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ABSTRACT

A westward propagating signal with the annual period is detected in anomalies of the zonally averaged
meridional wind component along 87N across the Pacific Ocean. The propagating signal in the ‘‘eddy’’ (defined
as the departure from the zonally averaged) meridional wind has approximately the same propagation speed as
the well-known propagating signal in the zonal wind component along the equator, and the former has larger
amplitude than the latter. The eddy SST gradient between the equator and 107N exhibits a similar westward
propagation and is in phase with the eddy meridional wind; the northward eddy wind is accompanied by the
warmer eddy SST to the north. The propagating features in both the eddy meridional wind and the SST gradient
are quite regular from year to year, except for El Niño years. In the El Niño periods, the regular features are
disturbed in the western Pacific, but the in-phase relationship between these two parameters still holds. These
relationships indicate that the boundary-layer mechanism is most likely to be of primary importance in the
response of the eddy meridional wind to the SST variations.

1. Introduction

Atmospheric and oceanic seasonal variations in the
tropical Pacific have been studied by many authors. An
interesting phenomenon in those variations is annual
westward propagating signals along the equator in both
the atmosphere and ocean. Meyers (1979) reported that
the annual harmonic of zonal wind stress propagates
toward the west across the Pacific. Spectrum analysis
by Lukas and Firing (1985) showed that the propaga-
tion is the dominant feature in the equatorial annual
zonal wind stress. It is also well known that the annual
period component of sea surface temperature (SST)
anomaly propagates westward (Bjerknes 1961) and is
closely related to the westward-propagating signal in
the zonal wind stress. Horel (1982) first pointed out
the possibility that the propagating signals in both fields
might result from the interaction between the atmo-
sphere and ocean. Recently, these propagating signals
have attracted attention as evidence of the air–sea in-
teraction on the seasonal timescale (e.g., Philander
1990; Philander and Chao 1991) and have been the
subjects of observational studies (Murakami and Wang
1993; Wang 1994b) and theoretical and numerical
studies (Meehl 1990; Xie 1994a; Chang and Philander
1994).
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In contrast to the westward propagating signal in the
zonal wind stress along the equator, the annual cycle
of the extraequatorial zonal wind stress is dominated
by the meridional migration of the trade wind belt
(Wyrtki and Meyers 1976). The annual phase of the
zonal wind speed is approximately uniform in each
hemisphere poleward of 57 and is characterized by the
maximum of eastward wind in each hemispheric sum-
mer (Fig. 1) . The meridional wind has roughly uniform
phase over the tropical Pacific, with the wind direction
from the winter hemisphere to the summer hemisphere.
Although the annual cycle of the wind fields are not
dominated by these zonally uniform components in the
southeastern tropical Pacific, the annual amplitudes of
the zonal and meridional winds are small in this region.
The zonally uniform components are therefore domi-
nant in the meridional and extraequatorial zonal winds,
and longitudinally uniform zonal and meridional winds
are antisymmetric and symmetric about the equator, re-
spectively. These features in the wind speed field are
common in the wind stress field. The annual cycle of
the zonally uniform components is due to the responses
of an air–sea coupled mode forced by the differential
solar insolation between the Northern and Southern
Hemispheres, and the westward propagating feature in
the zonal wind and SST near the equator is attributed
to another air–sea coupled mode (e.g., Wang 1994b;
Chang and Philander 1994).

The existence of a component of the wind with lon-
gitudinally uniform phase, however, does not preclude
the existence of a significant propagating signals but
indicates that the propagating signals in longitudinally
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FIG. 1. Annual harmonic components of the (a) zonal and (b) me-
ridional wind speeds. The vectors in the right margin indicate the
longitudinally averaged annual harmonics of the respective wind
fields. The amplitude of the annual cycle is indicated by the length
of the arrow according to the scale in the figure. No arrow is plotted
when the amplitude is less than 1/20 of the full scale (0.25 m s01).
The phase is indicated by the direction of the arrow. An arrow point-
ing to the right indicates the eastward maximum for the zonal wind
or northward maximum for the meridional wind on 1 January, to the
top of the page on 1 April, etc.

dependent components must have smaller amplitude
than the respective zonally uniform components. The
equatorial westward propagating zonal wind anomaly,
indicated as an anticlockwise rotation of the arrows to-
ward the west in Fig. 1, has generally smaller amplitude
than the zonally uniform wind components. In partic-
ular, both the longitudinally uniform zonal and merid-
ional winds have the respective amplitude maxima of
about 3 m s01 around 87N, whereas the rms amplitude
of the zonal wind speed is about 1 m s01 along the
equator. Therefore, the amplitude of the extraequatorial
propagating signal can be as large as the amplitude of
the propagating signal along the equator. In order to
understand the nature of air–sea coupled system, it is
important to know the entire structure of the propagat-
ing components that might be obscured by more en-
ergetic zonally uniform components in the equatorial
and extraequatorial Tropics.

Only a few studies have examined the propagating
signals in the seasonal variations of the SST and wind
fields by removing zonally uniform components. Horel
(1982) found that the annual harmonic of the SST de-
parture from the zonal mean propagates westward, not

only along the equator, but in the region between the
equator and about 157S in the Pacific. For the zonal
wind speed, Mitchum and Lukas (1990) examined the
latitudinal energy distribution of the annual harmonic
of global wavenumber 03, which corresponds to the
phase speed of the westward propagating signal along
the equator. They reported that the energy peak is not
at the equator but at 77N, suggesting that the core of
the propagating signal in the zonal wind stress is lo-
cated away from the equator. However, they also
showed that the zonal wind stress reconstructed from
wavenumber components from 02 to 04 has larger
amplitude over the Indian monsoon region and smaller
amplitude over the central and eastern Pacific Ocean
along 77N. On the other hand, the equatorial propagat-
ing signal in zonal wind is prominent across the Pacific
basin (Meyers 1979; Lukas and Firing 1985). Hence,
the interaction between the equatorial and extraequa-
torial propagating signals is still unclear. The purpose
of the present study is, therefore, to examine the pres-
ence of westward propagating signals in the zonally
dependent seasonal variations of the wind and SST
fields and to understand the relationships between the
propagating signals.

The organization of the paper is as follows. In sec-
tion 2, the data and method of analysis are described.
The propagating signals detected in the zonally depen-
dent components are described in section 3 for the wind
and SST fields. These propagating signals are exam-
ined in terms of the relationships to the propagating
signals studied in the previous papers in section 4.
Summary and discussion are given in section 5.

2. Data and processing

The parameters investigated in this study are
monthly means of zonal and meridional surface wind
speeds and SST. The SST data were produced at the
National Meteorological Center on monthly 27 1 27
grid from 1970 to 1984 (Reynolds 1983). The surface
wind speeds are derived from wind pseudostress anal-
yses produced at The Florida State University (FSU).
The FSU wind fields are based on ship measurements
binned into 27 1 107 latitude–longitude regions and
then interpolated to a 27 1 27 grid (Goldenberg and
O’Brien 1981). Although the FSU data are available
from 1966 to 1989, we use the wind data during the
same period as the SST data. Surface pseudostress was
converted to surface wind speed, introducing a small
error that should not significantly affect the results.

Two averages are removed from any variable, s .
First, we ignore the longitudinally independent varia-
tion by removing the zonal mean over the tropical Pa-
cific from 1307E and 807W, ŝ , at each latitude and
month. Thus, departure from the zonal mean is given
by

s*(x , y , t) Å s(x , y , t) 0 Ps(y , t) , (1)
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FIG. 2. Eddy surface meridional wind speed along 87N from 1970
to 1984. Contour interval is 1 m s01. Negative values are shaded.

FIG. 3. Climatological monthly means of the eddy surface merid-
ional wind speed for two years along 87N. Contour interval is 0.5
m s01, and zero contours are not shown.

where x and y are the longitude and latitude respec-
tively, t is the time, the asterisk indicates the departure
from the longitudinal mean, which is from now on re-
ferred to as eddy field, following Lindzen and Nigam
(1987). Furthermore, in order to emphasize perturba-
tions from the mean states, climatological annual
means, that is, temporal averages over the record pe-
riod, are removed from the eddy field. Therefore, the
eddy monthly anomaly field, s**, is given by

s**(x , y , t) Å s*(x , y , t) 0 Vs *(x , y)

PÅ s(x , y , t) 0 Ps(y , t) 0 Vs(x , y) / Vs(y) , (2)

where prime indicates the anomaly from the climato-
logical annual mean, which is denoted by an overbar.
For simplicity, we henceforth use the term ‘‘eddy
field’’ to describe the eddy monthly anomaly field un-

less otherwise stated. All the variables are smoothed
with a 107 running mean in longitude, since we are
interested in basin-scale phenomena.

3. Propagating signals in wind and SST

We examine whether the eddy zonal and meridional
wind components exhibit propagating features at the
annual period between 307N and 307S. The most prom-
inent propagating signal is detected in the eddy merid-
ional wind (n**) along 87N, as shown in Fig. 2. The
propagating feature is remarkably regular from year to
year. However, the propagating signals are disturbed
in the western Pacific in association with El Niño
events. This is shown by the positive anomalies to the
west of the date line in autumn and winter associated
with the 1972/73, 1976/77, and 1982/83 El Niños,
whereas negative anomalies are dominant in this region
in the autumn and winter of non El Niño years. Figure
3 shows the climatology of the eddy meridional wind
along 87N. The climatology is calculated from the data
in individual years by averaging the data for each cal-
endar month. A positive (negative) anomaly starts
from the eastern side of the Pacific in May (December)
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FIG. 4. Annual complex amplitude of the surface meridional wind
speed, at 87N as a function of longitude. The arrows are drawn forIn,
every 107 in longitude toward the west. The dot mark indicates the
complex amplitude of the zonally uniform component, and theP

In,
relative position of the trajectory of the total amplitude with respect
to the dot mark is the complex amplitude of the eddy field, TheIn*.
relationship among the and is exemplified for those at 1307W.P

In, In*, In
The argument of the complex amplitude is the annual phase; phase
zero refers to the maximum on 1 January, the phase of 907 refers to
the maximum on 1 April, and so on. As one moves westward across
the Pacific basin, the trajectory rotates anticlockwise around the dot
mark, indicating westward phase increase and, hence, the westward
propagation in the eddy field.

and reaches the western side in June (November) of
the next year, taking approximately one year to cross
the basin. The meridional extent of the signal is roughly
from 47 to 127N. The existence of this propagating fea-
ture is also confirmed by the climatological wind ve-
locity field produced by Sadler et al. (1987). The rms
annual amplitude of the eddy meridional wind is 1.22
m s01 , which is larger than the rms amplitude of the
equatorial eddy zonal wind of 0.82 m s01 (0.93 m s01

when the zonal mean is not eliminated). In other
words, the extraequatorial zonally propagating signal
in the eddy meridional wind has larger amplitude than
the well-known propagating annual component of the
zonal wind speed along the equator. In the eddy zonal
wind field, although the longitudinally uniform sea-
sonal variation has been eliminated, a propagating sig-
nal is still found only along the equator. In the Southern
Hemisphere, a basin-scale propagating signal is ob-
served in neither the eddy zonal nor in meridional wind
components.

In order to show the relation between the eddy and
zonally uniform components of the meridional wind
along 87N, we plot the annual complex amplitude of
the meridional wind speed on a complex plane (Fig.
4) . The complex amplitude, is defined so that theIn,
variation due to the annual harmonic is represented as
the real part of where v is the annual frequency0ivt

Ine ,
and the tilde denotes the complex amplitude. The tra-
jectory of the complex amplitude makes a distinctive
anticlockwise circular pattern with approximately one
revolution, as one moves westward across the Pacific.
The anticlockwise rotation of the trajectory around the
zonally uniform amplitude, indicates westwardP

In,
phase increase, that is, the westward phase propagation,
in the eddy field, The total phase with respect toIn*.
the origin, however, does not continuously increase to-
ward the west across the Pacific since the origin is not
included inside the trajectory. The amplitude of the
eddy component is about 40% of the amplitude of the
zonally uniform component, indicating that the propa-
gating signal is obscured by the 2.5 times larger lon-
gitudinally independent component. The wavelength of
the eddy component is about 1307 in longitude. This
wavelength corresponds to a propagation speed of 0.45
m s01 , which is approximately the same as the propa-
gation speed for the equatorial zonal wind evaluated by
Meyers (1979) and Lukas and Firing (1985).

The seasonal atmospheric variations over the tropical
Pacific are expected to be strongly influenced by the
SST variations. An important mechanism in the prop-
agating equatorial zonal wind is considered to be
boundary-layer response (e.g., Horel 1982; Murakami
and Wang 1993; Xie 1994a). In this case, the bound-
ary-layer air temperature and density are modified by
SST through surface boundary-layer fluxes, so that the
pressure perturbation induced by the density perturba-
tion is negatively correlated with the SST perturbation.
Therefore, the pressure gradient forces the winds to

blow down gradient, namely, the winds are forced to
blow from a colder SST region to a warmer SST region
(Lindzen and Nigam 1987). Figure 5 shows that a
propagating signal is also detected in the eddy SST
gradient between 107N and the equator. The signal is
as regular as that in the eddy meridional wind com-
ponent along 87N. These two variables are generally in
phase, as evidenced by comparing Fig. 3 and Fig. 6a
for the climatologies. In other words, the eddy wind
blows northward when the northern eddy SST is
warmer than the equatorial eddy SST. This phase re-
lation is consistent with an interpretation of the wind
perturbation as the response of the boundary-layer pro-
cesses. As well as the propagating signal in the eddy
meridional wind speed, the propagating feature in the
eddy SST gradient is disturbed by El Niño events in
the western Pacific. In the mature stage of El Niños,
the SST in the eastern Pacific is warmer than normal,
yielding positive and negative eddy SST in the eastern
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FIG. 5. Same as Fig. 2 but for the eddy SST at 107N minus
eddy SST at the equator. Contour interval is 0.57C.

and western Pacific, respectively. Therefore, the eddy
SST gradient, which is out of phase with the equatorial
eddy SST, has positive anomalies in the western Pacific
in the El Niño years. The simultaneous occurrences of
the anomalous patterns in the eddy SST gradient and
meridional wind associated with the El Niños indicate
that a physically consistent relationship between wind
and SST is observed, even in the presence of the El
Niños.

As noted by Horel (1982), the eddy SST exhibits
westward propagation near and south of the equator,
but not north of the equator. This contrast between the
Northern and Southern Hemispheres is reflected in a
large eddy SST difference between the equator and
107N (Figs. 6b,c) , but not between the equator and
107S (not shown), explaining why a significant prop-
agating signal in the SST gradient is found north of the

equator. The propagating feature in the SST gradient
results from the propagating SST perturbation along the
equator, with minor contribution of the eddy SST at
107N, whose amplitude is about one-third of the equa-
torial amplitude.

The correlation coefficient, in longitude and time,
between the eddy meridional wind along 87N and the
eddy SST gradient between 107N and the equator is
0.65 for the entire record period based on three-month
running means, and the coefficient between the eddy
meridional wind and equatorial eddy SST is00.49. For
these parameters, the decorrelation scales, at which the
respective autocorrelation coefficients become zero, are
3.8–5.1 months in time, and 327–447 in longitude.
Therefore, there are 120[É(15 1 12/5.1) 1 (150/
44)] degrees of freedom for the data for 15 years for
a 1507 longitude strip, yielding a 95% significant cor-
relation level of 0.18. Therefore, both the SST gradient
and equatorial SST are significantly correlated with the
meridional wind. Although the eddy SST at 107N itself
is not significantly correlated with the eddy meridional
wind, the extraequatorial SST contributes to producing
the higher correlation coefficient associated with the
SST gradient than the coefficient associated with the
equatorial SST alone. Furthermore, for the climatolog-
ical monthly means, the correlation coefficient between
the eddy SST gradient and eddy meridional wind is
0.76, and the coefficient between the equatorial eddy
SST and eddy meridional wind is 00.52. Therefore,
the SST gradient explains the one-half of the total vari-
ance of the climatological mean eddy meridional wind,
but the equatorial SST, by itself, explains much less.
Consequently, the SST along the equator is of primary
importance in the propagating eddy meridional wind,
with a secondary contribution from the SST in the
Northern Hemisphere.

The high correlation coefficient between the eddy
meridional wind and SST gradient does not, in itself,
constitute proof of a causal linkage between the two
parameters. The aforementioned physically consistent
phase relationship between them, however, suggests
that the eddy meridional wind is controlled by the SST
gradient through boundary-layer processes. Further-
more, if the eddy meridional wind is not controlled by
the eddy SST gradient, other forcings of the atmosphere
must be responsible for the propagating feature in the
meridional wind. This is unlikely the case. Convective
heating might be as important as the SST gradient to
force the surface wind fields. As a proxy for convective
activity, outgoing longwave radiation (OLR) is widely
used. However, it is known that the annual component
of total OLR (without removing the zonally uniform
component) propagates eastward along the equator
(Murakami and Wang 1993) and along 107N between
1507E and 1207W (Wang 1994a). We have also ex-
amined the eddy OLR field using OLR data between
1974 and 1987 (Gruber and Krueger 1984) but have
not found any evidence of westward propagation of the
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FIG. 6. Same as Fig. 3 but for (a) the eddy SST at 107N minus eddy SST at the equator, (b) the eddy SST at the equator, and (c) the eddy
SST at 107N. Thick solid (dashed) curve in (a) indicates the positive (negative) maximum in the eddy meridional wind speed at 87N shown
in Fig. 3. Contour interval is 0.37C, and zero contours are not shown.

annual signal. The energetic seasonal variation of the
convection over the central America might be capable
of forcing the meridional wind component indepen-
dently of SST as demonstrated by Mitchell and Wallace
(1992). However, the continental heating cannot solely
cause the propagating signal over the basin at the an-
nual period but is expected to force the standing oscil-
lation in the eddy fields. Therefore, the variations in the
meridional eddy wind is most likely to be due to the
variations in the eddy SST field, regardless of whether
or not the former significantly influences the latter.

In the central and eastern Pacific, it is well known
that the equatorial SST propagation is associated with
the seasonal development of the cold tongue (e.g.,
Horel 1982). In the western Pacific, however, the prop-
agating feature is not clearly seen in the total SST; the
annual phase propagation from the eastern Pacific
along 27S, the equator, and 27N are detected as far as
the date line, 1657E, and 1507E, respectively (not
shown). On the other hand, the phases of the eddy SST
propagate continuously toward the west as far as 1507E
along all these latitudes. The difference in the propa-
gating features between the total and eddy fields sug-
gests that the propagating signals in the western Pacific
are obscured by the zonally uniform components. Fur-
thermore, the longitudinal continuity of the propagating
feature to the east and west of the date line implies that
the seasonal evolution of the cold tongue also produces
the propagating feature in the western Pacific as well
as in the central and eastern Pacific. The propagating
character, however, is weaker in the western Pacific
than in the central and eastern Pacific. The phase

change per unit longitude in the eddy SST gradient be-
tween 1507E and the date line is about one-half of that
between the date line and South American coast. The
weaker propagating feature probably reflects the
smaller magnitude of the temperature variations asso-
ciated with the cold tongue.

4. Relationship to propagating signals in other
parameters

It is interesting to examine the linkages between the
propagating signal in the eddy meridional wind and the
other propagating features previously reported. The
propagation of the wind convergence along the equator
reported by Horel (1982) can be shown to be related
to the propagating feature in the eddy meridional wind
speed along 87N. The propagating signal in the equa-
torial eddy wind convergence is only a minor portion
of the propagating signal of the eddy wind convergence
centered along 47N (Fig. 7a) , as evidenced by the fact
that the eddy wind convergence along the equator is in
phase with that at 47N, and the former has roughly 0.6
times smaller amplitude than the latter. Westward prop-
agation along 47N is evident to the east of the date line,
and the eddy wind convergence along 127N also prop-
agates toward the west in the same region (Fig. 7b).
The eddy wind convergence along 47N (127N) is out
of phase (in phase) with the eddy meridional wind at
87N. These phase relationships indicate that when the
eddy meridional wind blows northward (southward),
the eddy wind diverges within several degrees latitude
to the south (north) and converges to the north (south)
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FIG. 7. Same as Fig. 3 but for the eddy wind convergence along
(a) 47N and (b) 127N. Contour interval is 1.0 1 1006 s01, and zero
contours are not shown.

of 87N, respectively. The wind convergence in the
Tropics is mainly contributed by the meridional wind
speed because the meridional length scale is much nar-
rower than the zonal length scale. The meridional scale
around 87N is especially narrow to the east of the date
line as shown in Fig. 1, associated with the presence of
the intertropical convergence zone (ITCZ). Therefore,
the propagating signal of the eddy meridional wind
along 87N reflects in the propagating signal in the eddy
wind convergence at 47 and 127N to the east of the date
line, though the eddy anomaly in the meridional wind
continuously propagates across the entire basin.

Mitchum and Lukas (1990) found a bimodal feature
in the annual westward propagating signal in sea level
displacements in the western Pacific around 77N based
on island tide gauge data. They showed that the annual
phase of the sea level displacement propagates west-
ward in non–El Niño periods, whereas in the El Niño
periods the phase is longitudinally uniform. The prop-
agation speed was estimated as 0.5 m s01 and was the
same as the propagation speeds of the equatorial zonal
wind and eddy meridional wind at 87N. Mitchum and
Lukas (1990) hypothesized that the westward propa-
gating feature in the sea level displacement results from
the resonantly forcing by the westward propagating
wind field. Furthermore, based on the fact that the sim-
ilar interannual modulation is observed in the equato-
rial zonal wind, they suggested that the interannual
modulation in the propagating wind field causes the
bimodal feature of the propagating signal in the sea
level displacement. As shown in the previous section,
the propagations in the eddy meridional wind speed at
87N are also seen only in the non–El Niño years in the
western Pacific. The qualitative agreement in the inter-
annual modulation of the propagating signals between
the equatorial zonal wind and eddy meridional wind at
87N suggests the existence of a relationship between

these two fields. Therefore, we speculate that the west-
ward propagations in the two wind fields are the two
aspects of a single westward propagating phenomenon.

5. Summary and discussion

We have shown that a prominent and well-organized
annual westward propagating signal is detectable in the
longitudinally dependent component of the meridional
wind speed along 87N across the Pacific Ocean. The
propagating signal in the eddy meridional wind has
larger amplitude than the well-known westward prop-
agating zonal wind component along the equator. The
mechanism responsible for the seasonal variation of the
eddy meridional wind speed is most likely to be the
boundary-layer baroclinity induced by the SST varia-
tions. This interpretation is supported by the high cor-
relation coefficients between the eddy meridional SST
gradient to the north of the equator and eddy meridional
wind and by the consistent relationship between these
two parameters observed in individual years.

The existence of the atmospheric propagating feature
in the Northern Hemisphere is attributed to the propa-
gating eddy SST along the equator and in the Southern
Hemisphere. However, it is not explained why the SST
propagation is seen in the Southern Hemisphere and
not in the Northern Hemisphere. In order to answer this
question, further investigations on the seasonal SST
changes are necessary by two approaches. One ap-
proach is to clarify the mechanisms of the seasonal SST
response forced by local or remote atmospheric forc-
ings. The other is to investigate the SST and wind vari-
ations from the point of view of the air–sea coupled
system since the effect of the seasonal SST changes on
the atmospheric variations cannot be ignored.

Although the propagating feature of the equatorial
SST have previously been considered to affect atmo-
spheric variations in a narrow band within a few de-
grees from the equator, the present results indicate that
the equatorial SST induces propagating features in the
atmospheric variations as far north as 127N. This result
emphasizes the importance of the SST propagation for
the understanding of the air–sea coupled processes on
the seasonal timescale. Therefore, the mechanism re-
sponsible for the annual westward propagation of the
SST anomaly is of particular interest. Recently, Chang
(1994) suggested that the wind forcing plays an essen-
tial role for the SST propagation along the equator, al-
though the surface heat flux forcing dominates the sea-
sonal cycle of SST in most areas of the tropical Pacific.
Xie (1994a) proposed a linear theory in which the in-
teraction between the ocean mixed layer and atmo-
spheric boundary layer is responsible for the equatorial
westward propagation in both the zonal wind stress and
SST. Using a linear model, Minobe and Takeuchi
(1995) showed that the oceanic first meridional mode
Rossby wave is important for the SST propagation in
the central Pacific through the zonal SST advection.
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The SST change in the Southern Hemisphere, where
the annual eddy SST component also exhibits the west-
ward propagation, cannot be attributed to the oceanic
responses associated with either the equatorial waves
or equatorial upwelling. Mitchell and Wallace (1992)
attributed the broad SST cooling Ç107S in the tropical
Pacific from August to October to the increases and
spreading of stratocumulus cloud decks. They noted the
possibility of the feedback processes between the SST
and cloud cover.

Recently, using linear eigenmode analyses, Chang
and Philander (1994) showed that an unstable mode
contributes to the westward propagating feature in the
annual cycle of near-equatorial zonal wind and SST.
This mode has the symmetric meridional profiles of the
SST and zonal wind anomalies and antisymmetric me-
ridional wind anomaly. In the present study, however,
the meridional structure of the propagating signal in the
eddy fields exhibits significant asymmetry about the
equator. The asymmetry of the propagating features
probably reflects the asymmetry in the mean states of
the tropical atmosphere and ocean; that is, the ITCZ
exists in the Northern Hemisphere over the relatively
warm SST region in the central and eastern Pacific. The
asymmetries in the mean states arise from the air–sea
interaction (Xie and Philander 1994; Xie 1994b), and
modify the seasonal evolution of the SST and wind
fields from that without the asymmetric mean states
(e.g., Mitchell and Wallace 1992). Therefore, it is im-
portant to examine how the asymmetry of the mean
states with respect to the equator affect the annual west-
ward propagating signal in theoretical or model studies.
Recently, air–sea coupled general circulation models
(CGCMs) simulated the realistic seasonal variation
forced by only external solar forcing (e.g., Nagai et al.
1992). It would be of interest to analyze the eddy fields
produced by the CGCMs to study the mechanism of
the propagating signals.

Although essential features of the propagating signal
in the eddy fields might be explained by a single air–
sea coupled mode, the mode might interact other air–
sea coupled modes. Wang (1994b) analyzed the ob-
served wind and SST fields in the central and eastern
tropical Pacific in terms of the symmetric and antisym-
metric components. He pointed out that the propagating
symmetric mode (symmetric SST and zonal wind with
antisymmetric meridional wind), which is responsible
for the equatorial SST propagation, is regulated by the
nonpropagating antisymmetric mode. The antisymmet-
ric mode is forced by annual cycle in the differential
solar insolation between the Northern and Southern
Hemispheres. In order to explain the complex nature of
the seasonal evolution of the tropical atmosphere and
oceans, such interactions between the different coupled
modes should be taken into account in further investi-
gations.
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