series, the respective zonal wind, meridional wind
and rainfall time series were filtered (passing only syn-
optic frequencies, 2.5-8 day periods). Then time series
of kinetic energy and rainfall variance were formed.
Finally, composites of these fields were created as above
and the mean (at each level) of the composite was
removed.

Enhanced transient kinetic energy accompanies the
wet phase of the composited oscillation at Darwin (Fig.
12a) along with enhanced rainfall variance (Fig. 12b).
Enhanced kinetic energy occurs through the depth of
the troposphere but with maxima around 850 mb and
100 mb. This vertical distribution of energy is consis-
tent with eddies that have a baroclinic structure similar
to the 30-50 day oscillation. The kinetic energy com-
posite leads the total zonal wind field by about two or
three days and is nearly in phase with both the rainfall
and its synoptic variance. The existence of enhanced
synoptic rainfall variance is somewhat expected be-
cause of the nature of rainfall. That is, rainfall is very
noisy and variable during large-scale rainfall events but
no rainfall and hence no variability occurs during dry
periods. The enhanced synoptic-scale kinetic energy,
however, is not necessarily expected but is consistent
with the enhanced OLR variance found within the 30—
50 day oscillation by Nakazawa (1986).

The midlatitude anomalies that accompany the life
cycle of a 30-50 day tropical oscillation have been the
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subject of numerous studies (e.g., Weickmann et al.
1985; Lau and Philips 1986). Due to the enormous
background variability in midlatitudes as compared to
the tropics, detecting the midlatitude response, pre-
sumably forced by the convective dipole anomaly of
the 30-50 day oscillation, requires careful execution.
The midlatitude response is expected to be sensitive to
the exact location and intensity of the convective
anomaly. Furthermore, the convective anomaly can
be expected to vary in phase propagation, location, etc.,
from oscillation to oscillation. Identifying the convec-
tive anomaly at only one particular location, in space
and time, can be expected to produce an accurate

HARRY H. HENDON AND BRANT LIEBMANN
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composite for only that particular phase and rapidly
lose significance away from that time. This is the case
here; composites are made about the maximum west-
erly wind and rainfall at one location, Darwin. Thus,
the composited midlatitude height field will only be
examined near day 0 when we know a significant rain-
fall perturbation occurred (Fig. 5b). The location of
the convective anomalies that accompany the com-
posited height anomalies can be inferred from Figs.
10b and 11a.

The evolution of the 500 mb height composite (91
events) is displayed (Fig. 13) from day —6 through day
+6. Near the time of maximum rainfall (day —2) a
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F1G. 10. Composite OLR anomalies (35 events) at (a) day —16, (b) day —2, and (c) day +12.
Contour interval is 5 W m 2 with zero contour omitted for clarity.
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FIG. 11. (a) Hovmoller diagram of the composited OLR anomalies,
averaged between 5°S-15°S. Contour interval is 10 W m ~2 with first
contour drawn at +£5 W m~2. (b) Time-latitude diagram of com-
posited OLR anomalies averaged between 125°E-145°E. Note time
runs from right to left. Contour interval is 7 W m 2,
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distinct wave train emanates from the longitude of the
convective anomaly (~120°E-150°E). While the
magnitude of the height anomalies is only 20-50 m,
the anomalies are significant (due to the 91 degrees of
freedom). Instead of a sense of wave dispersion away
from a local, low-latitude divergence source (e.g., Hos-
kins et al. 1977), the anomaly pattern appears to exist
already at day —6 (Fig. 13a) and continually change
shape throughout the composite. At day —6 the pattern
is basically zonally oriented; by day —2 it is distinctly
meridionally oriented but little successive downstream
amplification is evident. The subtropical low, the theo-
retical response to tropical divergence (e.g., Hoskins
and Karoly 1981), simply translates eastward in con-
junction with the convective anomaly (inferred from
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Fig. 11a). At day —6 the low is at ~70°E, at day +2
it is near 140°E and by day +6 it is near the dateline.
The expected upper-tropospheric ridge in the tropics
(e.g., Hoskins and Karoly 1981) is difficult to detect -
(i.e., near the dateline at day +6). The use of 500 mb
heights (near the vertical mode in the tropical response)
that only extend to- 20°N probably accounts for this.

The height anomaly at day +6 (Fig. 13f) across the
Pacific and North American regions is similar to that
at day —6 (Fig. 13a), but of opposite sign. The con-
vective anomaly at these two times has similar hori-
zontal structure (i.e., a dipole with centers at 100°E
and [80°E, inferred from Fig. 11a), but of opposite
sign as well (actually more evident between day +8
and day —8, not shown). Thus, an indication that the
midlatitudes respond /inearly to a transient convective
dipole at these locations is given. No definite state-
ments, however, can be made as to whether the mid-
latitude wave train was directly forced by the tropical
convection.

The overall evolution of the midlatitude anomalies
is similar to that described by Weickmann et al. (1985).
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FIG. 12. Composite synoptic scale (2.5-8 day period) (a) kinetic
energy and (b) rainfall variance at Darwin. Plotting convention is as
in Fig. 5, the contour interval in (a) is 1 m s~2. Day 0 refers to time
of maximum 850 mb westerlies at Darwin.
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