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ABSTRACT

Along the equator, annual mean 200-mb zonal wind is approximately in phase with annual mean outgoing
longwave radiation (OLR); namely, easterlies are strongest above the convective center over the maritime
continent, while westerlies reach their maximum just above the dry zone over the equatorial Pacific. This is
much different from what is anticipated by theories that predict that the phase of the upper-tropospheric zonal
wind is in quadrature with that of the prescribed heating. The present study provides evidence that the midlatitude—
equatorial coupling is primarily responsible for the maintenance of the annual mean total 200-mb zonal winds
along the equator, whereas convection contributes a great deal to the annual mean upper-level equatorial
divergent winds. Annual cycles occurring over the extratropics act as a transient eddy forcing of the equatorial
annual mean 200-mb zonal wind through three-dimensional convergence of localized Eliassen-Palm (E-P)
fluxes. They are acting to accelerate the 200-mb annual mean westerlies (easterlies) over the equatorial eastern
Pacific (Indian Ocean) where E-P fluxes are horizontally divergent (convergent). The baroclinic contribution,
acting through the meridional heat flux due to annual cycles, appears to be minimal.

The annual cycles differ remarkably between the equatorial Indian and eastern Pacific oceans. The annual
cycle in the equatorial Indian Ocean is characterized by 1) the eastward phase propagation of monthly mean
anomaly zonal winds with an inverse relationship between the surface and 200 mb (i.e., baroclinic structure in
the vertical ), and 2) the highest SST occurring about three (four) months prior to the strongest surface westerlies
(minimum OLR). The annual cycle in the equatorial eastern Pacific exhibits coherent westward propagation
of monthly mean anomaly SST and surface zonal winds, indicating the importance of planetary boundary-layer
processes. On the other hand, the annual cycle of 200-mb equatorial zonal winds (the upper-level east-west
circulation ) is largely of standing wave character, while the annual cycle of OLR is of propagating wave character,
implying that the equatorial convection contributes little to the annual cycle of the upper-level east-west equatorial
circulation. It is shown that the annual cycle in the upper-level zonal winds over the equatorial eastern Pacific
is largely controlled by a pronounced annual cycle of the 200-mb zonal wind occurring in the extratropics of
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each hemisphere.

1. Introduction

The annual cycles of the tropical atmosphere and
ocean have been comprehensively described in a num-
ber of atlases of monthly means derived from ship and
island observations (Taylor 1973; Wyrtki and Meyers
1975; Hastenrath and Lamb 1978; Weare et al. 1980;
Sadler et al. 1987). Based upon these useful databases,
many subtle and significant signals have been delin-
eated. The annual cycle in surface winds is primarily
dominated by meridional migration of the trade-wind
belts of both hemispheres (Wyrtki and Meyers 1976).
The annual cycles in sea level pressure and rainfall
have been documented in terms of the amplitude and
phase of the annual and semiannual harmonics ( Hsu
and Wallace 1976; Dorman and Bourke 1979; Wang
1992a). An extensive investigation of annual cycles in
sea level pressure, surface winds, sea surface temper-
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ature (SST), and precipitation over the Pacific was
carried out by Horel (1982). He showed that 1) annual
cycles in horizontal pressure gradient are kinematically
consistent with the corresponding cycles in wind speed
over the tropics, and 2) the annual cycles in rainfall
and surface convergence have some common features,
particularly in the equatorial regions dominated by
convection.

It has been recognized in recent years that interan-
nual variability, especially variability associated with
the El Nifio-Southern Oscillation (ENSQ), is closely
related to the annual variability. For instance, the an-
nual cycle seems to play an active role in modifying
El Nifio (Ramage and Hori 1981; Rasmusson and
Carpenter 1982); a strong and weak annual cycle in
the tropical Indian and western Pacific oceans tends
to correspond to, respectively, El Nifio and La Nifa
(Meehl 1987); the biennial mode of ENSO variability
is tightly phase locked with the interannual variation
of the annual cycle (Rasmusson et al. 1990). Further-
more, the annual cycle involves, to some extent, air~
sea interactions possibly similar to those that determine
the Southern Oscillation (Philander 1990). The sys-
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tematic phase change in the annual cycle of SST in the
eastern Pacific is evidently correlated with annual cycles
in surface winds, suggesting air-sea interactions oc-
curring on an annual time scale (Horel 1982). Another
example is the coherence between the annual march
of the intertropical convergence zone (ITCZ) and an-
nual changes in surface winds and SST in the cold-
tongue region of the equatorial eastern Pacific (Wallace
et al. 1989). Mitchell (1990) noticed an interaction
between continental and oceanic convection in the
America-Africa sector and spring-fall asymmetry in
equatorial convection over this region. The close con-
nection between annual and ENSO variabilities makes
it necessary to examine the annual variability of the
tropical atmosphere and ocean in order to fully un-
derstand ENSO variability.

This study investigates the annual cycle of the at-
mospheric circulation and SST over the global tropics:
in particular, the equatorial Pacific and Indian oceans,
which are the core regions of ENSO variability. In this
equatorial waveguide, the ocean mixed layer tends to
respond to changes in zonal wind stress most sensi-
tively. The annual cycle of the zonally oriented Walker
circulation is a major focus of the present study.
Bjerknes (1969) defined the Walker circulation as a
thermal circulation driven by the gradient of sea surface
temperature along the equator. The updraft portion
was inferred from the profile of surface pressure. This
is subject to some ambiguity. In the present study, the
updraft center was determined from outgoing longwave
radiation (OLR ) data averaged over an equatorial belt
from 5°S to 5°N. The updraft center was also identified
from the upper-level divergent wind field, which is
generally in good agreement with OLR. Although the
divergent winds well reflect a thermal circulation, the
investigation into air-sea interaction requires the total
surface winds, rather than the divergent part of winds
alone. For this reason, the equatorial east-west (E-W)
circulation, as defined in this study, refers to the lon-
gitudinal distribution of total zonal winds. Its annual
cycle is described in terms of month-to-month varia-
tions of anomaly zonal winds. The annual cycles of
SST and atmospheric variables away from the equator
can largely be explained by the annual cycle in solar
heating and associated thermal and dynamical pro-
cesses. However, the annual variation in the equatorial
region is much more complex due to the involvement
of the monsoons, trade winds, and midlatitude influ-
ences and the complex air-sea-land interactions.

We first document the annual mean fields in section
3, following a brief description of the data and meth-
odology in section 2. In section 4 the physical processes
that maintain the annual mean equatortal E-W cir-
culation are examined, with particular attention paid
to the July and January mean wind fields over the
global tropics. Section 5 describes annual cycles of the
E-W circulation over the equatorial Indian and Pacific
oceans. The last section summarizes our primary re-
sults.
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2. Data

The datasets used in the present research include the
climatological monthly mean fields of SST, sea level
pressure (p;), and surface zonal (#;) and meridional
(v,) winds derived from the Comprehensive Ocean—
Atmosphere Data Set (COADS) for the period 1900-
1979 by Sadler et al. (1987), the climatological
monthly mean OLR derived from NOAA satellite ob-
servations for a 10-year period 1975-1977 and 1979~
1985, and the climatological monthly mean 200-mb
zonal (u20) and meridional (v90) Winds derived from
the ECMWEF (European Centre for Medium-Range
Weather Forecasts) gridded global analysis for the pe-
riod 1980-1987.

OLR data are used to infer the amount of deep con-
vection and rainfall in the tropics. This is based upon
a reliable and good negative correlation between
monthly rainfall and OLR (e.g., Motell and Weare
1987). In view of the scarcity of rainfall data in the
tropics, OLR data are valuable for deducing deep con-
vection, rainfall, heat sources, and vertical motion. The
inferences, however, must be regarded as an approxi-
mation to these quantities, but with firm qualitative
confidence.

During the eight-year period 1980-1987, the analysis
and initialization scheme used at ECMWF changed
considerably. Trenberth and Olsen (1988) carefully
evaluated ECMWF analysis and pointed out its frailties
and weaknesses. In particular, the divergent part of
winds appears to be quite small; however, the monthly
mean velocity potential field computed from ECMWF
wind data turns out to be well correlated with the
monthly mean OLR pattern. Encouraged by this
agreement, we use in the present study the ECMWF
climatological monthly mean wind analyses as the basic
dataset for the investigation into annual cycles over the
global tropics from 40°N to 40°S.

For each variable, the climatological monthly mean
fields are decomposed into annual means, annual and
semiannual harmonics, and a residual, using Fourier
analysis in the time domain. The annual variation of
a variable is referred to as “month-to-month changes”
in its 12 monthly mean anomalies with reference to
the corresponding annual mean, and is denoted by an
asterisk ( )*.

3. Annual mean perturbation

This section investigates the annual mean climatol-
ogy. The notation { ) is introduced to signify the
annual mean.

a. Annual mean perturbation along the equator

Figure 1 is prepared to investigate the phase rela-
tionship among the annual mean {1, ) and (1500 Y (a),
{SST) and (OLR ) (b), and {p;), {v;), and {00 )
(c) perturbations along the equator. An approximate
out-of-phase relationship exists between (u,) and
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FIG. 1. Annual mean perturbations along the equator averaged between 5°N and 5°S: (a) 200-mb and surface zonal winds,

(b) SST and OLR, and (c) 200-mb and surface meridional winds, and surface pressure.
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{ua00 ), indicating that the annual mean zonal wind
perturbation along the equator is of baroclinic structure
in the vertical. The upper-level branch of the equatorial
E-W circulation is defined by {00 ) westerlies (east-
erlies) to the east (west) of about 160°W. The low-
level branch of the E-W circulation is signified by sur-
face easterlies (westerlies) over the eastern and central
Pacific (the western Pacific and eastern Indian Ocean).
In Fig. 1b, one notes an approximate association of
low (SST) with high (OLR ), and high {SST) with
low (OLR ). Thus, it appears that {(SST ) is respon-
sible, at least partially, for the enhancement of con-
vection over the maritime continent (100°-150°E),
which corresponds to an updraft portion of the annual
mean E-W circulation. A comparison between Figs.
la and Ic displays a { #,) wind perturbation in quad-
rature with a {ps) perturbation. Roughly speaking,
{uyy is westerly (easterly) in regions of negative (pos-
itive) zonal s y gradient along the equator. Figure Ic
further illustrates that everywhere along the equator,
v,y is negatively correlated with { v ). For example,
the annual mean local Hadley cell along 120°W is as-
sociated with the cross-equatorial surface southerlies
as its low-level branch, while the cross-equatorial 200-
mb northerlies representing its upper-level branch.

The most important implication in Fig. 1 is that
(OLR ) is nearly in phase with { #90 ), while approx-
imately out of phase with (. This indicates that the
negative (OLR ) anomaly is in quadrature with the
east-west {100 y zonal divergence and/or {u; ) zonal
convergence anomaly. The downdraft leg of the E-W
circulation appears to be located over the eastern Pacific
around 130°-140°W, where (OLR ) is a maximum
(persistent dry weather ). Yet, neither east-west ( #290 )
convergence nor east-west (u5> divergence is encoun-
tered in the immediate vicinity of the downdraft leg.
The central equatorial Pacific around 170°E-160°W
is characterized by a major east-west { i, ) convergence,
capped by a maximum east-west <u200> divergence.
This region cannot, however, be identified as an updraft
portion of the equatorial E-W circulation, since con-
vection is inactive over the equatorial central Pacific.
On the other hand, the convectively active maritime
continent (100°-~150°E) is a region of near-zero east—
west convergence (divergence) in (1) ((z00)).
Hence, both {u) and (00 ) zonal wind perturbations
contribute little to the annual mean convective activity
over the maritime continent. Farther to the west over
the central Indian Ocean (80°-100°E), { u;) westerlies
and (1,00 ) easterlies are both converging, which is not
congruent with a substantially low (OLR ) of about
230 W m™2. In summary, everywhere along the equa-
tor, (OLR ) is essentially not correlated with an east—
west convergence anomaly in the surface and 200-mb
zonal wind perturbations.

The local Hadley circulation, which is associated
with both the surface and 200-mb meridional winds,
appears to play a crucial role in determining a net local
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convergence along the equator. At the surface (200
mb) over the equatorial central Pacific, an east-west
{us )y converger:ce (( txo0 ) divergence) is overcompen-
sated for by a prominent north-south (v, ) divergence
({v200 ) convergence), which is implied by the down-
draft and persistent dry weather (high ( OLR }) there.
Over the maritime continent between 100° and 150°E,
the annual mean convective activity must be supported
by strong north-south <vs> convergence and north-
south {90 ) divergence, because the contribution to
total vergence due to {u,) and Uz is minimal, as
stated earlier. Similarly, over the equatorial Indian
Ocean, the Hadley-type north-south vertical over-
turning ({v,) and {90 ») contributes most to the net
local convergence. These points will further be elabo-
rated on later.

The foregoing property of the annual mean E-W
circulation along the equator is much different from
what is anticipated by theories on the atmospheric re-
sponse to a prescribed equatorial heat source (Gill
1980; Lim and Chang 1983; Lau and Lim 1984). All
theories predict an east-west upper-level divergence
and/or low-level convergence anomaly in phase with
the prescribed heating. Accordingly, the model-pro-
duced upper-level westerlies (low-level easterlies) are
strongest at a quarter-wavelength eastward of the heat-
ing. Conversely, at a quarter-wavelength westward of
the heating are the strongest upper-level easterlies (low-
level westerlies). These model-predicted zonal winds
are at odds with the observed annual mean ( 15 » and
sy zonal winds in Fig. la. The observed {u,) west-
erlies are strongest (2.1 m s™') at the central Indian
Ocean near 80°E, that is, at a halfway point between
the downdraft leg (cooling) off the east coast of Africa
and the updraft leg (heating) over the maritime con-
tinent. This is in qualitative agreement with Gill’s so-
lution. The observed { 1o ) easterlies are not strongest
near 80°E, however, but maximum around 100°-
150°E, that is, just above the updraft leg (heating) over
the maritime continent. Similarly, right above the
downdraft leg (cooling ) over the eastern equatorial Pa-
cific around 130°W are the strongest <u200> westerlies
overlaying the most intense { u,  easterlies. As such, a
large difference exists between the observed and model-
produced zonal wind perturbations along the equator.
Such disagreement leads us to question whether or not
the annual mean heating as determined by (OLR)
along the equator is really responsible for the enhance-
ment of equatorial () and () perturbations.
Other questions that need to be addressed include:
What influence does the annual cycle have in main-
taining the annual mean zonal wind perturbations? To
what extent do the extratropics of both hemispheres
exert some measure of control upon the equatorial
zonal wind perturbations? In an effort to answer these
questions, the next subsection provides additional in-
formation on the global aspects of annual mean per-
turbations from 40°N to 40°S.
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b. Annual mean OLR and 200-mb circulation over
the global tropics

In Fig. 2a, the annual mean ( OLR ) is less than 224
W m~? over equatorial Africa (10°-30°E) and equa-
torial South America (60°-80°W). These are two
equatorial continents of active convection throughout
the year. Accordingly, the effect of continentality ap-
pears to be as important as, or even more important
than, the SST effect in enhancing active convection
along the equator. The (OLR ) is also less than 224
W m~2 over Indonesia between about 90°E and 160°E.
Although Indonesia is in the middle of the world’s
warmest SST pool, it may act, in some ways, like a
very moist continent (commonly termed a maritime
continent). Near these convectively active equatorial
landmasses, (OLR ) is approximately symmetric about
the equator. Over the eastern sectors of the Pacific and
Atlantic oceans, however, (OLR ) is asymmetric with
reference to the equator with the minimum (OLR )
around 10°N (the eastern Pacific) or 5°N (the eastern
Atlantic). In general, these latitudes are characterized
by the highest ( SST ), implying the coincidence of the
thermal equator with the most active convective zone.

Gill (1980) showed that the atmospheric response
to a symmetric heat source is trapped in an equatorial
duct, which is determined by the equatorial Rossby
deformation radius and extends about 15 degrees of
latitude away from the equator. At the upper tropo-
sphere, west of the prescribed heating is a Rossby wave
response with upper-level easterlies sandwiched be-
tween two identical anticyclonic centers straddling the
equator. East of the forcing is a Kelvin wave response
with the strongest upper-level westerlies along the
equator. The Kelvin wave response has an appreciable
secondary circulation in the equatorial plane and is
often referred to as the divergent part of the E-W cir-
culation (Krishnamurti 1971).

A glance at Fig. 2b indicates that the observed 200-
mb equatorial westerlies are not trapped in the equa-
torial latitudes, but occur as a part of a westerly duct
that stretches across the eastern North and South Pacific
and, thus, bridges the two hemispheres. This westerly
duct is most pronounced along about 120°-150°W
due to the equatorward penetration of midlatitude
westerlies in and around the upper-tropospheric
oceanic troughs over the eastern North and South Pa-
cific. The meridional scale of the north-south extended
westerly duct is on the order of 80° of latitude or even
longer. Furthermore, the 200-mb equatorial westerlies
near 130°W are strongest at some 80°-100° longitude
away from the most active convective center near New
Guinea. Perhaps there is no direct association between
200-mb westerlies over the eastern Pacific and equa-
torial convection over the maritime continent.

The meridional scale of the surface { u; ) trade winds
is comparable to the corresponding scale of the 200-
mb westerly duct. At 160°W, for instance, { u; ) is east-
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erly at all latitudes between 30°N and 30°S with a
maximum intensity (10 m s~') at 15°N (refer to the
surface wind maps prepared by Sadler et al. 1987).
Equatorward of that latitude, the  #, ) trades diminish
considerably, amounting only to less than 5 m s~ at
the equator. In Fig. 1a, the equatorial E-W circulation
was defined as an east—west vertical cell with the surface
{usy trades capped by (u0) westerlies along the
equator over the central and eastern Pacific. The E-W
circulation thus defined is not trapped in the equatorial
latitudes; thus, it cannot be identified as a Kelvin re-
sponse occurring to the east of heat sources along the
equator. In fact, it is a part of the laterally extended
east-west vertical cells (surface  u,y easterlies capped
by (uz00 ) westerlies aloft) with their maximum inten-
sity not at the equator, but at subtropical latitudes in
each hemisphere. This point should be kept in mind
when examining the nature of the E-W circulation as
defined along the equator.'

Over and west of the most active annual mean con-
vection near the maritime continent are prominent
equatorial 200-mb easterlies, which are sandwiched
between the zonally oriented Northern Hemisphere
ridge axis along about 15°N and the Southern Hemi-
sphere counterpart around 10°S. Farther poleward, the
Northern Hemisphere jet stream prevails near Japan
and the Southern Hemisphere jet stream dominates
Australia. Undoubtedly, the Japanese and Australian
jet streams are enhanced by the annual mean local
Hadley circulation, as pointed out by Sardeshmukh
and Hoskins (1988). In Fig. 2¢, the local Hadley cir-
culation is defined by the annual mean divergent me-
ridional wind (0,00 Y(X). Interestingly, {000 )(X) is
asymmetric about the equator, emanating from the
upper-level outflow center over the maritime continent.
In the Northern (Southern) Hemisphere, {v20)(X)
southerlies (northerlies) tend to accelerate the jet
stream near Japan ( Australia). ,

A comparison between Figs. 2a and 2c reveals an
approximate agreement between convective centers
(low (OLR)) and divergent outflow centers (high
(X200 y) along the equator. The intensity of a local
Hadley circulation can be measured by the magnitude
of (1290 Y(X). The local Hadley circulation appears to
be most pronounced along about 130°E with the mag-
nitude of (v y(X) exceeding 2 m s™' near 25°N and
20°S, respectively. The intensity of { 00 Y(X) s largely
determined by the difference in diabatic heat sources
between the equator and the midlatitudes. In addition,
there is also a tendency for the equatorial <u200> east-
erlies over the maritime continent to accelerate pole-

! As stated earlier, the E-W circulation is of approximate baroclinic
character in the vertical. To facilitate the following discussion in the
reminder of section 3, our attention will be focused on the structure
of 200-mb zonal wind perturbations, that is, no further mention will
be made of the surface zonal wind perturbations.
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ward divergent { v y(X) flows due to the beta effect.
On the other hand, the magnitude of zonal divergent
winds [as signified by {uz0 »(X)] appears to be less
pronounced, being only on the order of about 1 m s},
Over the western and central Pacific (uz0 Y(X) is west-
erly, emanating from the updraft center over the mar-
itime continent and converging into the downdraft
portion over the eastern Pacific. This westerly
{00 y(X) flow represents a divergent part of the equa-
torial E-W circulation over the equatorial Pacific. Note
that a major part of the E-W circulation is nondiver-
gent. The horizontal scale of the (100 Y(X) divergent
cell, as measured by the longitudinal difference between
the updraft and downdraft legs, is about 12 000 km,
which is more than three times as large as the corre-
sponding latitudinal scale of the local Hadley circula-
tion. This may be one reason why the divergent E-W
circulation along the equator is substantially weaker
than the local Hadley circulation along 130°E. In gen-
eral, the local Hadley circulation contributes most to
the net local convergence field along the equator. These
local Hadley circulations are thermally direct between
about 80°E and 160°W (i.e., ascending warm equa-
torial air and descending cold midlatitude air), while
they are thermally indirect between 140°W and 80°W
(Fig. 2c). In general, the variability of { 4290 )(X) along
the equator is much smaller than the corresponding
longitudinal variability of (ux ). For example, be-
tween 140°E and 130°W along the equator, #4500 y(X)
changes from near zero to about 1.0 ms™', while
{ ta00 y increases as much as 15 m s™' from —10 m s~
to+5ms™!.

In this subsection an attempt has been made to in-
vestigate the characteristic features of annual mean
motions not only in the global tropics, but also in the
extratropical latitudes of both hemispheres. Away from
the equator, the motion fields exhibit a significant dif-
ference from one season to another. This seasonality
and its possible contribution to the maintenance of
annual mean perturbations over the tropics are inves-
tigated by comparing the July and January mean wind
fields in the next section 4. Of course, we are aware
that the annual cycle of any variable indicates the tem-
poral asymmetry (or skewness) and, thus, the difference
between the January and July mean variables is not
an exact representation of the annual cycle. To save
space, however, the monthly mean maps in other
months (say, April and October) are not reproduced
here.

4. July and January mean perturbations over the
global tropics

a. July mean perturbations

In July when the northern summer is at its peak,
both OLR and X fields (Figs. 3a and 3c) exhibit distinct
asymmetry with three major convective outflow centers
about 10° to 15° of latitude north of the equator over
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North Africa, the Bay of Bengal-Philippines, and Cen-
tral America, respectively. The July mean 200-mb
winds are also largely asymmetric about the equator
(Fig. 3b). The Northern Hemisphere is dominated by
two prominent anticyclonic cells over Tibet and Mex-
ico, with oceanic troughs over the Pacific and Atlantic
oceans.

Poleward and equatorward divergent outflows from
the Indochina~Philippines region represent the upper-
level branch of the local Hadley circulation dominating
the eastern hemisphere between about 90° and 150°E.
One immediate effect of this local Hadley circulation
is the enhancement of the wintertime jet stream near
Australia, which is much stronger than the annual
mean Australian jet (refer to Fig. 2b). In contrast, the
summertime westerly jet near Japan becomes much
less dominant than the annual mean jet.

Equatorward of the Tibetan anticyclone are prom-
inent northeasterlies, eventually crossing the equator
over the Indian Ocean (Fig. 3b). Thus, these north-
easterlies carry easterly momentum into the Southern
Hemisphere. In other words, there exists a northward
flux of westerly momentum across the equator. Fur-
thermore, the northeasterlies are generally subgeo-
strophic and, accordingly, cross the geopotential height
contour from high to low. This results in an equator-
ward flux of wave energy that originates in regions of
active monsoon rains over the Asiatic monsoon do-
main (refer to Murakami 1974a).

Of particular interest in Fig. 3 is that the Tibetan
monsoon anticyclone is located some 30° to 50° lon-
gitude northwestward of the divergent center near the
Philippines. The July mean rainfall over the south-
eastern Tibetan plateau amounts to only about 150
mm, which is less than one-half the rainfall over the
summer monsoon region covering India, Indochina,
the South China Sea, and the western North Pacific
(Fig. 8.2 of Murakami 1987). This justifies the finding
in Fig. 3¢ that the overall divergent center in July is
located near the Philippines. Murakami (1974a,b)
emphasized the importance of the beta effect as well
as nonlinear effects (including the vorticity advection
due to the divergent part of the winds) in maintaining
the Tibetan anticyclone. Murakami’s model was ca-
pable of reproducing the summer monsoon circulation
with a distinct phase difference between the Tibetan
anticyclone and the divergent outflow center. On the
other hand, Sardeshmukh and Held (1984) made a
detailed analysis of the vorticity balance of the summer
mean flows obtained from numerical experiments.
They showed that the vorticity balance is essentially
inviscid, that is, has no need of a strong frictional
damping of vorticity. These results are basically the
same as those obtained in Murakami’s ( 1974a,b) model
experiment. Based on the three-year observed data
from 1970 to 1972, Murakami (1978) confirmed that
the divergent center is located near the Philippines,
while the anticyclonic center is encountered over Tibet.
Such phase difference was also emphasized in Young’s
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the heated region and neighboring western areas, in
the form of Rossby and mixed Rossby-gravity waves.
Conversely, no significant response occurs to the east;
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(1987) linear model with the beta effect included. He

argued that when a heat source is prescribed away from
the equator, the atmospheric response is confined to
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that is, an eastern Kelvin wave response is weak. This
agrees with the observed July mean wind fields shown
in Fig. 3b, that is, the absence of the westerly over the
equatorial Pacific.

b. January mean perturbations N

The January mean OLR (Fig. 4a) and velocity po-
tential (Fig. 4c) configurations are asymmetric about
the equator. The Southern Hemisphere is dominated
by three major divergent centers in the proximity of
the equator, that is, about 5° to 10° of latitude south
of the equator, around 30°E, 130°E, and 60°W, re-
spectively. The Southern Hemisphere summer mon-
soon is most pronounced over the Indonesian seas and
the western South Pacific. Between about 120°E and
150°E, the upper-level outflows from regions of heavy
monsoon rains penetrate as far north as east China and
Japan. This corresponds to the local Hadley circulation
during southern summer. In association with the de-
velopment of this local Hadley circulation, the win-
tertime jet stream near Japan intensifies considerably
in contrast to the substantial weakening of the sum-
mertime jet stream over Australia.

There is a similar phase difference between the out-
flow centers and the anticyclonic centers. For example,
the monsoon anticyclone over northwestern Australia
is located some 20° longitude southwestward of the
major outflow center at 5°S, 150°E. This Australian
anticyclone in January is much less pronounced as
compared with the Tibetan counterpart in July. The
monsoonal easterlies prevailing equatorward of the
Australian anticyclone are also much weaker.

Figure 4b reveals the dominance of strong equatorial
westerlies over the eastern Pacific from about 160°W
to 90°W with a maximum (15 m s™!) at 130°W along
the equator. The prominent westerlies over the equa-
torial eastern Pacific in January are largely associated
with the enhanced westerly duct which, as pointed out
by Murakami and Unninayar (1977), becomes most
pronounced during northern winter. Webster and
Holton (1982) were the first to note that a perturbation
kinetic energy maximum was collocated with the west-
erly winds and that midlatitude waves could propagate
through the westerly duct. The establishment of the
strong westerly duct results from the development of
the mid-Pacific troughs in both hemisphere subtropics.
The development of the Northern Hemisphere trough
is a downstream effect of the highly elevated and cooled
Tibetan plateau, which enhances the western Pacific
subtropical high and the mid-North Pacific trough.
Thus, the Northern Hemisphere part of the westerly
duct is largely controlled by the winter midlatitude cir-
culation. On the other hand, the Southern Hemisphere
counterpart of the westerly duct is not of midlatitude
origin. This becomes evident when comparing July and
January 200-mb winds (Figs. 3b and 4b). The equa-
torial westerlies over the southeastern Pacific occur in
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the southern summer (January), but not during the
southern winter (July) when the midlatitude westerlies
reach their maximum strength. In fact, the develop-
ment of the Southern Hemisphere mid-Pacific trough
is probably caused by the enhanced heating over the
southern summer monsoon region from northern
Australia to the South Pacific convergence zone
(SPCZ). Therefore, it is reasonable to attribute the es-
tablishment of the strong westerly duct in January over
the eastern tropical North and South Pacific to the
combined effects of the tropical heating and midlati-
tude influences. ‘

As the season advances to the northern summer,
Uyp0 Over the equatorial eastern Pacific becomes slightly
easterly (Fig. 3b). When averaged throughout the year,
however, the annual mean u,q, remains positive ( west-
erly) and substantial (5 m s™') near 130°W at the
equator. In short, the annual mean u,o equatorial
westerlies are largely of wintertime extratropical origin.
Much of the total annual mean zonal winds at the
equator are due to processes that occur off the equator
involved with the strong seasonati cycle.

Over the central Indian Ocean near 0°, 90°E, the
0o €asterlies drastically decrease from 13.2 ms™' in
July (Fig. 3b) to 1.8 m s™! in January (Fig. 4b). In
July, the release of latent heat over the Asiatic summer
monsoon domain induces strong atmospheric re-
sponse, as indicated by prominent northeasterlies
dominating the Indian Ocean (Fig. 3b). In comparison,
the January mean convective activity over the south
Indian Ocean is not as pronounced as that over South-
east Asia in July. Furthermore, the January mean con-
vective zone is located very close to the equator around
5°S. As such, the Coriolis acceleration becomes inef-
fective and the January mean easterly (00 ) is only
1.8 m s™! at 90°E along the equator. An average of
July and January mean g is 7.5 m s~! (easterly),
which is nearly identical to the observed annual mean
{uz00y at 0°, 90°E. This leads to the conclusion that
the July mean . easterly w00, which is enhanced by
strong monsoonal convection near 20°N over South-
east Asia, is the major contributor to the annual mean
easterly (uzg0 ) Over the central Indian Ocean. This, in
turn, implies that monsoonal convection during
northern summer is primarily responsible for the en-
hancement of the annual mean easterly (a0 ) over
the equatorial Indian Ocean. Namely, the forcing of
these equatorial easterlies does not exist in the im-
mediate vicinity of the equator, but is located over the
Asiatic monsoon domain around 20°N.

The equatorial maritime continent between about
100°E and 160°E is a region where the annual variation
in g0 appears to be minimal. An inspection of Figs.
3b and 4b reveals the prevalence of u»qg easterlies over
the equatorial maritime continent with a nearly equal
Intensity in both July and January. The July mean 599
easterlies correspond to the Rossby response enhanced
by Northern Hemisphere summer monsoon rains (Fig.
3), while the January mean uyy easterlies are similarly
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FIG. 4. As in Fig. 2 except for the January mean.

excited by Southern Hemisphere summer monsoon and southern summer monsoon rains. Consequently,

rains (Fig. 4). Hence, the annual mean (ux ) easterlies

these annual mean (uy0 ) easterlies over the equatorial

are a result of an equal contribution from the northern maritime continent do not seem to be directly related



942

to the annual mean (OLR ) over the same region. This
may be the reason why <u200> is not in quadrature
with (OLR ).

c. Local Eliassen—Palm ( E-P) fluxes due to annual
cycles

Trenberth (1986) investigated the impact of tran-
sient eddies on the time-mean flow using localized E-
P flux diagnostics. The primary objective in this sub-
section is to diagnose the forcing of the annual mean
east—west circulation by annual cycles. Any meteoro-
logical variable, for example, u, is partitioned into three
parts as

u=<{uy+u*+u, (1)

where (u ) denotes the normal annual mean, u* nor-
mal annual cycles determined from many years of data,
and u’ transient eddies other than annual cycles. There
is no correlation between u* and ', and thus {u*u’)
= (. With the aid of Eq. (A11) of Trenberth, the annual
mean (%) momentum equation can be expressed by

D{uy =f(v)" = —

+<T>+(F> (2)

where

1 9 po

" _ 1 dpof ,0P*
()" = (va) p0825<v az>’ (3)

= l *2 _ %2 *,y K 9>
[2(<v u*?y), —(urv*), = < o >],
(4)

L ggLOm[ 0¥
<T“>—cos<pv Ba azs<” az>’ )
E;l=[%(<072 /2>) °<llv> < 6(IJ’>:|’ (6)
d d Jd
D=<u>a+<v>5;+<w>5; (7)
i} 1 4 1 0

=[‘3;’COS¢5;COS%;0£ 0:|a (8)
dx =acospd\, dy=ade, z=In(py/p), (9)

in which ® denotes geopotential height and S the time-
mean static stability; other symbols are the same as
those defined by Trenberth. For brevity, several small
terms related either to spherical geometry or to the
divergence of geostrophic winds arising from the vari-
able fare omitted. As defined in (3), the residual me-
ridional circulation, that is, (v)”, contains not only
annual mean divergent meridional wind { v, ), but also
meridional circulations induced by vertical differential
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heat transports due to annual cycles, which change the
thermal wind and affect the time-mean momentum
balance. Here E ¥ represents a localized E~P flux vector,
while its divergence indicates the impact of annual cycle
on the annual mean zonal flow. Similarly, E/, represents
a localized E-P flux vector due to transient eddies. The
second term on the right-hand side of (5) is for the
residual meridional circulation induced by heat trans-
ports by transient eddies. Unfortunately, the data lim-
itation in the present study inhibits an accurate cal-
culation of (T, ).

In order to explore, in a preliminary way, whether
localized E-P fluxes due to annual cycles may have
played a role on the maintenance of the equatorial an-
nual mean east-west circulation at 200 mb, we first
estimate the magnitude of the mean advection term
D{u), the residual circulation term, f{v)”, and
V .E¥ at the same level. From Fig. 1a, the magnitude
of D{u) is estimated to be about 1 X 107> m s* along
the equator. In Fig. 1¢c, (v,) isonthe orderof L m s~".
Based on the Ramage and Raman (1972) monthly
mean temperature and wind data, the magnitude of
thermally induced winds near the equator | the second
term on the rhs of (3)] is estimated to be about 0.2
m s~ or less. When averaged between 15°N and 15°S
(i.e., approximately equal to the Rossby radius of de-
formation), the magnitude of /(v )" is about 1 X 1073
ms2,

One of the important characteristics of the Asiatic
summer monsoon is a distinct reversal in # and v be-
tween summer and winter. This results in weak annual
mean (u) and (v) winds, while monthly mean u*
and v* anomalies are significant. In July (Fig. 3b), u*
< 0 and v* < 0, and hence u*v* > 0. In fact, the
product u#*v* is positive throughout the year over the
Asiatic monsoon domain (i.e., either equatorward
transport of easterly momentum or poleward transport
of westerly momentum). The annual mean (u*v*)
turns out to be maximum (100 m? s™?) near 20°N,
80°W with a substantial flux divergence over the equa-
torial Indian Ocean. Thus, the y component of the E~
P flux divergence becomes negative (easterly acceler-
ation), amounting to about —3 X 107> m s~ at 0°,
80°E. Easterly acceleration is further reinforced by the
x component of the E-P flux divergence, totaling —3.6
X 107> m s~2 at the same location. Heat transports
due to the Asiatic summer monsoon circulation is
equatorward from the heated Asiatic continent (in-
cluding Tibet) to the cool Indian Ocean, reaching a
maximum near 200 mb where the north-south tem-
perature difference is most pronounced. The annual
mean heat flux due to annual cycles is also equatorward
with a maximum in the upper troposphere. Thus, the
z component of the local E-P flux divergence becomes
negative (easterly acceleration). However, this baro-
clinic contribution is relatively small, amounting only
to —0.1 X 107> m s72. In summary, the barotropic
contribution (i.e., the x and y components of local E—
P flux divergence) is primarily responsible for the
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maintenance of annual mean { ux y easterlies over the
equatorial Indian Ocean.

Let us next consider how the annual mean <u200>
westerlies are maintained over the equatorial eastern
Pacific. As can be expected from Figs. 3b and 4b, this
is a region of significant flux convergence of westerly
momentum due to annual cycles. The y component
of VE} , when averaged between 10°N and 10°S along
140°W, turns out to be about 5 X 10~ m s 2 (westerly
acceleration ). East of 120°W along the equator, the x
component also contributes to westerly acceleration of
about 2 X 107> m s~2. The z component of V-E¥*
that is, baroclinic contribution is universally small near
the equator.

In this subsection, the importance of localized E-P
flux vectors upon the maintenance of the annual mean
east-west zonal circulation along the equator is con-
firmed. This, in turn, indicates the importance of an-
nual cycles occurring away from the equator. In near-
equatorial latitudes, the E-P flux divergence due to
annual cycles appears to be the leading term in (2).
Gill’s (1980) linear diagnostic model includes neither
the nonlinear part of D{u ), nor the E-P flux diver-
gence in (2). As such, his model does not well simulate
the observed annual mean zonal winds along the equa-
tor, as already mentioned in section 3.

5. Annual cycle of the equatorial east—west
circulation

a. Annual cycle of SST

The SST annual cycle is of fundamental importance
for better understanding the annual cycle of the equa-
torial east-west circulation. A longitude—-month section
of the annual cycle in SST at the equator is shown in
Fig. 5a. The largest amplitude is found off the west
coast of South America with a maximum of 1.8°C near
100°W. The highest SST relative to the annual mean
appears first in March and April and progressively later
in the year as one moves westward toward the central
Pacific. At 160°W, SST becomes highest in July. The
westward propagation of SST anomalies in the eastern
equatorial Pacific has been noted by Bjerknes (1961),
Horel (1982), and others. An average westward phase
speed is about 24° longitude per month (or 1.0 ms™).
Horel (1982) postulated that the westward propagation
of the first SST harmonic is caused by a feedback
mechanism between the surface winds and sea surface
temperature. The atmospheric response tends to sup-
press upwelling to the west of the positive SST anom-
alies and, hence, contributes to the westward propa-
gation of high SST. Meehl (1990) also confirmed the
westward propagation in a coarse-grid coupled ocean-
atmosphere general circulation model. He lends sup-
port to the mechanisms proposed by Horel. Over the
Indian Ocean, there exists a distinctly different equa-
torial regime of the SST annual cycle. Within this re-
gime the SST first harmonic tends to propagate east-
ward (Fig. 5a). In comparison, the Indonesian seas
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between about 120° and 160°E are characterized by
the minimum amplitude of the first SST harmonic.
The amplitude of the semiannual harmonic in SST
along the equator is largest at the western end of the
Indian Ocean (Fig. 5b). In this neighborhood, the

- semiannual harmonic is more important than the an-

nual harmonic. Accordingly, the sum of the first and
second SST harmonics (Fig. 5c¢) also exhibits promi-
nent semiannual character with warm anomalies twice
a year in April and November, and cold anomalies in
January and August. The Indonesian seas with many
large islands scattered between about 100° and 150°E
along the equator are also dominated by the semian-
nual harmonic. Here, SST exceeds the annual mean
twice a year (first in late spring and later in late au-
tumn ). Below annual mean SST occurs in late winter
and late summer. Most probably, the nature of SST
annual variation over the Indonesian seas can be ex-
plained in terms of the semiannual cycle in solar heat-
ing at the equator.

No large island is present along the equator eastward
of about 160°E. In this oceanic zone, the amplitude
of the SST second harmonic is quite small, being only
on the order of 0.1° t0 0.2°C (Fig. 5b). Thus, it appears
that the ocean response to the semiannual cycle in solar
heating is quite small. When the west coast of South
America is approached along the equator, the ampli-
tude of the SST first harmonic becomes extraordinarily
large (Fig. 5a). In the immediate vicinity of the west
coast of South America, the southeasterly trades orig-
inated in the Southern Hemisphere subtropics cause
substantial annual variations in upwelling.

Figure S5a shows that the east-west SST gradient
(relative to the annual mean) between the central
(180°) and eastern ( 100°W) Pacific alternates from a
maximum (positive) in March to a minimum (nega-
tive) in September, with an approximate amplitude of
0.2°C per 1000 km. The corresponding amplitude of
the annual cycle in the north-south SST gradient
(anomaly), as estimated between 20°S and 20°N along
160°W and 100°W, 15 0.9°C per 1000 km (not shown),
which is more than four times as large as that for the
east-west SST gradient along the equator. This may
be the major reason why the annual variation in the
surface meridional wind (low-level Hadley circulation)
is much more pronounced than the annual evolution
in the surface zonal wind (low-level E-W circulation )
along the equator.

b. Annual cycle of surface zonal wind

In Fig. 6a, the u, first harmonic propagates eastward
across the Indian Ocean from 40°E to about 90°E.
Conversely, it is of westward-propagating character
over the central and eastern Pacific east of 160°E. Re-
call that the SST first harmonics are also eastward
(westward ) propagating over the Indian Ocean (central
and eastern Pacific). A careful comparison between
Figs. Sa and 6a, however, indicates the presence of four
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FIG. 5. Month-longitude sections of SST along the equator averaged between 5°N and 5°S: (a) first harmonic (interval 0.2°C), (b)
second harmonic (interval 0.1°C), and (c) consolidated (first + second) annual cycle (interval 0.2°C). Dashed lines are for negative SST

anomalies.

limited areas of distinctly different phase relation be-
tween 1, and SST: namely, (a) Indian Ocean (40°E~-
80°E), where both SST and u first harmonic propagate
eastward with the former leading the latter by about

three to four months, (b) central Pacific (160°E-
140°W) of westward-propagating SST leading u, first
harmonic by about two to four months, (c) eastern
Pacific (130°W-100°W), where westward-propagating
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SST first harmonic lags behind similar signals of west-
ward-moving u; first harmonic by about one to two
months, and (d) South American off shore (90°W-
80°W), where u; first harmonic is inversely correlated
with SST first harmonic. Thus, region (c) is the only
area where the boundary-layer mechanisms proposed
by Horel (1982) are properly working. This is a matter
of course because Horel utilized boundary-layer data
over the eastern Pacific. At present, why the planetary
boundary-layer properties differ significantly with dif-
ferent tropical region is not yet known. It is particularly
intriguing to find in region (d) (90°W-80°W) that
easterly (westerly) u, first harmonic is coincident with
warm (cold) SST first harmonic in March-April (Sep-
tember—October). Further study is needed.

Between 40°E and 160°E along the equator, the u;
second harmonic (Fig. 6b) is of standing wave character
and approximately in phase with the SST second har-
monic (Fig. 5b). Namely, westerly u, coincides with
warm SST in April-May and October-November,
while easterly 1 is associated with cold SST in January-
February and July-August. Perhaps this reflects the
semiannual oscillation in solar insolation near the
equator. However, one would have to explain why the
second harmonics in SST and u, are in phase. This
problem remains unanswered. Between about 180° and
100°W, the u, and SST second harmonics are both
propagating westward, but not in phase (the former
leading the latter by about 1.5 month). Again, the
boundary layer over region (d) (off the South American
west coast) behaves quite differently. Here, the SST
second harmonic is approximately out of phase with
the u, second harmonic.

¢. Annual cycle of OLR

In Fig. 7a, one immediately notes a systematic east-
ward propagation of OLR anomalies across the Indian
Ocean with an approximate phase speed of 10° lon-
gitude per month. Between 40°E and about 80°E, the
OLR first harmonic is approximately out of phase with
the u; first harmonic, while they lead the SST first har-
monic by about two to three months. At 80°E, for
example, the highest SST in April occurs about three
months before the strongest 1, westerlies in July-Au-
gust and about four months prior to the OLR mini-
mum (strongest convection) in late August. This is
indicative of the importance of planetary boundary-
layer processes upon determining convection during
the course of the eastward-propagating annual cycles
over the Indian Ocean.

Over the equatorial Pacific east of about 160°E, the
OLR first harmonic propagates eastward while SST
and u; first harmonics are both westward propagating.
Therefore, OLR first harmonic (convection) appears
to be independent of planetary boundary-layer param-
eters such as SST and u, first harmonics. The semi-
annual harmonics in SST, u,, and OLR, however, are
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nearly in phase (with u, and OLR slightly leading SST),
suggesting a coupled westward propagation in the three
fields. The sum of the first and second harmonics shows
that when the monthly mean anomaly OLR reaches a
minimum (—13 W m™2) at 120°W in April (Fig. 7¢),
which reflects relatively wet weather at this time of the
year over the eastern equatorial Pacific, the monthly
mean anomaly SST (Fig. 5¢) becomes highest and the
monthly mean anomaly u, (Fig. 6¢) is westerly. As
such, the planetary boundary-layer processes appear to
exert a strong measure of control upon convective ac-
tivity over this particular area (eastern equatorial Pa-
cific) during particular months (March-April). In the
eastern equatorial Pacific the coupled SST-zonal wind
westward propagation is evident during the boreal
spring (Figs. 5¢ and 6¢), while OLR tends to be sta-
tionary (Fig. 7c). These are consistent with Horel
(1982) and Wang ( 1992a, Fig. 3). Quite recently, Mu-
rakami (1993) showed westward propagation of orig-
inal monthly mean OLR anomalies across the equa-
torial eastern-central Pacific. In that region, the annual
cycle involves a direct response to external solar forcing
and an active air-sea interaction of the ocean-atmo-
sphere-continent system, as pointed out by Wang
(1992b). On the other hand, Meehl (1987) noticed
that the monthly mean anomalous OLR averaged be-
tween 30°N and 30°S exhibits an eastward propaga-
tion. This appears to be primarily a reflection of the
annual phase propagation of OLR along the ITCZ, as
revealed by Fig. 3 of Wang (1992a).

d. Annual cycle of 200-mb zonal winds

Let us now turn our attention to the annual cycle
of the upper-level E-W circulation along the equator.
Figure 8a reveals that the 9 annual harmonic is
largely of standing wave character, that is, practically
no zonal phase propagation. This stands in sharp con-
trast with a systematic eastward phase propagation of
OLR annual harmonic in Fig. 7a. The amplitude of
the 1,00 first harmonic is largest at 70°E, changing from
+6.5 m s~! (anomaly) in February to —6.5 m s ™! (rel-
ative to the annual mean) in July. Due to the inter-
ference between the first and second w90 harmonics,
the consolidated .00 harmonics in January decrease
to 3 to 4 m s~! westerly (see Fig. 8¢c). Conversely, due
to the superposition of the two harmonics, the con-
solidated 590 in July intensifies to —9.5 m s™' (east-
erly). Thus, over the central Indian Ocean (70°E, 0°),
the summer easterly 00 becomes much more domi-
nant than the winter westerly u,¢9, that is, summer—~
winter asymmetry. An inspection of Figs. 6a and 8a
reveals an approximate inverse relationship between
u, first harmonics and wuyg first harmonics over the
western Indian Ocean, implying that they are of baro-
clinic structure in the vertical.

In Fig. 8a, one of the important features over the
equatorial eastern Pacific is the dominance of the w590
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FI1G. 7. As in Fig. 5 except for OLR. (a) First harmonic (interval 1.0 W m~2), (b) second harmonic
(interval 0.6 W m~2), and (c) consolidated (first + second) annual cycle (interval 1 W m™2).

first harmonic. Since the 1500 first harmonic is of stand- exists between these two quantities. Hence, the equa-
ing wave character and the OLR first harmonic is of torial OLR first harmonic (annual rainfall variation)
propagating wave character, no apparent relationship  is not the major factor in controlling annual changes
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in the equatorial w5 first harmonic. The major con-  Uz00 annual cycle exceeds 20 m s™' at 30°N, 120°W
trolling factor is the annual cycle in ;0 dominating (Figs. 3 and 4), while the corresponding amplitude at
in the midlatitude North Pacific. The amplitude of the the equator along the same longitude amounts to only
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8 m s™! (Fig. 8¢). Furthermore, there exists no sys-
tematic correlation between the o and u, first har-
monics over the equatorial eastern Pacific. This means
that the standing w0 first harmonic is independent of
the westward-propagating u, first harmonic, which is
a key indicator for the planetary boundary-layer pro-
cesses.

An inspection of Fig. 8c reveals that the sum of the
first and second u,09 harmonic becomes smallest at the
beginning of October, that is, just after the autumn
equinox. The monthly mean equatorial 9, in October
is almost identical to the annual mean (1500 ) as shown
in Fig. 1a. In fact, not only near the equator but also
over the entire global tropics between 40°S and 40°N,
the October mean 200-mb wind fields are quite similar
to those shown in Fig. 2b for the annual mean 200-
mb winds, which are approximately symmetric with
respect to the equator. It is then possible that the Oc-
tober mean 1,4 along the equator is under extratropical
control, as is the annual mean equatorial { 1500 ) (refer
to section 3). On the other hand, there is no direct
cause-and-effect relationship between OLR * (convec-
tion) and u3y along the equator. In October, u3g is
quite small everywhere along the equator (Fig. 8c) in
spite of active convection (negative OLR*) near 90°E
(Fig. 7c). A similar argument applies to April (spring
equinox ). Namely, the April mean 200-mb wind field
resembles the annual mean pattern shown in Fig. 2b.

6. Concluding remarks

This study utilized 80 years of sea surface temper-
atures (SST), surface pressures (p;), and surface winds
(uy, vs). Also used are 10 years of data for outgoing
longwave radiation (OLR), and 8 years of data for
200-mb winds (00, U200). For each of the variables,
monthly mean data in individual years were averaged
by calendar month to obtain normal monthly means
for the 12 calendar months. An average of 12 normal
monthly mean values corresponds to a normal annual
mean, which is signified by abracket { ). Theannual
cycle of a variable refers to the month-to-month change
in its 12 monthly mean anomaly (relative to the annual
mean ) and is denoted by an asterisk. The annual cycle
is also approximated by the sum of the first and second
harmonics.

Some of the characteristic features of annual mean
perturbations are detailed in section 3. The annual
mean (OLR) field is nearly symmetric about the
equator with active convection over three continents,
that is, equatorial Africa, the maritime continent, and
equatorial South America. The effect of continentality
appears to be more important than the SST effect in
enhancing annual mean convection. An approximate
in-phase relationship exists between { OLR » and { #4200 )
along the equator. This can be exemplified as follows:
{uzo0 ) is easterly (negative) and minimum directly
above the most active convective center (minimum
(OLR )) over the maritime continent, while it is west-
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erly (positive ) and maximum in regions of maximum
(OLR) (dry weather) over the equatorial eastern Pa-
cific. This is quite different from what is anticipated
by Gill’s ( 1980) model of the atmospheric response to
a prescribed equatorial heat source. His model displays
a Uy anomaly in quadrature with the heat source.
More specifically, model-produced upper-level winds
are easterly (westerly) to the west (east) of the pre-
scribed heating. This then leads us to conclude that
the observed annual mean <u200> winds along the
equator are not really of equatorial convective origin.
In section 4, evidence has been presented that they are
largely of midlatitude origin. As an example, the origin
of {ua0 ) Westerlies over the eastern equatorial Pacific
can be explained as follows. During northern winter,
the eastern Pacific is dominated by a distinct westerly
duct stretching all the way from about 40°N to 40°S,
with prominent equatorial westerlies near 130°W. As
the season advances to northern summer, ;00 becomes
slightly easterly near the equator. When averaged
throughout the year, however, the annual mean  u20 )
remains westerly and substantial. Thus, the annual cy-
cle occurring in the midlatitude sector of the Pacific
plays an important role for the maintenance of annual
mean (140 ) equatorial westerlies near 130°W. This
point was further confirmed by examining three-di-
mensional convergence of localized Eliassen—Palm
fluxes. Annual cycles over the extratropical North Pa-
cific are barotropically acting to accelerate the annual
mean uygo westerlies over the equatorial eastern Pacific.
On the other hand, annual cycles over the Asiatic
monsoon domain act as a barotropic transient eddy
forcing of the annual mean wu,y easterlies over the
equatorial Indian Ocean. In comparison, the baroclinic
component, acting through the meridional heat fluxes,
appears to contribute little to the maintenance of the
annual mean equatorial #,4, winds over the Indian and
Pacific oceans.

In section 5 the annual cycle of an equatorial E-W
circulation is described in terms of month-longitude
sections of the first and second harmonics of SST, u,,
OLR, and u,p. The character of annual cycles is dis-
tinctly different between the Indian Ocean and the
eastern Pacific. Over the equatorial Indian Ocean, the
first harmonics of SST, 1, and OLR are all propagating
eastward, but with different phase speed, that is, u;
moves twice as fast as SST and OLR. There is also a
tendency for uyy to propagate eastward with an ap-
proximate out-of-phase relationship with u,. Thus, the
annually varying E-W circulation over the equatorial
Indian Ocean is of baroclinic vertical structure. For
example, at 80°E (100°E) along the equator, strongest
u; westerlies are capped by most intense u,qg €asterlies
in August (September). However, the timing of highest
SST and minimum OLR (most active convection ) dif-
fers significantly from one longitude to another due to
the difference in phase speed between the two variables.
At 80°E (100°E), the SST first harmonic reaches its
highest value in April (June), while convection be-
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comes most active in September (October). As such,
SST is not a primary factor in controlling the annual
cycle in convection over the equatorial Indian Ocean.

Similarly, the annually varying E-W circulation over
the eastern equatorial Pacific is not sensitive to the an-
nual cycle in convection. Here, OLR is of propagating
wave character, while w5, is of standing wave character
with the largest annual amplitude near 140°W-100°W.

The u,q0 annual cycle over the equatorial eastern Pacific
is largely controlled by the ;00 annual variations oc-
curring in the extratropics of each hemisphere. Fur-
thermore, u,q appears to be nearly independent of the
planetary boundary-layer processes, since both SST and
u; propagate westward as opposed to standing 0 per-
turbations. In the boreal spring, SST becomes highest
in association with strongest u, westerlies. This lends
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support to the boundary-layer mechanisms proposed
by Horel (1982 ) for westward-propagating surface sig-
nals across the equatorial eastern Pacific.

The nature of annual cycles, as summarized above,
appears to be quite different from the character of in-
terannual variations. Many authors (e.g., Arkin and
Webster 1985; Wang and Murakami 1988; Webster
and Yang 1989, 1992; Wang 1992¢) have pointed out
that convection plays a key role for the determination
of location and intensity of interannual variations in
the equatorial E-W circulation. The different character
between the annual cycles and interannual variations
can be more firmly confirmed by evaluating the stan-
dard deviations of 13y (annual cycle in ) and Uz, 200
(interannual variations in u,q). In Figs. 9a and 9b,
the former standard deviation is predominant in the
southern and northern extratropics, while the latter is
prominent in the equatorial latitudes. Hence, the in-
terannual variation in u; »go is of equatorially trapped
character. Along the equator, o( 00) exhibits three
maxima in excess of 4 m s™! at the central Indian
Ocean (50°-80°E), the central and eastern Pacific
(170°E-100°W), and the central Atlantic Ocean (20°-
10°W), respectively. Note that these equatorial oceanic
regions of large o(u, 200) are nearly identical to those
with substantial o(u3y). Presumably, this is indicative
of a spatial phase lock between the uy 50 interannual
variation and 13y annual variation along the equator.

Across the North and South Pacific between about
160°W and 110°W is a meridional-oriented train of
large o(uy, 200) with maxima near 25°-30°N, 5°N-5°§,
and 25°-30°S, respectively. A similar meridional train
of large o(1; 200), although less distinct, also exists over
the India-Indian Ocean region between about 60°E
and 90°E. These features are perhaps indicative of an
important role of lateral coupling in the excitement of
interannual variations in 1,9 . This lateral coupling and
its phase locking with the seasonal cycle require further
investigation. Figure 9c depicts the ratio between
o(uz 200) and o(13g) in a logarithmic scale and indi-
cates the dominance of interannual variations as com-
pared with annual variations over a large part of the
equatorial zone between 5°N and 10°S. Away from
the equatorial zone, the latter dominates the former.
As such, the interannual variability of u; 200 appears
to be forced by different mechanisms than the annual
variability of #3p. Unfortunately, why the physical
processes are a function of climate epoch is not yet
known.
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