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ABSTRACT

The tropical Indian and western Pacific oceans are two prominent action centers for tropical 30-60-day
convective variability. When convection is enhanced over the equatorial Indian Ocean, the tropical western
Pacific often experiences an abnormal dry condition (phase I), whereas the development of the convection over
the tropical western Pacific tends to be accompanied by suppressed convection in the equatorial Indian Ocean
(phase II). This convection seesaw is a fundamental characteristic of the tropical 30-60-day oscillation.

The seesaw is intimately associated with the activity of propagating low-frequency convective systems (LFCSs).
Its formation process is season dependent. Typical boreal summer seesaw results from a time-lagged development
of two systems: a western system that originates in the equatorial Indian Ocean and moves eastward and/or
northward and an eastern system that develops in the western Pacific monsoon region and moves westward
and/or northward. The boreal winter seesaw, on the other hand, is caused by the longitudinal dependence of
the evolution of eastward-moving LFCSs that strongly amplify in the equatorial Indian Ocean, weaken and/or
split when rapidly passing over the maritime continent, and reintensify in the South Pacific convergence
zone (SPCZ).

There are two phases of the seesaw. During the first phase, the LFCSs interact with the Indian monsoon in
boreal summer and Indonesian-Australian monsoon in boreal winter. Likewise, during the second phase, the
LFCSs interpfay with monsoon circulations over the western Pacific monsoon trough in boreal summer and
over the SPCZ in boreal winter. The convection seesaw activity is closely tied to the corresponding active-break
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monsoon cycles over the two polar regions of the seesaw.

1. Introduction

The tropical 40-50-day oscillation (also known as
30-60-day oscillation ) first discovered by Madden and
Julian (1971) using spectral analysis of station pressure
and upper-air data was interpreted as resulting from
planetary-scale overturning cells moving eastward
around the globe in the tropospheric equatorial plane
(Madden and Julian 1972).

Lorenc (1984 ) and Krishnamurti et al. (1985) con-
firmed the existence of this planetary-scale wave by
analysis of velocity potential and wind fields of 1979.
Knutson and Weickmann (1987) carried out an em-
pirical orthogonal function (EOF) analysis of 30-60-
day filtered divergent and rotational winds and out-
going longwave radiation (OLR) anomalies, and
obtained coherent principal patterns of eastward-
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propagating divergent and rotational waves in associ-
ation with anomalous convective activity. Rui and
Wang (1990) documented the development charac-
teristics and dynamic structure of the 30-60-day con-
vection anomalies by compositing 36 individual east-
ward-moving events, and proposed a longitude-depen-
dent life cycle: initiation, intensification, maturity, and
dissipation /emanation.

The waves associated with the 30-60-day oscillation
do not always move eastward along the equator. Ya-
sunari (1979, 1980) revealed a northward propagation
of the cloudiness in the Indian monsoon region on a
30-40-day time scale. The northward-moving cloud
bands are accompanied by northward migration of low-
level monsoon troughs (Krishnamurti and Subrah-
manyam 1982). This phenomenon was postulated as
a regional component of the global eastward propa-
gation (e.g., Julian and Madden 1981). Recently,
however, it was found that only about one-half of the
cases of northward propagation over the Indian Ocean
and western Pacific summer monsoon regions are as-
sociated with the equatorial eastward-moving systems,
the other half are not related to any eastward propa-
gation (Wang and Rui 1990a). During boreal winter,
the equatorial eastward propagation dominates,
whereas during boreal summer the northward propa-
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gation in the Indian and western Pacific monsoon re-
gions along with westward propagation in the western
Pacific off-equatorial region are more active.

Another interesting feature of the tropical 30-60-
day oscillation noticed by Lau and Chan (1985, 1986)
is an out-of-phase relationship between the convection
anomalies over the maritime continent and the central
Pacific. Similar out-of-phase dipole variations exist be-
tween the Indian Ocean and the western Pacific. They
have named this dipole pattern a seesaw and interpreted
it, on the basis of a correlation map analysis, as resulting
from systematic eastward propagation of equatorial
waves. Krishnamurti et al. (1985), on the other hand,
speculated that the low-frequency pressure systems as-
sociated with the convection anomalies may form else-
where and migrate to low latitudes.

The present study is devoted to an observational
analysis of 30-60-day seesaw in convection, trying to
address the following questions: What is the nature of
the convection seesaw between the Indian Ocean and
western-central Pacific? How is it formed? How is it
related to various types of propagating waves? How
does the seesaw connect with monsoon circulations?
We will investigate the behavior of the convection see-
saw in terms of a synoptic approach—that is, by ex-
amining individual seesaw events case by case.

2. Data

The data used in this study include five years (1
November 1980-31 October 1985) of OLR data from
NOAA polar orbit satellite observations and 200- and
850-mb analyzed wind data from the European Centre
for Medium-Range Weather Forecasts (ECMWF). The
data domain covers the global tropics and subtropics
between 40°S and 40°N.

The normal annual cycle was first removed from
original daily data by subtracting out the annual mean
and first three Fourier harmonics of the climatological
daily means. The interannual variation was further
eliminated by subtracting corresponding three-month
running mean anomalies from daily anomaly series.
The nonoverlapping five-day averages were then com-
puted to obtain pentad mean anomalies (PMAs),
which depict intraseasonal fluctuations. In the present
study, the PMA maps are the basic tools used to di-
agnose and synthesize the low-frequency variabilities.
The detailed procedures of making PMA maps may
be found in Wang and Rui (1990a).

In addition to the 200- and 850-mb wind anomalies,
velocity potential X is also computed using the Poisson
equation, —V?X = D, by assuming X vanishes at 45°N
and 45°S, where D is divergence expressed in spherical
coordinates. The values between 30°N and 30°S are
not appreciably affected by the boundary conditions.
A positive 200-mb velocity potential anomaly indicates
anomalous divergence.
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3. The 30-60-day convection seesaw phenomenon
a. Preferred locations of strong convection anomalies

On PMA OLR maps, a pentad mean convection
anomaly (for simplicity, hereafter it will be referred to
as convection anomaly ) is defined by a negative OLR
anomaly whose central value is lower than —15 W m™
and whose zonal dimension (the zonal diameter of the
area enclosed by —5 W m™2 contour) is larger than 30°
longitude. A strong convection anomaly (SCA) is de-

- fined as a convection anomaly with a minimum OLR

anomaly below —25 W m~2. Based upon five-years of

PMA maps of OLR, all SCA centers are stratified by
season and plotted in Fig. 1.

During boreal summer (defined as the period from
1 May to 31 October) the SCA centers are biased to
the Northern Hemisphere and densely populate two
sectors separated by a region of suppressed variability
extending from the maritime continent to the west
coast of the Indo-China peninsula (Fig. 1a). The west-
ern sector covers the equatorial Indian Ocean-southern
India, while the eastern sector is centered over the Phi-
lippine Sea around 140°E and 15°N. In addition, a
secondary region of occurrence of SCA centers is lo-
cated around central America.

During boreal winter (defined as the period from 1
November to 30 April) the majority of SCA centers
lie south of the equator and are concentrated in two
separate zones (Fig. 1b). The western zone extends
from Madagascar first northeastward to the central
equatorial Indian Ocean then southeastward into cen-
tral Australia, while the eastern zone extends from the
Philippine Sea southeastward all the way to the central
South Pacific (140°W, 17°S). The former covers the
Southwest Indian Ocean convergence zone (SWICZ),
whereas the later largely coincides with the South Pa-
cific convergence zone (SPCZ). It is of interest to notice
the low density of SCA centers between the two en-
hanced convection zones. This low-variability zone
extends from west of Sumatra to south of New Guinea.
Other features include an east—-west oriented region of
widespread SCA centers north of the intertropical con-
vergence zone (ITCZ) in the North Pacific and North
Atlantic and a group of SCA centers over eastern South
America.

There are two energy peaks with periods of 10-20
and 30-60 days, respectively, in the low-frequency
variation of convection during northern summer (' Ya-
sunari 1979). Both are reflected in Fig. 1a. The distri-
bution of SCA centers described above are generally
consistent with the geographic distribution of the total
variance ( 10-180 days) reported by Weickmann et al.
(1985) and Knutson et al. (1986). In their synoptic
climatology study, Wang and Rui (1990a) found that
the Maritime Continent is one of the major dissipative
regions, whereas the equatorial Indian Ocean and the
western Pacific convergence zones (the monsoon
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FiG. 1. Geographic distribution of the centers of strong convection anomalies appearing on 5-years’ pentad mean
anomaly maps for (a) May-October season and (b) November-April season. The small- and large-size dots denote
centers with minimum OLR between —25 and —35 W m~2 and lower than —35 W m™2, respectively.

trough and SPCZ) are preferred locations for the de-
velopment of eastward-moving convective anomalies.
The results of Fig. 1 confirm their findings in a broader
perspective.

It is evident that the major regions of SCA are located
in the eastern hemisphere. The seasonal march of the
preferred regions of SCA is closely linked to the North-
ern and Southern hemisphere summer monsoons. This
implies a significant influence of the monsoon circu-
lations on 30-60-day convective activity. Comparison
of the numbers of very strong convection anomaly
centers (large dots) in Figs. la (N = 61) and 1b (N
= 111), on the other hand, shows that their frequency
of occurrence is substantially higher in southern sum-
mer than in northern summer, albeit the Southern
Hemisphere summer monsoon is weaker than its
Northern Hemisphere counterpart. This cannot be
explained by the influence of the monsoons. In fact,
over the Indian Ocean the majority of SCA centers
occur on the periphery or outside of heavy monsoonal
rain domains and are primarily scattered over the
equatorial Indian Ocean. These may be of moist equa-
torial Kelvin wave origin. It was demonstrated that the
combined dynamic (trapping) effect of the equator and
the thermodynamic effect of underlying sea surface

temperature (SST) control, to a large extent, the de-
velopment of 30-60-day convective disturbances
{(Wang and Rui 1990b). When the thermal equator
(defined as the latitude where SST is maximum) nearly
coincides with the geographic equator as the situation
in the Indian Ocean, the amplification of 30-60-day
convective systems is favored. On the other hand, if
the thermal equator deviates from the equator, as is
the case in the western Pacific during boreal summer,
moisture supply to equatorial trapped waves is reduced
and development along the equator abates. This sug-
gests that equatorial wave activity is also an important
factor determining the variability of SCA.

b. The 30-60-day convection seesaw

As documented in the previous subsection, the SCAs
concentrate in the tropical Indian and western Pacific
oceans, in particular during boreal summer. The 30-
60-day variations of convection in these two regions
not only have large amplitude, but also are nearly out
of phase (Fig. 2). When the equatorial Indian Ocean
undergoes an active period of convection, the tropical
western Pacific often experiences an abnormal dry
condition; whereas when convection increases over the
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F1G. 2. Five-day running means of daily anomaly (annual and interannual variations filtered
out) OLR series averaged over a 25° longitude and 15° latitude rectangular area in the equatorial
Indian ocean centered at (0°, 82.5°E) (the thick lines) and in the equatorial western Pacific
centered at (0°, 147.5°E) (the thin lines), respectively. The shading indicates the intervals during
which the OLR anomalies in the two regions have opposite polarity.

western Pacific, the convection in the Indian Ocean is
normally suppressed. The out-of-phase convective
variation between the tropical Indian Ocean and west-
ern Pacific forms a standing oscillation with a nodal
point over the maritime continent. We refer to this
phenomenon as the 30-60-day convection seesaw be-
tween the tropical Indian and western Pacific oceans
(hereafter referred to simply as convection seesaw).
It should be pointed out that the enhanced and sup-
pressed convection over the western Pacific is not cen-
tered on the equator all year around; rather, it is con-
centrated over the Philippine Sea in boreal summer
and over the SPCZ in boreal winter (Fig. 1). In ad-
dition, seesaw occurrence has significant interannual
variation. For example, in the period 1975-1985, reg-
ular and persistent seesaws are seen in 1976, 1979,
1981, 1982, and 1985, while irregular and intermittent
convection seesaws occur in 1980, 1983, and 1984
(figures for 1975-September 1980 are not shown). In
1976, the correlation coeflicient of the OLR daily
anomaly between the equatorial Indian and western
Pacific oceans reaches an extreme value of —0.76.

4. Formation processes of the convection seesaw

a. Seesaw events and low-frequency convective
systems

A seesaw event consists of two phases. The first phase
is characterized by convection enhancement over the
Indian Ocean and contemporaneous suppression of
convection over the tropical western Pacific. The sec-
ond phase is a subsequent reversal of locations of the
enhanced and suppressed convection between the two
pole regions. The entire event lasts at least six pentads.

Our working hypothesis is that the 30-60-day seesaw
is a result of quasi-periodic recurrence of the devel-
opment and movement of low-frequency convective
systems (LFCSs). The two phases may either involve
a single LFCS shifting from one pole to another or
involve two separate LFCSs evolving at each of the
poles and at each of the phases. We therefore will focus
on the analysis of the interrelationship between the
evolution of LFCS and seesaw.

In order to avoid subjectivity and vagueness in the
analysis, we define an LFCS as a convection anomaly
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that lasts at least four consecutive pentads and has a
central OLR value below —25 W m™? at its strongest
stage. A large LFCS may last longer than 10 pentads
and have a zonal dimension in excess of 100° longitude.
The circulation anomalies associated with LFCS are
primarily of planetary zonal scale (Weickmann et al.
1985). The LFCS defined here is essentially the same
as the tropical intraseasonal convection anomaly de-
fined previously by Wang and Rui (1990a).

Thirty-eight events were identified based upon the
above considerations from five boreal winters (No-
vember-April) and summers (May-October). The
central trajectories for each individual LFCS were
plotted (not shown). In order to give a concise and
informative description, time-longitude distribution of
each LFCS center for all events is illustrated in Fig. 3.
Also given is the information about the meridional dis-
placement that exceeds 5° latitude per pentad. The
strongest stages of the first and second phases defined
above are selected according to the intensity and extent
of the enhanced convection and associated suppressed
convection. In reality, the two-dimensional trajectory
is more complex than what is seen from the longitude-
time diagram. Sometimes, one route may split into
two subroutes; we trace only the principal one. In a
few cases we also take the mean longitude of two split-
ting centers following the principle of historical con-
tinuity. Figure 3 is used to illustrate the synoptic pro-
cesses of seesaw formation, which can be classified into
two major categories that are principally season de-
pendent.

b. Boreal winter type

A typical boreal winter event is associated with an
eastward-traveling LFCS (Fig. 3). The system can be
frequently traced back to Africa, but the amplitude
there is small and the location is scattered. Its rapid
development normally takes place over the equatorial
Indian Ocean, followed by a weakening or splitting
upon passing over the maritime continent. It often re-
develops over the tropical western/central Pacific and
finally decays in the eastern Pacific (Fig. 3). The above
characteristic life cycle has been suggested by Rui and
Wang (1990) based on a composite of 36 events. In a
case study, Weickmann and Khalsa (1990) noticed that
the shift of the convection anomaly from Indian Ocean
to the western Pacific is rather swift. In Fig. 5 of Lau
and Chan (1985), however, a fully developed anomaly
1s found over the maritime continent at day (0). This
is probably an artifact of the one-point correlation map
analysis in which the area-averaged OLR at Indonesia
was chosen as a reference point for the correlation
analysis.

Figures 4a and 4b show the convection seesaw pat-
terns in boreal winter. The first phase of seesaw is
marked by the most enhanced convection over the
tropical Indian Ocean and the corresponding strongest
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suppressed convection scattering over the broad region
of tropical western/central Pacific elongated more or
less from northwest to southeast (Fig. 4a). The second
phase of seesaw has enhanced convection over the
SPCZ and suppressed convection over the Indian
Ocean, forming an east-west dipole pattern slightly
south of the equator (Fig. 4b). The first phase leads
the second phase by about 15-25 days. Figures 4a and
4b suggest that the equatorial Indian Ocean and the
SPCZ are action centers where 30-60-day convective
anomalies undergo strong development or decay so
that both the enhanced and suppressed convection tend
to reach maxima there. We note that the LFCSs have
a characteristic zonal scale of wavenumber 2. Their
half wavelength matches well the distance between the
central Indian Ocean and western Pacific. When these
systems move eastward along the equator, a dipole
pattern with opposite polarity is expected to emerge
between these two regions. As a result, the enhanced
and suppressed convection is phase-locked with the
two action centers.

In summary, there are two factors that are crucial
to the formation of the boreal winter seesaw. One is
the weakening and/or splitting of the LFCSs near the
Maritime Continent. The other is the out-of-phase en-
hancement between the tropical Indian Ocean and
western Pacific. Both factors are linked to the charac-
teristic life cycle and zonal scale of the eastward-prop-
agating LFCSs. Because of this longitudinal intensity
dependence, the collective behavior of many individual
eastward-moving events contributes to the formation
of the boreal winter seesaw.

In previous EOF or correlation map analysis (e.g.,
Lau and Chan 1985), the Madden~Julian mode was
described as an east-west-oriented, fixed enhanced-
suppressed convection dipole moving eastward. It is
important to point out that this is not the case as de-
scribed here for the winter seesaw. In the first phase of
seesaw, the strong suppressed convection center occurs
over the tropical western Pacific—that is, east (or
ahead) of the enhanced convection center over the In-
dian Ocean. In the second phase, however, the original
suppressed convection center ahead of the enhanced
convection rapidly weakens and a new major sup-
pressed convection center develops at the tropical In-
dian Ocean—that is, west (or behind) of the enhanced
center. This indicates that the evolution of the east-
ward-propagating LFCS is strongly regulated by the
two action centers, which contributes to the winter see-
saw formation.

¢. Boreal summer type

In contrast to the boreal winter seesaw, Fig. 3 indi-
cates two distinct features of the LFCS activity during
boreal summer: 1) Most seesaw events involve two
LFCSs, a western system over the Indian Ocean and
an eastern system over the tropical western Pacific, and
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2) the two systems have short longitudinal displace-
ments but often have significant meridional ones.

The majority of the western systems originate over
the equatorial Indian Ocean. In about one-half of the
cases the western system has significant eastward dis-
placement (longer than 40° longitude); meanwhile, it
turns northward or northeastward and disappears over
the south Asian continent. Examples are cases 8011,
8105, and 8109, etc. (Fig. 3). This type of system (type
1) appears to arise from an equatorial Madden-Julian
mode that is affected by monsoonal circulation at its
later stage. Another half of the cases exhibit a major
northward propagation without systematic and signif-
icant zonal propagation. There is an evident enhance-
ment of convection during their northward journeys.
The convection anomalies disappear finally over the
Indian subcontinent or Southeast Asia. Such examples
are cases 8107, 8207, 8208, and 8209, etc. (Fig. 3).
This type of system (type 2) actively interplays with
the Indian monsoons and is not rooted in the eastward-
propagating equatorial mode. It is evident that the 40-
day oscillation over the Indian summer monsoon re-
gion may be considered a result of the combined ac-
tivities of the type 1 and type 2 systems.

It is interesting to notice that the type 2 systems
occurred repetitively (five times) in 1982 from March
to November, during which an exceptionally strong
Pacific warming developed in the western and central
Pacific. On the other hand, type 1 systems prevailed
in 1979 (figure not shown). The latter was noticed by
Krishnamurti et al. (1985) and Murakami and Nak-
azawa (1985). Considerable interannual variation re-
garding the nature of the western-system activity is thus
implied.

It should be emphasized that the western system is
only one component of the planetary-scale 30-60-day
convection seesaw event. The other complementary
component is an eastern system. Most eastern systems
originate over the western North Pacific, gradually de-
velop and migrate northward, and finally decay over
the seaboard of eastern China or south of Japan (e.g.,
cases 8105, 8406, 8407, and 8505). In some cases
(about one-third), the eastern systems can be traced
back to the central Pacific, from where they migrate
westward and turn northward when approaching the
Philippines (e.g., case 8011, 8207, 8309, and 8410).
The westward-propagating systems are usually weak
but often intensify when turning northward. These two
types of eastern systems were labeled as independent,
northward-moving and westward-moving LFCSs, re-
spectively, by Wang and Rui (1990a).

During boreal summer, the out-of-phase relationship
between the enhanced and suppressed convection be-
tween the tropical Indian and western Pacific oceans
is prominent. When the mature stages of the western
systems occur over or north of the equatorial Indian
Ocean (the first phase of seesaw), the suppressed con-
vection centers are located in the region from the Phi-

ZHU AND WANG

189

lippine Sea to the south China Sea (Fig. 5a). This con-
firms Lau and Chan’s (1986) previous finding using
correlation maps. Figure 5b illustrates the seesaw pat-
tern for the second phase during which the eastern sys-
tems reach their strongest stages. It is evident that a
phase reversal occurs between the northern Indian
Ocean and western Pacific monsoon trough regions.
The development of the western system in general pre-
cedes that of its eastern counterpart by about 15-25
days. The aforementioned large-scale processes of the
seesaw formation in boreal summer are very different
from those in boreal winter.

In addition to the above two major categories of
seesaw events, we also observed two special events in
which the strongest development of convection anom-
alies over the western Pacific leads that over the Indian
Ocean. One took place during October 1981 (Fig. 3).
This special event consists of two independent north-
ward-moving systems, but the development of the
eastern system over the tropical western Pacific pre-
cedes that over the Indian Ocean as opposed to the
regular boreal summer type. The other special case oc-
curred in April 1984. The LFCS in this event first
moved westward from the tropical central Pacific,
weakened over the maritime continent and redeveloped
in the Indian Ocean, followed by a northward turn
over the northern Indian Ocean, and finally an east-
ward turn in subtropics. The presence of these singular
events indicates the irregular nature of the seesaw.

We note also that during transitional seasons (late
spring and fall) the seesaw events either fall into the
boreal winter or boreal summer type. In May, normally
boreal summer-type seesaw starts to occur (e.g., 1981,
1984, and 1985), but in certain years boreal winter-
type seesaw remains dominant (e.g., 1982 and 1983).
On the other hand, in November, boreal winter-type
seesaw appears more frequently (e.g., 1981, 1983, and
1984), yet in some years it may be interrupted by late
occurrence of the boreal summer-type seesaw (e.g.,
1980 and 1982). There is no special seesaw event that
1s unique to the transitional seasons.

d. Recurrence of the seesaw event

The boreal winter- (summer-) type seesaw does not
always occur during boreal winter (summer). In fact,
among 19 boreal winter-type seesaw events, 3 occurred
in boreal summer; similarly, 4 out of 17 boreal sum-
mer-type events occurred in boreal winter (Fig. 3).

Regardless of the complexity due to the alternative
occurrence of the two types of events, the quasi-periodic
recurrence of the seesaw is one of the outstanding fea-
tures in Fig. 3. The average interval between two suc-
cessive seesaw events is about 48 days. There are no
evident seasonal changes of the oscillation period,
which agrees with the results of the previous studies by
Anderson et al. (1984) and Madden (1986).

The time interval between the first and second phases
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FIG. 3. The longitude-time diagram of the central tracks of low-
frequency convective systems that are projected to the equator for
November 1980-October 1985. The small, medium, and large sizes
of the open and closed circles represent the minimum OLR anomalies
between —15 and —25, between —25 and —35, and lower than —35
-~ W m™2, respectively. The strongest stages of the first and second phases
of seesaw are marked by closed circles. The arrows are attached to
indicate the northward movement with a total meridional displace-
ment exceeding 5° latitude per pentad.

of seesaw varies from 15 to 25 days with an average of
20 days for all seasons. This is consistent with Lau and
Chan’s (1985, 1986) correlation map analysis, which
showed that a phase reversal of the seesaw pattern oc-
curs in about 20 days. The transition period between
two phases (20 days) is shorter than the time interval
for rebuilding a new seesaw pattern, which takes about
28 days. This temporal asymmetry, as will be seen in
the case analyses (section 5), occurs because the re-
building of a new seesaw is associated with a wave-
number 1 divergent circulation anomaly that takes
about two excess pentads to traverse the western hemi-
sphere.

5. Interrelation between convection seesaws and
summer monsoons

In this section, two individual cases are presented in
order to show specific examples of the statistical anal-
ysis in the previous section and to further elaborate on
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the relationship between convection seesaws and sum-
mer monsoon circulations.

a. A boreal winter case

The seesaw event of January-March 1985 is one of
the most prominent winter 30-60-day oscillation
events. It is depicted by two map sequences of pentad
mean anomalies of OLR and 200-mb velocity potential
shown on Figs. 6a and 6b, respectively. The seesaw
event is due to an eastward-moving low-frequency
convective system.

In the beginning of the event, several weak convec-
tion anomalies were scattered over the equatorial Africa
and the western Indian Ocean. At pentad 3 (hereafter
denoted as P-3) convection rapidly flared up over the
Indian Ocean. The major convection anomaly further
enhanced and expanded, reaching maximum strength
at P-5 (Fig. 6a). When passing over the maritime con-
tinent-northern Australia region, the convection
anomaly weakened and finally at P-7 broke down to
two systems located to the east and west of Australia,
respectively. The weakening and splitting processes are
also reflected in velocity potential field (Fig. 6b). Soon
after passing over the maritime continent-northern
Australia, both the upper-level divergent circulation
and convection anomalies immediately redeveloped
over the SPCZ and extended into the eastern Pacific
(P-9, Figs. 6a and 6b).

The first phase of seesaw (from P-3 to P-6) is attrib-
uted to sustained development of convection and as-
sociated low-level westerlies over the Indian Ocean,
and to the suppressed convection and associated low-
level easterly anomalies over the tropical western-cen-
tral Pacific (Figs. 6a and 7). The equatorial westerly
anomalies at the first phase of seesaw further extend
eastward from P-6 to P-7, enhancing the summer
monsoon westerlies over Indonesia and northern Aus-
tralia. This suggests a close tie between the active In-
donesia—Australia summer monsoon and the down-
stream development of the equatorial westerlies at the
first phase of the seesaw. Holland (1986) showed that
the Australian monsoon typically consists of 2-3 cycles
of heavy rain, each lasting more than 2 pentads, fol-
lowed by a somewhat longer break. The average period
from peak-to-peak activity is around 40 days. Most of
the active-break Australian summer monsoon cycles
are closely related to the boreal winter seesaw events
shown in Fig. 3. For instance, the early Australian
summer monsoon onset (ASMO) occurred in Decem-
ber for 1981-82 and 1984-85, while late ASMO oc-
curred in January for 1980-81 and 1982-83 (Joseph
etal. 1991). Inspection of Fig. 3 reveals that the seesaw
events 8111 and 8411, which are the earliest boreal
winter-type seesaws of the corresponding seasons, con-
tribute to the early ASMO, whereas the seesaw events
8101 and 8301 are linked to the late ASMO. Both the
late ASMO were preceded by late occurrence of boreal
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summer-type seesaws in preceding October and No-
vember (case 8011 and 8211). The ASMO date in
1983-84 were confused by an early occurrence of
monsoon westerlies in late November ( but rainfall was
slightly short of 7.5 mm day ') and a delayed occur-
rence of heavy rainfall in early January (Fig. 9 of Joseph
etal. 1991). Figure 3 indicates that the late November
onset of monsoon westerlies and the early January on-
set of monsoon rainfall are, respectively, associated with
the seesaw events 8311 and 8312. In the former case,
the convection anomaly persistently shifted northward,
causing the deficient rainfall in the Australian monsoon
region. The close association between the Australian
monsoon activity and the 40-50-day oscillation was
noticed previously by Murakami et al. (1986) and
Hendon and Liebmann (1990).

The second phase of seesaw (P-8 to P-11) is mainly
attributed to the redevelopment of convection and as-
sociated low-level westerlies over the western Pacific
(Figs. 6a and 7a), which can be regarded as an active
period of SPCZ summer monsoon. At this phase in
the Indian Ocean, anomalous low-level easterlies pre-
vail and the monsoons over Indonesia and northern
Australia appear to experience a break (Fig. 7). An
interesting feature of the redevelopment is that both
the upper-level divergent circulation and convection

anomalies change to a northwest-southeast orientation
along the SPCZ. In fact, most of the enhanced con-
vection over the western Pacific during the Austral
summer displays a similar diagonal shape, resembling
the mean state of SPCZ shown by Vincent (1982).
This indicates that the circulation anomalies of the
second phase of seesaw are strongly modified by the
SPCZ disturbances and quite different from the first
phase of seesaw.

b. A boreal summer case

The case of September-October 1984 is illustrated
in Fig. 8 in terms of sequences of pentad mean anomaly
maps of OLR and 200-mb velocity potential. The see-
saw event was associated with the last spell of the Indian
summer monsoon. It comprised a northward-moving
LFCS over the Indian Ocean (the western system) at
early stages (P-1 to P-5) and a northwestward-moving
LFCS over the western Pacific (the eastern system) at
later stages (P-5 to P-9) of the event. The strongest
stage of the eastern system (P-7) lagged that of the
western counterpart (P-3) by about 20 days. The con-
vection seesaw was produced by the successive devel-
opment of the western and the eastern systems.

The western system of the seesaw is a major player
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affecting the Indian monsoon. At the beginning of the
event (P-1 and P-2), the 850-mb easterly anomalies
prevailed over the Indian subcontinent (Fig. 9),
whereas a convection anomaly developed over the
central Indian Ocean within an equatorial trough. This
marks a break of the Indian monsoon. At P-3, strong
anomalous westerlies developed in the equatorial In-
dian Ocean and convection concurrently intensified
with an anomalous cyclone near the south tip of the
Indian subcontinent, establishing the first phase of see-
saw (Figs. 8 and 9). From P-4 to P-6 the westerly and
convection anomalies continuously progressed north-
ward, affecting the weather in India, the Bay of Bengal,
and Southeast Asia. This corresponds to an active
monsoon period. By P-7, the 850-mb winds over the
equatorial Indian Ocean reversed their direction in re-
sponse to outburst of a strong cold surge from East
China to South China Sea (Fig. 9), completing seasonal
withdrawal of the Indian summer monsoon. The sce-
nario documented here is an example of the association
of a northward-propagating 40-day oscillation system
with major active-break cycles of Indian monsoon,
which was previously found and documented by Ya-
sunari (1979, 1981), Krishnamurti and Subrahman-
yam (1982), Murakami and Nakazawa (1985), and
others.

In harmony with the reversal of polarity in convec-
tion seesaws, the western Pacific monsoon activii,

tends to be out-of-phase with the Indian monsoon: it
is suppressed (enhanced ) during the active (break ) In-
dian monsoon at the first (second) phase of seesaw. A
similar phenomenon is the out-of-phase relation be-
tween the Indian and east Asian summer monsoons
described by Tao and Chen (1987). When anomalous
westerlies shifted northward over the northern Indian
Ocean from P-4 to P-5, the easterlies previously existing
over the northwestern tropical Pacific were replaced
by westerlies. At the time the westerlies rapidly abated
over the Indian sector from P-6 to P-7, the westerlies
over the western Pacific rapidly intensified (Fig. 9),
establishing the second phase of seesaw. The strongest
westerlies are tied with the enhanced northeasterlies
from eastern Asia. During the transitional period of
the East Asia monsoon, the activity of the northwestern
Pacific monsoon trough is often enhanced due to the
increased convergence between cold northeast winds
and near-equatorial westerlies.

6. Summary

Previous studies have emphasized essential roles of
the global-scale, eastward-propagating waves, the
Madden-Julian (1972) mode, in the tropical 30-60-
day oscillation. The present paper shows that the trop-
ical 30-60-day oscillation exhibits a pronounced re-
gional standing oscillation pattern in convection
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mb potential velocity field. The contour
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anomalies in addition to the propagating-wave char-
acter. One pole of the seesaw is the tropical Indian
Ocean, and the other is the tropical western Pacific.
The two polar regions of the convection seesaw are
action centers for the 30-60-day oscillation, where the
largest variabilities in both convection and circulation
are observed (Figs. 1 and 2). Prominent northward
(e.g., Yasunari 1980) and westward (e.g., Wang and
Rui 1990a) propagation adds another unique feature
to these regions. In sharp contrast, the smallest vari-
ability occurs over the Maritime Continent, which is
the nodal point of the seesaw (Figs. 4 and 5).

There are two phases for each seesaw event. The first
phase is characterized by a strongly developed convec-
tion over the equatorial Indian Ocean and concurrent
suppressed convection over the tropical Pacific. The
second phase displays a reversed polarity between the
two poles of the seesaw. Both phases are in close con-
nection with a global, eastward-propagating divergent
wave. The formation process of the seesaw, however,
is strikingly season dependent. The two synoptic mod-
els of seesaw formation proposed in section 4 are, re-
spectively, typical for boreal winter and summer.

As a summary, we present in Fig. 10 a schematic
depiction of the large-scale processes of the 30-60-day
oscillation. The plotted zonal circulation cells refer to
the divergent component of wind anomalies. Total
wind anomalies are dominated by the rotational com-
ponent even in the equatorial regions, and these are
nearly in phase with the corresponding convection
anomalies (e.g., Murakami 1988; Rui and Wang
1990). The convection and upper-level divergence
anomalies are averaged for the equatorial belt between
15°N and 15°S, which are derived on the basis of the
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OLR and 200-mb velocity potential anomalies com-
puted for the selected boreal winter and summer cases
discussed in section 5.

The boreal winter model is a modification to Mad-
den and Julian’s (1972) schematic model of an east-
ward-moving circulation cell in the equatorial zonal
plane. Their model was inferred from spectral analysis
of winds and was conceptually an analogue to the
anomalous Walker circulation in the Southern Oscil-
lation as advanced by Bjerknes (1969). The principal
modification in the present model (Fig. 10a) empha-
sizes longitudinal dependence of the life cycle of the
propagating LFCSs: they strongly grow over the equa-
torial Indian Ocean, weaken or split over the maritime
continent, and redevelop over the SPCZ. It is the col-
lective behavior of the longitude-dependent evolution
of eastward-moving LFCSs that is responsible for the
formation of the boreal winter seesaw.

The boreal summer model reflects the fact that the
seesaw formation involves two separate systems. The
western system over the Indian Ocean either directly
moves northward or initially moves eastward, followed
by a northward turning, both interacting with the In-
dian monsoon. The eastern system over the western
Pacific often originates in situ or in the central Pacific
and drifts northward or propagates first westward then
turns northward over the ocean east of the Maritime
Continent. The successive persistent developments of
the two systems consolidate a boreal summer-type
convection seesaw. ‘

Figure 10 stresses standing (seesaw ) character of the
30-60-day oscillation, which occurs all year around,
but the formation processes are season dependent.
Note, however, that the time intervals between two
successive strongest stages of a seesaw, and between
two seesaw events, are, respectively, 15-25 and 35-60
days without significant annual variation. Figure 10
also emphasizes that the seesaw is intimately associated
with intrinsic LFCSs. The propagating LFCSs and
convection seesaws should be regarded as two aspects
of a unified phenomenon. Their coherent variations
produce global as well as regional 30-60-day oscilla-
tions.

The propagating systems associated with the seesaw
move largely eastward along the equator, especially
during boreal winter and over the Indian Ocean. Their
behavior resembles, to the first-order approximation,
a moist Kelvin wave (Lau and Peng 1987; Chang and
Lim 1988; Wang 1988) or, more precisely, a modified
moist Kelvin wave coupled with long Rossby waves
(Wang and Rui 1990b). Their characteristic zonal
scales (a dominant wavenumber 1 circulation pattern
and a much smaller convection scale of a few thousand
kilometers) can be explained by the nonlinear heating
effects (Lim et al. 1990; Wang and Xue 1992). During
boreal summer, about a half of the western systems
bear some resemblance to the moist equatorial Kelvin
wave packet at early stage and experience northward
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FIG. 8. As in Fig. 6 except for the event of September-October 1984.

deflection as they interact with the Indian summer
monsoon. Another half of the western systems are lo-
cally northward-propagating divergent circulations, the
nature of which is not well understood. Simple mon-
soon model analysis has suggested that the poleward
propagation occurs in the presence of a meridional

temperature gradient because the convective heating
is asymmetric (Gadgil and Srinivasan 1990). On the
other hand, Lau and Peng ( 1990) suggested that when
the equatorial low-frequency mode interacts with
monsoonal flow, a group of synoptic-scale disturbances
may be excited along 15°N, which corresponds to a
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sudden northward shift of the monsoon cloud band.
The eastern system over the western Pacific, which
consists of an off-equatorial rotational circulation
anomaly, seems to be of the nature of a westward-
propagatlng Rossby wave interacting with the monsoon
circulation in situ.

Standing property of the seesaw is related to the pre-
ferred geographical regions where strong positive or
negative 30-60-day convective anomalies persistently
occur (the Indian Ocean near-equatorial trough, the
SPCZ in boreal winter, and the northwest Pacific mon-
soon troughs in boreal summer). These regions are
characterized by high SST (monthly mean SST higher
than 28°C) and surface wind convergence. It is rea-
sonable to conclude that warm oceanic convergence
zones are favorable for the development of LFCS. In
contrast, the Maritime Continent is geographically
preferred for the weakening of many cases given in Fig.
3. The maintenance of dipole patterns of seesaw is as-
cribed to this geographic dependence of the develop-
ment characteristics.

During boreal winter, the buildup of the first devel-
oping phase results from frequent development of
moist Kelvin waves over the equatorial Indian Ocean,

which often enhance Indonesian-Australian summer
monsoons, while causing a break in the SPCZ and sup-
pressing the convection in the SWICZ. During the sec-
ond phase, the LFCSs interact with the monsoon cir-
culation in the SPCZ. In boreal summer, the establish-
ment of the first developing phase is related to the active
period of the Indian monsoon with a break in the west-
ern Pacific monsoon, whereas the second phase is al-
most opposite.

In summary, the convection seesaw between the
tropical Indian and western Pacific oceans is one of
the fundamental characteristics of the tropical 30-60-
day oscillation. The seesaw formation is in association
with the interaction between propagating low-fre-
quency systems and the summer monsoon circulations
in both hemispheres. The Indian, western Pacific, In-
donesian, Australian, and SPCZ monsoons are all
semipermanent features of the tropical general circu-
lation. They are strongly influenced by the land-sea
thermal contrast, SST distribution, and mountains
(Hahn and Manabe 1975; Kiladis et al. 1989; Wang
and Li 1992, and others). The results raise a number
of questions, of which the following are of particular
interest:
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e What are the dynamic effects of the ocean—con-
tinent thermal contrast, SST distribution, and mon-
soons on the preferred locations for LFCS that lead to
the formation of a seesaw?

e What are the physical mechanisms responsible for
the weakening or splitting of the LFCSs over the Mar-
itime Continent?

These questions require further theoretical and nu-
merical modeling studies.
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