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Abstract

The global-scale east-west circulation in the tropics associated with the Southern
Oscillation (S0) was investigated by using two different data sets (FSU data and NMC
data), which contain about 20 years of tropical wind field observations.

As a predominant mode of the interannural time scale, the eastward-propagating anomalous
divergent circulation (with a phase speed of 6°-10° longitude month —1) was found to be on
the time scale of the SO (40-60 month period) with a zonal wavenumber-one structure.
The eastward propagation is most prominent over the Indian Ocean toward the eastern
Pacific. This mode shows a large amplification over the Indonesian maritime continent
through the eastern Pacific, which may correspond with the modulation of the local Walker
circulation.

Another east-west oscillation with a similar zonal structure but a faster eastward
propagation (12°-15° longitude month —1) was also noted with the quasi-biennial (QBO) time
scale (20-30 month period). In =zddition, these two modes show a coupling (decoupling)
of the anomalies which seems to be associated with the occurrence of the major (minor)
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Zonally Propagating Modes of the Global East-West Circulation

El Nifio events over the central through the eastern equatorial Pacific.

1. Introduction

The Southern Oscillation (SO) is well known
as a standing oscillation of the surface pres-
sure between the Indian Ocean through Indo-
nesia and the eastern south Pacific with a
period of several years. A minimum phase
of this pressure oscillation is coupled with
high sea surface temperature (SST) anomalies
over the central through eastern equatorial
Pacific called “El Nifio” events. These atmos-
phere-ocean coupled circulation anomalies are
currently called the El Nifio/Southern Oscilla-
tion (ENSO) events. In recent years. these
phenomena have been noted by many authors
(Horel and Wallace, 1981 efc.) as important
modulators of the climatic anomalies of the
northern high latitudes through the Rossby

* Present affiliation: Institute of Geoscience. Uni-
versity of Tsukuba, Ibaraki 305. Japan.

wave response to the high SST anomalies
over the equatorial Pacific.

In the tropical troposphere, this oscillation
manifests itself as a zonally-oriented direct
(heat-induced) circulation cell along the equa-
torial Pacific. i.e. the “Walker circulation”
(Bjerknes. 1969). In a mean state, the upward
motion is located over the warm, moist Indo-
nesian maritime continent, whereas the down-
ward motion is located over the relatively
cool and dry central through eastern Pacific.
The circulation cell along the equatorial plane
is extremely weak at the minimum phase (/. e.,
(E1 Nifio phase) of the SO.

It has been noted that this local Walker
circulation is characterized as a part of the
global east-west circulation as shown by
Krishnamurti (1971) and Krishnamurti et al.
(1973). In spite of the numerous observational
and theoretical studies on the typical phases
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of the ENSO events and their influences on
higher latitudes, few studies have examined
how the east-west circulations in the tropics
modulate or are modulated by the ENSO
events. We believe that this aspect of the SO
is very important to understand the mechanism
of the SO, since the change in the planetary-
scale east-west circulation greatly affects the
total energy generation and conversion in the
tropical motion field (Krishnamurti et al., 1973 :
Kanamitsu and Krishnamurti, 1978). The pre-
sent study focuses on this problem and will
show some preliminary observational results
on the zonal structure of the global east-west
circulation associated with the SO.

2. Data

The first data set to be used in this study
is derived from the U.S. National Meteorolog-
ical Center's (NMC) operational tropical wind
field analysis. This analysis consists of zonal
and meridional wind components of the wind
at six levels on a Mercator grid with a longi-
tude spacing of 5°. The latitudinal boundaries
are 48.1°N and 48.1°S and the full grid con-
tains 1656 (23 x72) points. The monthly mean

data is available for the period March 1968 to
February 1985.

Although three different interpolation tech-
niques were used during the period, Arkin
(1982) noted the minor effects on the large-
scale features of the mean monthly fields.
However, it should be noted that the Hough
analysis, which is essentially non-divergent.
was applied during the period September 1974
to August 1978,

We utilized the wind field at 200 mb as
representative of the upper troposphere. The
data for 850 mb and 1000 mb does not ade-
quately cover the analysis period (with less
than ten years), but a correlation between the
winds at 850 mb and 700 mb during the over-
lapped period (January 1968 through December
1974) has proven to be very high. The wind
field at 700 mb was, therefore, utilized as
representative of the lower troposphere,

The second data set to be used is the
monthly mean 200 mb wind field of the tropics
(45°N-25°S) analyzed at Florida State Univer-
sity (Pan, 1979). The final analysis of the
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monthly data of zonal and meridional wind
component is resolved on a 2.5° x2.5° latitude
/longitude grid mesh. The data set was pro-
duced by using the least square method to fit
more than 180 radiosonde station data to
truncated spherical harmonics for wavenumber
0 to 5. The data set covers ten years from
January 1965 to December 1974.

Pan (1979) showed a large efficiency of the
data set for examining variations of the
planetary-scale motions with the interannual
time scale. The monthly mean motion field
for each month of the whole period is shown
in atlas form (Krishnamurti et al.. 1983).

The two data sets described above enable
us to examine the interannual fluctuations of
200 mb wind field over the global tropics for
more than twenty vears (January 1965 to
February 1985). In addition, the overlapped
portion in the time series of data (March 1968
to December 1974) enables us to assess the
uniformity and the continuity between these
two data sets.

3. Time scale of the Southern Oscillation

Since our main interest is to deduce the
zonal structure of the anomalous east-west
circulation field associated with the SO, dom-
inant time scales are examined first by the
use of the Southern Oscillation Index (SOI).
Here the SOI is computed by taking the sea-
level pressure difference between Tahiti and
Darwin, which is now commonly used as a
measure of the intensity of the SO.

Fig. 1 shows the time series of the SOI
and Fig. 2 shows the power spectra of the
SOI by using the maximum entropy method
(MEM). We should note that the dominant
periodicity of the SO changes considerably
from period to period. For example, during
the period of the FSU data set (January 1965
to December 1974), which is hereafter referred
to as Period [, a periodicity of about 40 months
is a single dominant mode of the SO. During
the period of the NMC data set (March 1968
to February 1983), which is hereafter referred
to as Period II, the large power exists in a
broad periodicity band of 25 to 70 months.
but we may distinguish one spectral peak at
around 60 months from another peak at
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Fig. 1 Southern Oscillation Index from January 1965 to December 1984 defined

with the sea-level pressure difference between Tahiti and Darwin.
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Fig. 2 Power spectra of the Southern Oscillation
Index for Period I (FSU data) and Period II
(NMC data).

around 30 months. If we refer to the number
of occurrence of the minimum SOl phase with
El Nifio events (see Fig. 1). the former time
scale may correspond purely to the SO coupled
to El Nifio events (or ENSQ). while the latter
time scale may be related to the quasi-biennial
oscillation (QBO) in the tropical troposphere.

It may be an important but difficult problem
to determine whether the SO and the QBO in
the troposphere are dynamically similar phe-
nomena. Some studies (e. g., Trenberth, 1975
1976 etc.) suggested a different spatial struc-
ture of the QBO to that of the SO. while

Period of the two data sets are also shown.

other studies (e. g., Hastenrath and Wu, 1982
etc.) treated this mode as a part of the SO in
a broad sense. Some simple dynamical models
of the QBO in the troposphere (Brier. 1978
Nicholls, 1978) suggest that the atmosphere-
ocean feedback system is somewhat different
from that of the SO. For the time being, we
will treat these two modes as independent of
each other, in reference to the fact that the
former is directly coupled to El Nifio events
in the equatorial Pacific Ocean but the latter
is not. The association between these two
modes will be discussed further in section 8.

4. Time-space power spectra of the
zonal wind

Since the east-west circulation along the
tropics may essentially be described with the
combination of zonal wind anomalies in the
upper and lower troposphere, some time-space
characteristics of the zonal wind at 200 mb
and 700 mb are examined in the wavenumber-
frequency domain.

The time-space power sgectral analysis
generated using MEM (Hayashi, 1977) was
applied to the zonal wind component for Period
[ and Period II. Before computing the spectra,
climatological mean zornal winds fcr each
month were subtracted.

Fig. 3 shows wavenumter-frequency dis-
tribution of power spectra at 200 mb. The
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Fig. 3 Wavenumber-frequency distribution of space-time power spectra
of zonal wind at 200 mb for (a) Period I (FSU data) and (b) Period

II (NMC data).

outstanding feature in Period [ (Fig. 3(a)) is
a concentration of the power to the eastward
component of wavenumber one with a period
of about 40 months. In Period II (Fig. 3(b))
a maximum power also appears at the east-
ward component of wavenumber one with a
period range of 30 to 50 months (or more
broadly 20-60 months). Extremely large power
is distributed in the westward moving part
of wavenumber one with a period range of
100 to 200 months, but this may be due to the
long-term trend, if we consider the total
record length of 204 months.

Spectral distributions of wavenumber two
are very similar to those of wavenumber one
with smaller values in Period I and II. In
Period 1, considerable power is also seen at
wavenumber four, but in Period Il most of the
power is concentrated at wavenumber one and
two. The slight differences of the spectral

Units are (a) 10 m®> month and (b) 20 m® month.

distribution between the two data sets may
at least partly be due to the different analysis
schemes used on each data set.

Fig. 4 shows the wavenumber-frequency
distribution of the power spectra at 700 mb
for Period II. The maximum power exists in
the eastward moving component of wave-
number one with a period of 40 to 60 months.
The features of the power distribution at
700 mb are very similar to those of 200 mb,
though the spectra peak shifts slightly toward
lower frequencies.

Krishnamurti et al. (1973) showed that the
monthly or seasonal mean motion field in the
upper troposphere consists of only major
planetary-scale waves (i. e. wavenumbers one
to three). The results here suggest that this
may also be true for the inter-seasonal and
interannual anomaly motion field.

The dominant time scales of these plane-
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Fig. 4 Wavenumber-frequency distribution of space-time power spectra
of zonal wind at 700 mb for Period II (NMC data). Units are 4 m?®
month.
tary-scale waves both at 200mb and 700 mb  (¢.e., 200mb and 700mb). However, it is

are consistent with that of the SOI (Fig. 2).
We may speculate, therefore, the eastward-
moving planetary waves (particularly wave-
number one) may be closely associated with
the SO, as noted by Pan (1979).

5. Time filter

In the following sections, we examine the

longitude-time sections of the time-filtered

zonal wind anomalies related to the SO. To
produce the band-pass time filtered anomalies,
we employed a butterworth filter (Shanks,
1967). With a proper coordinate transforma-
tion of angular frequency (w), it is possible
to construct any desired band-pass or low-
pass filter without cutting both side values
(Murakami, 1979).

During Period 1. the SOI as well as the
zonal wind at 200 mb exhibit the periodicity
of about 40 months, therefore we applied the
time-filter for a 30-50 month period with the
maximum response at 40 months.

During period II. there appeared to be two
dominant time scales in the SOI: a longer 60
month period, which may be purely associated
with the frequency of El Nifio events, and a
shorter nearly 30 month period, which is
related to the QBO. In the zonal wind anom-
alies, a dominant time scale appeared in a
broad range of 20-60 months at both levels

important to note that this power distribution
can be decomposed into the two dominant
time scales (i.e.. a 40-60 month and 20-30
month period), if we refer to the time series
as well as the power spectra of the SOL

To deduce how the anomalies are related
to the ENSO (i.e., the SO with El Nifo
events) and to the QBO mode, two time filters
for a 40-70 month period (with the maximum
response at 55 month period) and for a 22-32
months period (with the maximum response
at 27 months) were applied. Hereafter, we
refer to the former as the SO filter and the
latter as the QBO filter.

To examine the efficiency of these two
filters for extracting the dominant modes, the
anomalies of the SOl as well as the zonal
wind deduced by the two filters are combined
together to reconstruct one anomaly series.
Fig. 5 shows the smoothed original SOI (solid
line) and the reconstructed SOI (dashed line)
for Period II. The anomalies whose time scale
are shorter than a year are suppressed in the
smoothed original SOI series. Although there
are slight discrepancies in the magnitude be-
tween the original and reconstructed anom-
alies, the phase and magnitude of the overall
features are quite consistent with each other.

Fig. 6 shows the time series of the smooth-
ed original zonal wind (thick solid lines) and
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Fig. 5 1l-month moving averaged SOI (solid line) and reconstructed SOI
(dashed line) by composing two time-filtered anomalies for Period Il

(NMC data).

the reconstructed zonal wind (solid lines) at
200 mb for the six longitude blocks along the
equator. The anomalies deduced purely by
the SO filter are also indicated with dashed
lines.

There is little doubt that the reconstructed
zonal winds represent the smoothed original
zonal wind fluctuations, particurlarly over the
whole Pacific Ocean area. Even over the
Indian Ocean (30°E-60°E), where considerable
discrepancy in the magnitude exists between
the two time series, the anomalies with the
time scale of the SO and/or QBO are still
apparent in the both series.

Thus. these two time filters for Period II
seem to be suitable to deduce the dominant
modes of interannual time scale in the anom-
aly wind field.

6. Longitude-time structure related
to the SO

a. Zonal wind field

In this section. we discuss the anomaly
field deduced by the SO filter. Fig. 7 shows
the longitude-time section of the filtered zonal
wind at 200 mb along the equatorial belt (10°S
to 10°N) for Period [, and Fig. 8 shows those
of (a) 200mb and (b) 700 mb for Period II.
The maximum phases of the SO! in the
filtered time series (Fig. 5) are also shown.
Through Period I and II. the eastward propa-
gation of the anomalies with approximately
wavenumber-one structure is clearly shown.
The eastward propagation is more evident
from the Indian Ocean through the eastern
Pacific (90°E to 60°W). whereas nearly simul-

taneous change of the anomalies are dominant
over the other regions (i.e.. South America,
Africa and the Atlantic Ocean).

Another remarkable feature especially in
Period II (Fig. 8) is the amplification of the
anomalies over the central through the eastern
Pacific (110°E to 100°W). The maximum
(minimum) anomalies appear to be consistent
with the maximum (minimum) phases of the
SOL. In Period 1 (Fig. 7), the maximum
(minimum) anomalies shift more westward or,
in other words, the anomalies are weaker over
the eastern Pacific (180°W to 100°W), This is
most likely due to zero-anomaly bogus points
over this data-sparse region. which were
added to the original data in order to supress
artificially-produced extremely large anomalies
during the interpolation. A standing-tvpe
oscillation is. instead, more pronounced over
the region from Indonesia through the central
Pacific in Period [. while in Period Il the
anomalies over the eastern hemisphere are
generally small. These differences in the
anomaly patterns of the two data sets mayv
be attributed to the use of different analysis
schemes. However, the overall anomaly pat-
terns of the two data sets seem to be quite
similar to each other for the overlapped period.

At the maximum (minimum) SOI phase,
the westerly (easterly) anomalies are dominant
over a broad area to the west of Indonesia
(about two thirds of the entire global belt),
while the easterly (westerly) anomalies are
limited to the central and the eastern Pacific.
This zonal asymmetry in the 200 mb zonal
wind anomalies at the maximum (minimum)
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Fig. 7 Longitude-time section of filtered zonal
wind of the SO mode at 200 mb (10°N-10°S)
for Period I (FSU data). Units are 0.5m
sec”!, Maximum and minimum phases of the
filtered SOI are also shown with “MAX” and
“MIN”. Negative (easterly) anomalies are
shaded.
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SO phases are essentially identical with the
previous results of Arkin (1982) and Selkirk
(1984).

The zonal wind anomalies at 700 mb for
Period II (Fig. 8(b)) shows a very similar
pattern to those of 200 mb (Fig. 8(a)) but with
the opposite sign, though there is some minor
noise present. That is. the westerly (easterly)
anomalies are well coupled to the easterly
(westerly) anomalies at 200 mb. The combi-
nation of the anomalies at 200 mb and 700 mb
presents an evidence of eastward-propagating
east-west circulation with wavenumber one
(or two-cell) structure in the anomaly tropical
motion fleld associated with the ENSO phe-
nomenon.

The westerly (easterly) maximum. 7. e. the
weakest (strongest) easterly jet, over the
Indian Ocean appears nearly simultaneously
with, or by one or two seasons ahead of the
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Fig. 8 Same as Fig. 7 but for Period [I. Units are (a) 0.5m sec™! and (b) 0.2m sec -

Negative (easterly) anomalies are shaded.
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easterly (westerly) maximum over the central
through eastern Pacific. The easterly (wester-
ly) maximum over the Pacific region corre-
sponds to the strongest (weakest) convection
over there (Arkin, 1982). These anomaly
patterns may imply, therefore, that the weak
(strong) monsoon over India is coupled nearly
in phase to, or slightly prior to the strong
(weak) convection over the central through
eastern Pacific.

Some studies (Pant and Parthasarathy, 1981 ;
Rasmusson and Cargenter, 1983 ; Bhalme and
Jadhav, 1984) showed the high positive corre-
lation between the monsoon rainfall over India
and the SOI. Bhalme and Jadhav (1984)
suggested that there are also significant lag-
correlations of one to three seasons where
the monsoon rainfall precedes the SOI. It is
true that during the period of the present
analysis (1965-85), all of the EI Nifio events
(near the minimum SOl) were preceded with-
out exception by the weaker than normal
Indian summer monsoons (of 1965, 1969, 1972,
1976 and 1982). This observational evidence
appears to be consistent with the zonal wind
anomalies described here.

The zonal wind anomalies over South
America through the western Indian Ocean
(60°W-60°E), which may be associated mainly
with the convective activities over equatorial
South Amercia (the Amazon Basin and north-
east Brazil) and Africa (the Congo Basin).
show nearly in-phase variations. The easterly
(westerly) anomalies at 200 mb may correspond
with above (below) normal convection over
these regions. Since the zonal wind anom-
alies over these region are negatively corre-
lated with that over the eastern Pacific. the
convection over these two regions may be
negatively correlated with that over the
eastern Pacific. Stockenius (1981) deduced the
same correlations by using precipitation data
over these regions. Some recent studies (Lau
and Chan. 1983; Ardanuy, 1985) have also
shown a significant negative correlation be-
tween the equatorial central Pacific and the
equatorial south America in the outgoing
longwave radiation (OLR) ancmalies associated
with the ENSO events. .

Tnus, the fluctuations of Indian summer
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monsoon and convective activities over the
Pacific. south America and Africa in the
equatorial zone seem to be positively or neg-
atively highly correlated with each other.
This may form, as a whole, a “transient-type”
structure of the global east-west circulation
in the anomaly zonal wind feld.

During 1980 to 1983, the large anomalies
over the central Pacific seem to be located
about 30° of longitude to the east of the
normal (or previous years) position. This may
be associated with the abnormally intensified
and eastward extended area of convection
during the EIl Nifio 1982/83 (Lau and Chan,
1985 eic.)

It may be worthwhile to note that the
eastward-propagation as well as the zonal
asymmetry on the anomaly zonal wind de-
scribed here will give us a somewhat different
picture of the heat-induced tropical circulation
from the simplified models (Gill, 1980 ; Geisler.
1981). We will discuss this problem further
in section 9.

b. wvelocity potential

The velocity potential (or divergent wind)
field ‘has proven to be a more useful measure
to identify planetary-scale divergent circula-
tions than the original wind field. The inten-
sities of east-west circulation and meridional
(or Hadley) circulation are estimated from
the zonal and meridional gradients of the
velocity potential field, respectively. In the
anomaly (from the normal) velocity potential
field, the interseasonal as well as interannual
variations of the divergent circulations are
descrited by Krishnamurti et al. (1985).

There may be a few problems in obtaining
the velccity potential feld. One problem may
be its dependency on the computational method
used to generate velccity potential. Since the
spatial data coverage used in this study is
limited in the lower latitudes, the boundary
conditions may also have some impact on the
results. For example, the boundary condition
1=0 (£ : velocity potential) set in the northern
and southern lower latitudes may apparently
stress the meridional circulation. Another
problem may te its large .degendency on the
analysis scheme with which the original wind
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field was produced. For example, some part
of the NMC data was produced by using
Hough analysis, which contains fundamentally
no divergent part of the wind (Arkin, 1982).

In this study, to minimize the boundary
effects as well as computation time, the double
Fourier transform method (Stephens and
Johnson, 1978) was used to compute the
velocity potential. This method assumes cyclic
boundary conditions for a rectangular domain.
The cyclic boundary conditions may result in
some deformation of the field near the north-
ern and the southern boundaries. However,
as the main area of interest in this study is
the tropical belt (15°N-15°S), this should not
cause serious errors in the results. Since the
data sets used here were derived from differ-
ent data source with four different analysis
schemes, the results described here may still
be tentative.

Fig. 9 shows the longitude-time section of
the filtered velocity potential at 200 mb along
the tropical belt (15°N-15"S) for Period [. The
velocity potential here is defined as

Fii=—F-V

(X : velocity potential, V : wind vector) so that
the maximum value shows a center of diver-
gent wind.

i} Z;Dﬁé CHI (50 MOOEIINT= .80%-08

YEAR

W GE

Fig. 9 Longitude-time section of the filtered ve-
locity potential of the SO mode at 200 mb
(15°N-15°S) for Period I (FSU data). Units
are 6x10° m®sec™!. Negative anomalies are
shaded. Maximum and minimum phases of
the filtered SOI are also shown with “MAX"
and “MIN".
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An eastward-propagating wavenumber-one
structure is again a salient feature, and is
consistent with the zonal wind field (Fig. 7).
Another interesting feature is a strong ampli-
fication of the anomalies with the opposite
sign between the Asian monsoon region and
the central/eastern Pacific or, in other words,
a standing-type oscillation between these two
regions.

In addition to the zonal wind anomalies,
the maximum (minimum) velocity potential
over the monsoon region (120°E-150°E) corre-
spond well with the maximum (minimum)
phases of the SOI. This standing-type oscil-
lation apparently represents weakening or
strengthening of the local Walker circulation
over the Pacific (Bjerknes, 1969), although the
anomalies over the eastern Pacific are under-
estimated as mentioned in the previous section.

Fig. 10 shows the longitude-time section
of the filtered velocity potential at (a) 200 mb
and (b) 700 mb for Period II. The data for
September 1974 through August 1978 was
omitted. since the data was produced by
Hough analysis which is fundamentally non-
divergent. During the period from March 1968
through August 1974 at 200 mb, any zonal
propagation failed to appear, although the
result at 700 mb for the same period in Fig. 9
shows evidence of an apparent eastward
propagation. The anomalies of the divergent
zonal wind (=-—-0X/6x) show, however. a
systematic eastward propagation from the
Indian Ocean through the eastern Pacific (not
shown here). During the period from Septem-
ber 1978 through February 1985, the eastward
propagation is evident with large amplitudes
over the region from the Indian Ocean through
the eastern Pacific (60°E-120°W). The maxi-
mum (minimum) and the minimum (maximum)
anomalies are located over the Indonesian
maritime continent and the eastern Pacific
respectively, in phase with the maximum
(minimum) phases of the SOl

The same diagram for 700 mb (Fig. 10(b))
clearly shows an eastward propagation of the
anomalies with wavenumber-one structure
through the entire analysis period. The anom-
aly pattern is very similar to that at 200 mb
with the opposite sign especially after 1978,
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Fig. 10 Same as Fig. 9 but for (a) 200 mb and (b) 700 mb of Period [I. Period of Hough
analysis (1974. 9-1978. 8) is omitted. Units are (a) 3x10°m?sec™! and (b) 2x10% m?

sec™!, Negative anomalies are shaded.

which implies that the ancmalous east-west
divergent cerculation cell slowly shifts east-
ward and reaches the maximum (minimum)
intensity when the cell is located over the
Indonesia through the eastern Pacific region.
In addition, the maximum (minimum) phase
of this divergent circulation occurs exactly at
the maximum (minimum) phase of the SOI
even through the period from 1968 though
1974. This fact suggests that as far as this
period (1968-74) is concerned the velocity
potential field at 700 mb may be more reliable
for deducing the anomalous divergent circu-
lation than that at 200 mb. As suggested in
the zonal wind anomalies, both the minimum
anomaly at 700 mb and the maximum anom-
aly at 200 mb (i. e.. the center of convection)

over the eastern Pacific show about a 30
eastward shift from their normal position
associated with the abnormally strong El Nino
of 1982/83.

Thus, in addition to the zonal wind anom-
alies, the anomalous velocity potential fields
at 200 mb and 700 mb have strongly suggested
that in the entire troposphere in the tropics,
the SO is characterized as a planetary-scale
divergent circulation with wavenumber-one
structure, which has a prominent eastward
phase propagation from the Indian Ocean
toward the eastern Pacific. Anomalies of a
standing-type oscillation over the Indonesian
maritime continent through the central Pacific
are also noticeable, which may be manifested
as the local Walker circulation.
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7. Longitude-time structure related
to the QBO

As described above, the QBO mode is
another dominant mode in the SOI particularly
during Period II. The time-space spectral
analysis has also suggested that a consider-
able amount of power exists in the period
range of the QBO. To examine the zonal
structure of the QBO mode and its association
with the SO, the QBO filter described in
section 5 is applied to the zonal wind anom-
alies.

Fig. 11 shows the longitude-time section
of the zonal wind anomalies of the QBO mode
at (a) 200 mb and (b) 700 mb along the equa-
torial belt (10°N-10°S). A remarkable feature
at both levels is the eastward propagation of

68
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the wavenumber-one structure, which is very
similar to the SO mode except for the phase
speed. The phase speed of this mode is
12°-15° long. month-!, whereas that of the
SO is 6°-10° long. month-!, At 200 mb, max-
imum amplitudes seem to be fixed over the
Pacific region (120°E-90°W), but secondary
maximum also appear over the Atlantic Ocean,
west Africa and over the Indian Ocean
through Indonesia. At 700 mb, the standing-
oscillation conponent is also apparent between
the Indian Ocean/Indonesian region and the
central Pacific.

This mode seems to exibit a large inter-
annual trend in the amplitude fluctuation.
During the geriod from 1971 through 1977
and from 1980 through 1985. large amplifica-
tions with systematic zonal propagation are

700MB U (QBO MODE)

INT= 20E +

YEAR

=T68
N

YEAR

OE 60E 120E  I1BOW

(a)

120W 60w

180w

(b)

120w 60w OE

Fig. 11 Longitude-time section of the filtered zonal wind of the QBO mode (10°N-10°S)
for Period [[ (NMC data) at (a) 200mb and (b) 700 mb. Units are (a) 0.6 m sec-t

and (b) 0.2m sec~!.

Negative (easterly) anomalies are shaded.
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noticeable at both levels, while during the
other period the signals of this mode are
weak.

As well as the SO mode, the anomalies of
the two levels (200 mb and 700 mb) in time-
space field suggest that this mode has the
structure of the anomalous east-west circula-
tion cell, since the easterly (westerly) anom-
alies at 200 mb are nearly consistent with
the westerly (easterly) anomalies at 700 mb.

8. Coupling between the SO and the QBO

The combined effect of the SO and the
QBO mode may represent more realistic anom-
alies associated with the SO particularly
during Period II, since the amplitudes of the
QBO seem to be comparable with or even
larger than those of the SO mode. This has
been evidenced for the SOI and the zonal
wind as shown in Fig. 5 and Fig. 6.

Fig. 12 shows the longitude-time section
of the maximum easterly wind anomalies at
200 mb for the SO mode (solid line) and the
QBO mode (dashed line), reprcduced from
Fig. 8(a) and Fig. 11(a). Interestingly, whether
El Nifio events (near the minimum SOI
phase) become major ones (e. g., 1972/73 and
1982/83) or otherwise minor ones (e. g.. 1969
and 1976/77). seem to depend upon the
coupling or decoupling of the large easterly
anomalies in the SO and the QBO mode. The
absence of El Nifio event in 1975, although
the SOI itself is diminished considerably (see
Fig. 1), may also be explained by the offset
coupling of the maximum westerly anomalies
in the SO mode and the maximum easterly
anomalies in the QBO mode. Furthermore, 2
pronounced anti-El Nifio condition (. e.. very
strong convection over the Indonesian region),
which has been observed in the OLR anom-
alies (Bergman and Quiroz, 1984). is also
shown to be composed of the easterly anom-
alies of the two modes between 80°E-120°E.
Thus, the occurrence or absence of a major
or minor El Nifio event seems to be well
correlated to the interaction of these two
modes.

The problem still remains as to whether
the SO and the QBO mode in the planetary-
scale east-west circulations in the tropics are
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Fig. 12 Composite longitude-time section of the
filtered maximum easterlies at 200 mb for
the SO mode (solid line) and the QBO mode
(dashed line). Anomalies of more than 1.0 m
sec~! for each mode are displayed with hatch-
ed and stippled area. Minimum phases (E!
Nifio phases) of the filtered SOI are also
shown with “MIN”.

derived from different forcing mechanisms.
At least phenomenogically, however, it may
be more reasonable to treat these two modes
as independent of each other, since each mode
in the zonal wind field shows systematic
time-space anomalies with different phase
speeds.

A number of previous studies have already
presented evidences of strong coherency and
persistency of the QBO mode in tropospheric
wind, pressure, temperature, rainfall, SST
and other parameters in most of the tropical
regions (e. g., Tyson et al.. 1975; Hastenrath

and Kaczmarczyh, 1981; Yasunari, 1981:
Barnett, 1983; Bhalme and Jhadav. 1984;
Nicholson and Entekhabi, 1985 etc.). It may

be probable, therefore, that the QBO is one
of the predominant normal mode fluctuations
in the tropical troposphere (as well as in the
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stratosphere) and that it sometimes functions
as a carrier wave of the anomalies on longer-
time scales.

9. Summary and discussion

The global-scale east-west circulation in
the tropics associated with the SO has been
investigated by using zonal wind and velocity
potential fields in the upper and the lower
troposphere constructed from the two different
wind data sets.

Although there is a strong seasonal depend-
ence of the SO signals in the various mete-
orological fields as noted in many previous
studies (e. g.. Horel and Wallace, 1981 : Ras-
musson and Carpenter, 1982 etc.), the strong
persistence of the anomalies from season to
season or throughout the year should also be
emphasized, particularly focusing on the time
evolution of the entire SO cycle. The time-
filtering method adopted here has proven to
be successful, in this sense, since it not only
extracts the intereseasonal and interannual
persistent anomalies but it als> fundamentally
preserves their seasonalities. (For example,
the maximum or minimum zonal wind anom-
alies over the Pacific in Fig. 7 and Fig. 8
appear mostly during the colder seasins in
the northern hemisphere as noted in the
previous observations.)

An eastward-propagating ancmalous diver-
gent circulation was found on the time scale
of the SO (40-60 month geriod) with a zonal
wavenumber-one structure. This mode shows
an amplification and/or a standing-type oscil-
lation of the anomalies over the regzion from
Indonesia through the eastern Pacific, which
may correspond with the modulation of the
local Walker circulation originally noted by
Bjerknes (1969). Another east-west circulation
with a similar zonal structure and phase-
propagation has also been detected on the
QBO time scale. In addition, these two modes
are suggested to be coupled (decoupled) asso-
ciated with the major (minor) El Nifio events
over the eastern Pacific.

Very recently, Barnett (1983 ; 1984a; 1984b ;
1985) and Krishnamurti et al. (1985) showed
that the surface wind and pressure anomalies
move eastward from the Indian Ocean to the
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Pacific region associated with the SO. Arkin
et al. (1983) also showed the eastward move-
ment of the anomalies in the sea surface
temperature, 850 mb and 200 mb zonal wind,
and the OLR. although their analysis is limited
to two years during the 1982/83 ENSO period.

Their findings may be closely related to
the eastward-propagating mode in the upper
and lower troposphere discussed here. For
example, the surface zonal wind anomalies
(see Fig. 8 of Barnett, 1983) is propagating
nearly in phase which that at 700 mb (Fig.
8(b)). The positive (negative) pressure anom-
alies (see Fig. 12 in Krishnamurti et al., 1984)
also show nearly in-phase propagation with
the easterly (westerly) anomalies at 700 mb.
These observational evidences further support
the existence of the eastward-propagating
east-west circulation along the equator. Fur-
thermore. the remarkable circulation anom-
alies in the upper and the lower troposphere
over the Indian Ocean described above lead
us to speculate the SO over the Pacific may
be closely linked with the monsoon circulation
over the Indian Ocean region. Very recently,
Cadet (1985) showed a strong association be-
tween the SOI and the surface field over the
Indian Ocean. Barnett (1984b) also proposed
this link of the SO with the summer monsoon
over India from the analysis of the surface
pressure and wind field.

Some theoretical stud.es on heat-induced
tropical circulations (e. g., Gill, 1980; Geisler,
1981) show a zonal asymmetry of the station-
ary zonal wind field, which seem to have
simulated successfully the real wind field over
Indonesia through the Pacific region. Some
studies (McWilliams and Gent, 1978; McCreary,
1983 ; Hastenrath and Wu, 1982 ; Wright, 1979
etc.) have also tried to construct a dynamical
model of the SO as an atmosphere-ocean
coupled system over the equatorial Pacific.
However, these models failed to simuiate the
eastward propagation of the anomalies from
the Indian Ocean toward the eastern Pacific,
which is an important observational aspect
deduced here.

Philander et al. (1984) recently proposed an
atmosphere-ocean coupled model which shows
an eastward propagation of the surface zonal
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wind as well as the SST anomalies from the
western Pacific to the eastern Pacific. The
observed phase sgeed of the zonal wind
anomalies (Fig. 8) are well consistent with
that in their model. The eastward propaga-
tion of the east-west circulation described
here may be at least in part explained by
their dynamicS: 7.e.. the dominant role of
the oceanic Kelvin waves to the west of the
maximum convection. However, their model
does not explain how the initial perturbation
ocurrs over the western Pacific (or the [ndo-
nesian region). In this context, the zonal
wind ancmalies over the Indian Ocean as
observed in this study may be important.

A possible link between the Indian Ocean
and the Pacific may be pestulated as follows:
a weakening of Indian snmmer monscon (i. e..
weakening of the easterly jet over the Indian
Ocean) by some mechanism leads to a weaken-
ing of the east-west circulation over the Indian
Ocean through the Indonesian maritime con-
tinent, which results in a weakening of the
convective activity over the maritime conti-
nent with some phase lag. The weakning of
the convection over the maritime continent
leads to a weakening of the trade wind sys-
tem again with some phase lag via the Walker
circulation, which finally trigger the SST
warming over the central through the eastern
Pacific. This leads to the ENSO event as a
number of the studies have already described.
At this stage, the anomalous east-west (or
Walker) circulation is completely reversed.
However. many fundamental questions still
remain unanswered such as how the new
anomalies (with the opposite sign) appear over
the Indian Ocean, and how the anomalies can
persist for a year or more even over the
monsoon region where a strong seasonality
exists.

In summary, the present study offered an
evidence that the SO is a part of the combined
circulation systems over the whole tropics.
Particularly. the eastward propagation of the
zonal as well as divergent wind anomalies
from the Indian Ocean toward the eastern
Pacific prompts us to investigate further about
the link between the monsoon circulation over
Asia and the Walker circulation over the

T. Yasunari

1027

Pacific as a land-atmosphere-ocean coupled
system. This system, in addition. should form
an integral part of a global climate system
which has a preferred time scale of several
years. To approach this problem, global data
sets of the circulation anomalies as well as
the SST anomalies. which cover about twenty
years (of ceveral SO cycles) are being pro-
cessed.

Another ineresting aspect of the zonally-
propagating mode described here may be a
similarity of its spatial structure of the pro-
pagation to the 30-50 day mode divergent
circulation over the global tropics (Madden
and Julian. 1972 ; Lorenc. 1984 ; Krishnamurti
et al., 1984 e¢tc.). The association between
these two low-frequency modes also deserves
to be studied.
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